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1.0 Introduction 
The Tennessee Valley Authority (TVA) is beginning the preparation of a Programmatic 
Environmental Impact Statement (PEIS) pursuant to the National Environmental Policy Act 
(NEPA) to assess the potential environmental impacts associated with the construction, 
operation, and decommissioning of an advanced nuclear reactor technology park at the TVA 
Clinch River Nuclear (CRN) Site. TVA’s project goal is to demonstrate new nuclear technology 
through the construction and operation of one or more advanced nuclear reactors at the CRN 
Site as shown in the CRN Project Site Layout in Figure 1. The CRN Site provides opportunity to 
evaluate and demonstrate the feasibility of deploying advanced nuclear reactors and to evaluate 
emerging nuclear technologies as part of technology innovation efforts aimed at developing 
future generation capacities. 

This CRN Site Advanced Nuclear Reactor Technology Park Scoping Report (herein Scoping 
Report) describes the internal and public scoping for relevant issues relating to the CRN project 
and outreach conducted by TVA to notify the public. The Scoping Report also documents the 
input submitted to TVA by the public, organizations, and intergovernmental entities during the 
public scoping period.  

1.1 Background 
The CRN Site comprises 935 acres of TVA managed land in the city of Oak Ridge, Roane 
County, TN, which is adjacent to the U.S. Department of Energy’s (DOE) approximately 33,000-
acre Oak Ridge Reservation. In May 2016, TVA submitted an application to the NRC for an 
Early Site Permit (ESP) at the CRN Site for two or more new nuclear power units demonstrating 
small modular reactor (SMR) technology, with a total combined nuclear generating capacity not 
to exceed 800 megawatts electric (MWe). SMRs provide the benefits of nuclear power in 
situations where large nuclear power units (generally considered single units with approximate 
electrical output exceeding 1000 MWe), are not practical because of various constraints which 
may include transmission system limitations, limited physical space or water availability, 
proximity to population centers, constraints on the availability of capital for construction and 
operation, or other factors.  

The ESP established early resolution of site safety and environmental issues, which provides 
predictability and stability in the NRC licensing process. In April 2019, the NRC prepared and 
released a Final Environmental Impact Statement (NRC ESP FEIS) to assess the environmental 
aspects of whether or not to issue an ESP to TVA. Following the NRC ESP FEIS determination 
in December 2019, the NRC issued an ESP to TVA. The ESP provides NRC approval of the 
suitability of the CRN Site for new nuclear power units, but does not authorize TVA to construct 
or operate a nuclear facility. The ESP is valid until December 2039. Prior to initiating 
construction or operation of advanced nuclear reactors at the CRN Site, TVA must apply for and 
receive additional licenses from the NRC.  

In June 2019, TVA released the Final 2019 Integrated Resource Plan (IRP) and the associated 
IRP Final EIS. Among other things, the IRP identified the various generating resources that TVA 
intends to pursue to meet the energy needs of the Tennessee River Valley (the Valley) over it’s 
the 20-year planning period. The 2019 IRP recommends that TVA continue to evaluate 
emerging nuclear technologies, including SMRs, as part of technology innovation efforts aimed 
at developing future electricity generation capabilities. 
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1.2 Purpose and Need  
TVA’s purpose and need for the CRN Site Advanced Nuclear Reactor Technology Park 
includes: 

• Evaluate emerging nuclear technologies as part of technology innovation efforts aimed 
at developing future generation capacities. Evaluate and demonstrate the feasibility of 
deploying and operating advanced nuclear reactors to support TVA’s mission of 
providing safe, increasingly clean, reliable, and low-cost energy to the Valley. 

• Support TVA’s 2019 Integrated Resource Plan (IRP) by continuing to evaluate emerging 
nuclear technologies as part of technology innovation efforts aimed at developing future 
generation capacities. The 2019 IRP identified the various resources such as emerging 
nuclear technologies, which TVA intends to pursue to meet the energy needs of the 
Valley over the next 20-year planning period, in accordance with TVA’s mission.  

• Consider a new nuclear technology park at the CRN Site to support TVA’s innovation 
mission as another way to serve the people of the Valley. 

These advanced reactors at the associated Advanced Nuclear Reactor Technology Park could 
support innovation towards a low carbon future for the Valley, including demonstration of 
technologies such as microgrids, grid resiliency, waste heat energy storage for grid support, and 
the intentional production of valuable isotopes.  
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Figure 1. Proposed CRN Project Site Layout



 

4 

1.3 Related Documents and Environmental Reviews 
The following environmental reviews were prepared for actions related to the CRN Site: 

• Clinch River Breeder Reactor Plant (CRBRP) Environmental Report, prepared by Project 
Management Corporation (PMC), Volume I & II, 1982. The CRN Site was selected as 
the location for construction of a liquid metal fast breeder reactor in 1972. Site 
preparation for the CRBRP began in 1982 and disturbed approximately 240 acres. 
CRBRP site preparation activities included leveling a ridge that originally reached 880 
feet above mean sea level (msl) to 780 msl and excavation of an approximately 24 -acre 
area to a depth of as much as 100 feet, resulting in excavation of approximately three 
million cubic yards of earth and rock. Structures installed at the CRBRP site included a 
cement crane pad, quality control test laboratory, construction shops, concrete batch 
plants, and sediment ponds. An approximately 6,450 foot long 8-inch water line from the 
DOE’s Bear Creek Filtration Plant was also installed at the CRBRP site. The CRBRP 
project was terminated in 1983. 

• Clinch River Breeder Reactor Plant DOE/TVA/PMC Site Redress Planning Task Force 
Report, DOE, TVA, and PMC, January 1984. The CRBRP site redress plans included 
measures to stabilize the CRBRP site such as reseeding of grass, planting of trees, 
mulching cleared areas, installation of straw bales in shallow ditches, installation of small 
berms of riprap in larger ditches, installation of culverts to direct water from steep slopes, 
and modification of the holding ponds for long-term stability. Portable buildings and 
structures were removed from the CRBRP site with the exception of the crane pad and 
meteorological tower. The approximately 6,450 foot long 8-inch water line was 
terminated at a hydrant and left in place. The 80-foot by 80-foot crane pad was left in 
place. The excavated area was partially backfilled in a manner to sustain site drainage. 
Rock bolts within the excavated area were left in place. Level areas of the CRBRP site 
were graded and compacted.  

• Clinch River Nuclear Site Early Site Permit Application, Environmental Report, Part 3 
May 2016 (ESPA ER). The ER was prepared and submitted as part of the TVA 
application for an ESP for the CRN Site in Oak Ridge, Roane County, Tennessee. TVA 
prepared this ER to analyze the environmental effects of construction, operation, and 
decommissioning of two or more SMRs at the CRN Site having a maximum electrical 
output not to exceed 800 MWe. The application used four potential advanced reactor 
technologies to develop a bounding analysis of the potential engineering, safety, and 
environmental impacts. The NRC used this ER to develop an EIS to meet the 
requirements of NEPA for the NRC to consider the environmental effects of the issuance 
of an ESP.  

• Final Environmental Impact Statement for an Early Site Permit at the Clinch River 
Nuclear Site, April 2019 (NRC ESP FEIS). NRC issued the NRC ESP FEIS in response 
to the TVA application for an ESP for new nuclear power units demonstrating SMR 
technology in Oak Ridge, Roane County, Tennessee. The NRC EIS evaluated the 
proposed action and the potential impacts on the environment associated with NRC’s 
decision regarding whether or not to issue an ESP. After considering the environmental 
aspects of the proposed action before the NRC, NRC staff recommended approving the 
TVA ESPA. 

• Early Site Permit Issuance, December 2019. The NRC issued Early Site Permit No. 
ESP-006 to TVA for the CRN Site.  
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Other minor actions at the CRN Site that qualified as Categorical Exclusions include the 
following Categorical Exclusion Checklists (CECs) completed by TVA:  

• Clinch River SMR Project Met Tower Road Culvert Installation – CEC 24366, May 2011  

• Clinch River Site Meteorological Tower – CEC 23403, June 2011  

• Clinch River Site Characterization – CEC 23595, November 2012  

• Clinch River Small Modular Reactor (SMR) Site Meteorological Tower Removal – CEC 
28783, August 2013  

• Portable Bridge Installation at the Clinch River Nuclear CRN Site – CEC 40907, August 
2019  

2.0 Alternatives 
2.1 Alternatives Carried Forward for Analysis 
The CRN PEIS will address a range of alternatives for construction, operation, and 
decommissioning of an advanced nuclear reactor technology park at the CRN Site. Action 
alternatives include construction of light water reactor (LWR) and/or non-LWR alternatives at the 
CRN Site. There are two areas within the 935-acre CRN Site that are best suited for 
development; these are designated as Area 1 and Area 2. TVA plans to evaluate four discrete 
alternatives (A-D) for these proposed actions within Area 1 and Area 2, including: the No Action 
Alternative (A); an advanced nuclear reactor technology park at Area 1 (B); at Area 2 (C); and at 
Area 1 and Area 2 (D). Two additional alternatives E and F were considered but eliminated.  

2.1.1 Alternative A – No Action Alternative 
Under the No Action Alternative, TVA would not apply for a NRC license, construct, operate, 
maintain, or potentially decommission advanced nuclear reactors at the CRN Site. The CRN 
Site would remain relatively unused and would continue to be managed in accordance with the 
Watts Bar Reservoir Land Management Plan. TVA would continue to meet the obligations of the 
NRC ESP. TVA would continue to adhere to the Clinch River Site Maintenance Plan including 
routine inspections and maintenance. TVA would also continue routine maintenance of the TLs 
and rights-of-way that traverse the CRN Site. In addition, the Tennessee Wildlife Resource 
Agency’s (TWRA’s) permit for use of TVA land for controlled hunting could be reinstated. Under 
the No Action Alternative, TVA would not have access to the energy-generating capacity of the 
advanced nuclear reactors and would not be able to meet the project purpose and need. 

2.1.2 Alternative B – Nuclear Technology Park at Area 1 
To meet the purpose and need, the project proposes an array of activities including the 
construction, operation, maintenance, and potential decommissioning of one or more advanced 
reactors at Area 1 on the CRN Site (Figure 1). Specific designs have not been selected. The 
plans include evaluating the environmental impacts for the potential uses of the CRN Site for up 
to approximately 60 years using a plant parameter envelope (PPE) approach. Options to be 
considered under this alternative include: 

• Alternative B1 – Construction and operation of one or more LWRs at Area 1. 

• Alternative B2 – Construction and operation of one or more LWRs and/or other 
advanced nuclear reactors at Area 1.  

Under Alternative B, there would be no construction at Area 2. 
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2.1.3 Alternative C – Nuclear Technology Park at Area 2 
To meet the purpose and need, the project proposes an array of activities including the 
construction, operation, maintenance, and potential decommissioning one or more non-LWR 
advanced nuclear reactor(s) at Area 2 on the CRN Site (Figure 1). Specific designs have not 
been selected. The plans include evaluating the environmental impacts for the potential uses of 
the CRN Site for up to approximately 60 years, deploying one or more advanced nuclear 
reactors using a PPE approach. The reactor(s) would be constructed and operated on Area 2 
shown on Figure 1. Under Alternative B, there would be no construction at Area 1. 

2.1.4 Alternative D – Nuclear Technology Park at Area 1 and Area 2 
To meet the purpose and need, the project proposes an array of activities including the 
construction, operation, maintenance, and potential decommissioning of one or more LWR 
and/or non-LWR advanced nuclear reactor(s) at Area 1 and Area 2 on the CRN Site (Figure 1). 
Specific designs have not been selected.  The plans include evaluating the environmental 
impacts for the potential uses of the CRN Site for up to approximately 60 years using a PPE 
approach.  

2.2 Alternatives Considered but Eliminated from Further Discussion 
TVA considered multiple options for construction, operation, and decommissioning of an 
advanced nuclear reactor technology park at the CRN Site. This section identifies alternatives 
that TVA considered but omitted from detailed analysis, because they did not meet the purpose 
and need of TVA’s proposed action or were otherwise unreasonable. 

2.2.1 Alternative E – Construction of SMRs at Alternative Sites 
In the ESPA ER, TVA considered three alternative sites in detail for construction of SMRs; these 
included the Oak Ridge Reservation Site 2, Oak Ridge Reservation Site 8, and Redstone 
Arsenal Site 12. TVA’s ESPA ER described (1) the TVA region of interest for identification of 
alternative plant sites, (2) the methods used by TVA to select the proposed site and alternative 
sites, and (3) generic issues that are consistent among the alternative sites. The ESPA ER also 
compares the environmental impacts at the CRN Site to those at the alternative sites. The 
ESPA ER and NRC ESP FEIS qualitatively determined that none of the alternative sites are 
obviously superior to the proposed CRN Site. The NRC ESP FEIS recommended that an ESP 
should be issued for the CRN Site in Oak Ridge, Roane County, Tennessee and NRC 
subsequently issued an ESP to TVA for the CRN Site. 

2.2.2 Alternative F – Construction of Alternative Energy  
Construction of other generation systems (i.e. solar, coal, etc.) would not meet the purpose and 
need of this project as stated in Section 1.2. TVA considered other technologies in the 2019 
Final IRP which are being considered for other locations in the TVA system and are evaluated 
under separate analyses, as appropriate. 

3.0 Environmental Review Process 
The NEPA review process helps federal agencies make decisions based on an understanding 
of a proposed action’s potential impacts. NEPA also requires that federal agencies provide 
opportunities for public involvement in the agency decision-making process. Finally, NEPA 
requires federal agencies conduct scoping to engage important stakeholders in the early 
identification of concerns, potential impacts, relevant effects of past actions and possible 
alternative actions. 

TVA will consider input obtained from the public, stakeholders, resource and permitting 
agencies, and other interested parties during the public scoping period when developing the 
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Draft PEIS. Publication of the Draft PEIS will include a 45-day public review and comment 
period, during which TVA will conduct a public meeting. TVA will consider all comments and 
edits submitted on the Draft PEIS, make appropriate revisions in response, and publish a Final 
PEIS. After a period of at least 30 days, TVA will make a final decision on which action 
alternative will be captured in a Record of Decision (ROD) to be published in the Federal 
Register.  

In addition to agency and public input, the PEIS will also address specific requirements 
associated with a number of federal laws such as National Historic Preservation Act, 
Endangered Species Act, Clean Water Act, and Clean Air Act, and would satisfy the 
requirements of pertinent executive actions, including Executive Order (EO) 11988 (Floodplains 
Management), EO 11990 (Protection of Wetlands), EO 12898 (Environmental Justice), EO 
13112 as amended by 13751 (Invasive Species), EO 13990 Protecting Public Health and the 
Environment and Restoring Science to Tackle the Climate Crisis, EO 14008 Tackling the 
Climate Crisis at Home and Abroad, and other applicable EOs. 

At the time of publication of this report, TVA estimates that the Draft PEIS will be published in 
the late fall of 2021, the Final PEIS will be published in late spring of 2022, and the ROD could 
be signed by the summer of 2022. 

3.1 Scoping Period Public Outreach  
As noted, public scoping was initiated with the publication of the NOI to prepare a PEIS in the 
Federal Register on February 5, 2021 (Appendix A). Additionally, TVA posted a public notice 
about the scoping period and information regarding the PEIS on the TVA website 
(www.tva.com/nepa). A public scoping period was held between February 2 and March 19, 
2021. To facilitate awareness of this opportunity, in addition to posting the NOI in the Federal 
Register and TVA website, TVA contacted local, state, and federal government agencies, local 
power companies, and direct serve customers and sent a media advisory to news outlets across 
the TVA service area. A public notice advertisement was also placed in the Roane County 
News, Knoxville News Sentinel, News-Herald, Oak Ridger, Courier News and on the TVA 
website (Appendix A).  

TVA encouraged the public to comment on the scope of the PEIS, alternatives under 
consideration, and environmental issues that need to be addressed. TVA invited the public to 
submit formal comments via email (nepa@tva.gov), the TVA webpage (www.tva.com/nepa), or 
by mail. TVA’s webpage also provided a link for submission of comments. In addition to the 
webpage, TVA provided a “virtual meeting room”, accessible through the www.tva.com/nepa 
website, which provides for virtual public engagement. The virtual meeting room provided 
access to project information in the form of presentation displays and links to project 
documentation, maps, graphics, and TVA’s CRN project webpage. The virtual meeting room 
also provided information on the scheduled virtual scoping meeting, links for submitting scoping 
comments, and a scoping meeting registration link. 

As part of Scoping, TVA hosted a live virtual scoping webinar on March 1, 2021 to gather input 
from the public and stakeholders. The public was invited to attend this virtual meeting and 
submit formal comments. At the live virtual scoping webinar, TVA provided a presentation 
outlining the CRN Site history, the proposed project description, project schedule, and NEPA 
regulatory framework as well as site layouts and a drone video tour of the site. A total of 98 
individuals, both members of the general public and representatives of a variety of organizations 
registered for the meeting. Among those registered, 69 were not affiliated with TVA and 58 
attended the question and answer session following the presentation.  

http://www.tva.com/nepa
http://www.tva.com/nepa
http://www.tva.com/nepa
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3.2 Summary of Scoping Feedback 
TVA received a wide variety of comments and opinions regarding the construction, operation, 
and decommissioning of an advanced nuclear reactor technology park at the CRN Site and will 
consider this input in developing its Draft PEIS.  

TVA received 45 comment submissions from members of the pubic, local government, and 
state and federal agencies. The submissions consisted of: 

• One submission from a federal agency, U.S. Environmental Protection Agency 

• Three submissions from state agencies, Tennessee Department of Environment and 
Conservation (TDEC) Division of Water Resources, TDEC Division of Air Pollution 
Control, and Tennessee Department of Transportation 

• One submission from a local government, Roane County Environmental Review Board 

• Fourteen submissions from organizations including the Sierra Club, Savannah River Site 
Watch, Tennessee Environmental Council, Bellefonte Efficiency & Sustainability Team of 
the Blue Ridge Environmental Defense League, Nuclear Information and Resource 
Service, Coalition for A Nuclear Free Great Lakes, and Erwin Citizens Awareness 
Network, Inc. 

• Twenty-seven submissions from members of the public unaffiliated with organizations 

All comments submitted are included in Appendix B.  

The 45 comment submissions were reviewed to identify specific issues of concern by each 
commenter and were grouped in general categories for identification and review. In total, 128 
separate comments were identified. In order of number of comments received, the issues raised 
by commenters included the following: 

1. Energy Alternatives – Preferences regarding use of renewable energy alternatives such 
as wind and solar instead of nuclear energy power or other nuclear technologies 
(19 comments) 

2. Nuclear Safety – Potential risks associated with nuclear accidents, waste storage, 
weapons, and potential for radiation exposure (16 comments) 

3. Nuclear Waste – Concerns regarding the production, storage, and disposal of nuclear 
waste (16 comments) 

4. Use of the CRN Site/Alternative Locations – Concerns regarding removal of forested 
areas within the CRN Site and consideration of existing brownfield sites in the area or 
decommissioned TVA facilities for the proposed advanced nuclear technology park 
rather than disturbance of the CRN site (11 comments) 

5. Water Quality and Flooding/Weather Risks – Potential risks to water quality in the Clinch 
River arm of Watts Bar Reservoir from coolant water returned to the river, water 
elevations in relation to the facility’s intake, groundwater contamination, and risks to 
floodplains due to flooding or extreme weather events (11 comments) 

6. Environmental and Community Impacts – Concerns regarding potential impacts to the 
human and natural environment, including destruction of existing habitats on the CRN 
Site (9 comments) 
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7. TVA Oversight – Concerns regarding past and present management of TVA nuclear and 
fossil fuel facilities (9 comments) 

8. Project Cost – Concerns regarding project cost (8 comments) 

9. Specific Project-Related Questions – Questions regarding nuclear technology and 
vendors (6 comments) 

10. Project Support – Support for the CRN project (5 comments) 

11. Support for the No Action Alternative – Support for the No Action Alternative 
(4 comments) 

12. Scoping Period/Project Schedule – Concerns regarding pace of project and request for 
extension of the scoping comment period by six months (4 comments) 

13. Nuclear Fuel Production – Concerns regarding the environmental and health effects 
related to processing nuclear fuel that would be used by advanced reactors and the 
source for the materials used in processing (3 comments) 

14. Air Quality – Air permitting considerations for the project advised by TDEC (2 comments) 

15. Transportation – Coordination with TDOT regarding potential roadway improvements at 
State Road 58 and Bear Creek Road and consideration of existing bicycle lanes on 
State Road 58 bridge as a part of the impact analysis requested by Roane County (2 
comments) 

16. Economic Feasibility – EPA request to include evaluation of economic feasibly of LWR 
and non-LWR modular type reactors to encompass environmental costs (1 comment) 

17. Cumulative Effects – Roane County request to consider Kairos Power project in the 
cumulative effects analysis (1 comment) 

18. Earthquakes – Consideration of earthquake tremors (1 comment) 

3.3 Issues to be Addressed 
Based on TVA’s internal scoping and input gathered from the public scoping process, the 
anticipated major issues to be addressed in this PEIS include:  

• Geology and Soils – Regional geology and soils at the CRN Site will be identified and 
any limitations related to construction and operation will be evaluated. Impacts to prime 
farmland soils will be quantified. The seismic history of the region will be identified, and 
evaluation of plant design and plant shut down in the event of an earthquake will be 
presented. 

• Surface Water Resources – TVA will describe the quality of surface water resources, 
including the Clinch River arm of the Watts Bar Reservoir, and will analyze the extent to 
which each development alternative would affect water quality directly or indirectly. 

• Groundwater Resources – TVA will use data obtained from studies conducted by TVA to 
describe existing groundwater conditions in the vicinity and will analyze the extent to 
which each development alternative would affect groundwater quality.  
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• Floodplains and Wetlands – Wetlands and floodplains within the CRN Site will be 
identified and impacts will be quantified. The effects of each of the development 
alternatives on jurisdictional wetlands and floodplains will be evaluated.  

• Biological Resources (vegetation, wildlife, and aquatic life) – Community types within the 
CRN Site will be described. Significant natural features, including rare species habitat, 
important wildlife habitat, or locally uncommon natural community types will be identified. 
TVA will evaluate the effect of each alternative on terrestrial and aquatic ecosystems.  

• Threatened and Endangered Species – Federally or state-listed as threatened or 
endangered plants and animals known to exist in the vicinity of the CRN Site will be 
identified. The effects of each development alternative on endangered, threatened, and 
rare species in need of management will be evaluated. 

• Recreational and Managed Areas – Natural areas, parks, and other managed areas 
within the vicinity of the alternatives will be identified and potential impacts associated 
with the proposed alternatives will be addressed.  

• Climatology and Meteorology – An extensive discussion of the meteorology and 
climatology within the region of the CRN Site will be presented, including regional 
climatology, local meteorology, severe weather, and how each would affect routine and 
accidental airborne radioactive releases.  

• Air Quality and Climate Change – Air quality considerations including attainment status, 
and regional air quality information will be presented. Impacts to air quality from activities 
associated with each of the alternatives will be evaluated. The impact of emissions from 
each of the alternatives on climate change will be addressed. 

• Transportation – The existing roadway network in the vicinity of the CRN Site, including 
physical road characteristics (number of lanes, shoulders, and posted speed limit) and 
existing traffic characteristics will be identified. The effect of construction and operational 
traffic to the CRN Site will be evaluated, including the potential for improvements to site 
access from local highways.  

• Visual Resources – The aesthetic setting of the CRN Site will be described and an 
analysis of changes to scenic attractiveness and scenic integrity associated with each of 
the alternatives will be completed. 

• Noise – Noise emissions and impacts associated with the construction phase equipment 
use and plant operations will be assessed to determine the potential noise effects of 
each alternative on sensitive receptors. 

• Socioeconomics and Environmental Justice – Demographic and community 
characteristics within the vicinity the CRN Site will be evaluated. Special attention will be 
given to identification of potential low-income and minority populations to evaluate the 
potential for disproportionate adverse impacts in accordance with EO 12898 and EO 
13990. Economic effects associated with the construction and operational workforce 
associated with each alternative will also be evaluated. TVA will also evaluate existing 
local services including educational, emergency, water, and wastewater to determine 
adequate supply and effects associated with each alternative. 

• Land Use – Land uses within the proposed project sites and within the vicinity (5-mile 
radius) will be identified. Permanent and temporary direct and indirect impacts to land 
use associated with each of the alternatives will be evaluated.  

• Cultural Resources – TVA will characterize archaeological and historic resources within 
the Area of Potential Effect of the CRN Site. TVA also will discuss any known sites listed 
on or eligible for the National Register of Historic Places. The potential effects of each 
alternative on historic and archaeological resources will be evaluated. The cultural 
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resources analysis and recommendations will be reviewed through formal consultation 
with the Tennessee State Historic Preservation Officer and interested tribes, the results 
of which will also be provided. TVA will consider cultural and historic resources, up to 
and including the Manhattan Project National Historic Park.  

• Local Government Revenues – The current sources and level of local government 
revenues will be identified. The effects associated with construction and ultimate 
development of each alternative will be evaluated. 

• Solid and Hazardous Waste – Current practices regarding hazardous materials/waste 
management near the CRN Site will be identified. In addition, TVA will identify any 
impacts from waste generation during construction and operation. Operational measures 
(waste management practices) will be incorporated into the assessment of impacts. 

• Nonradiological Public Health and Safety – TVA will evaluate nonradiological public 
health and safety regulations and identify safety programs adopted by TVA to minimize 
incidents. 

• Radiological Effects – The potential for radiological dose exposure to the public from 
normal operational releases via probable pathways to individuals, populations, and biota 
near the CRN Site will be assessed. 

• Uranium Fuel Use Effects – TVA will evaluate the potential for environmental effects 
from radioactive waste, spent fuel storage, and transportation of radioactive materials 
resulting from operations of the nuclear facilities at the CRN Site. 

• Nuclear Plant Safety and Security – TVA will evaluate the environmental impacts of 
postulated accidents involving radioactive materials at the CRN Site and plant security 
including intentional destructive acts. 

• Decommissioning – TVA will describe the process for decontamination and 
decommissioning, which will occur at the end of the CRN Site’s operating life, to ensure 
nuclear units are safely removed from service and the site is made safe for restricted 
use.  

The potential direct and indirect impacts of each resource will be assessed in the PEIS. 
Mitigation measures designed to minimize impacts, will be identified as appropriate. In addition, 
the PEIS will include an analysis of the cumulative impacts associated with each alternative. A 
cumulative impact analysis considers the potential impact to the environment that may result 
from the incremental impact of the project when added to other past, present, and reasonably 
foreseeable future actions (40 C.F.R. § 1508.7). These past, present, and reasonably 
foreseeable future actions will include, but are not limited to, the other potential development 
actions that are connected to the development of an advanced nuclear technology park at the 
CRN Site. The methodology for performing such analysis is set forth in the Council on 
Environmental Quality’s Considering Cumulative Effects under NEPA. 
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Notice of Intent to Prepare a Programmatic Environmental Impact 
Statement

TVA has released a Notice of Intent (NOI) to prepare a Programmatic 
Environmental Impact Statement (PEIS) to address the potential environmental 
effects associated with the construction, operation and decommissioning of 
an advanced nuclear reactor technology park at TVA’s 935-acre Clinch River 
Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. The park would 
contain one or more advanced nuclear reactors with a cumulative electrical 
output not to exceed 800 megawatts electric (MWe). Public comments are 
invited to identify other potential alternatives, information and analysis relevant 
to the proposed action.

This project supports TVA’s 2019 Integrated Resource Plan by continuing 
to evaluate emerging nuclear technologies as part of technology innovation 
efforts aimed at developing future generation capacities. This project would 
evaluate and demonstrate the feasibility of deploying advanced nuclear 
reactors to support TVA’s mission of providing safe, clean, reliable and low-
cost energy to the Tennessee Valley. The consideration of a new nuclear 
facility at the CRN Site supports TVA’s mission statement and is another way 
to assess how to serve the people of the Tennessee Valley.

The PEIS will address a range of alternatives for construction, operation 
and decommissioning of an advanced nuclear reactor technology park at 
the CRN Site. Action alternatives include construction of light-water reactor 
(LWR) alternatives and/or non-LWR alternatives at the CRN Site. There are 
two areas within the CRN Site that are best suitable for development; these 
are designated as Area 1 and Area 2. Therefore, TVA plans to evaluate four 
discrete alternatives (A-D) for these proposed actions, including the No-Action 
Alternative (A) and an advanced nuclear reactor technology park at Area 1 (B); 
at Area 2 (C); at Area 1 and Area 2 (D). Two additional alternatives, E and F, 
were considered but eliminated.

The NOI and additional information are available at www.tva.com/nepa. 
Comments may be submitted at www.tva.com/nepa, via email at nepa@tva.
gov, or by mail to the address below. To be considered, comments must be 
submitted or postmarked no later than March 19, 2021. Please note that any 
comments received, including names and addresses, will become part of the 
project administrative record and will be available for public inspection. Due to 
COVID-19 teleworking restrictions, electronic submission of comments 
is encouraged, to ensure timely review and consideration.

TVA plans to host an open house on March 1, 2021, from 6-8 p.m. EST. Visit 
www.tva.com/nepa for additional information. 

For more information on the National Environmental Policy Act (NEPA) 
process, to request an electronic or printed copy of the documents, or to 
submit comments, contact: 

Taylor Cates
NEPA Specialist
jtcates@tva.gov 
1101 Market St., BR 2C-C
Chattanooga, TN 37402

Clinch River Nuclear Site Advanced 
Nuclear Reactor Technology Park

Public Notice

Client: TVA
Job No: TVAM-07162
Title: Clinch River

Pub: The Courier-News
Size: 4.92”x11”
Insert: 2/10

No Clipping Required.

Saving is easy! With this policy, experienced 
drivers who switch save an average of $4492

in the fi rst year alone — and they get all the 
benefi ts and privileges you’d expect with 
the AARP Auto Insurance Program from 
The Hartford. Your own savings could actually 
be greater. 

The AARP® Auto Insurance Program from The Hartford.1

  

ON AUTO INSURANCE

GEICO, State Farm and Allstate

Call The Hartford
1-844-851-2319

ON AVERAGE, AARP MEMBERS ENJOY

$449
2

 SAVINGS

Your savings could 
be even more!

when they switch from companies like

FREE duffl e bag when you 
request your free quote!4

Call The Hartford now to request a FREE money-saving quote. 

1-844-851-2319
No coupon necessary.

Not an AARP member? If you’re 50 or over, request a FREE quote and more information today! 

■ 24/7 claims service
■ First accident forgiveness3

■ Lock in your rate for a full 12 months
■ New car replacement3  

The only national auto insurance 
program endorsed by AARP.

of customers recommend 
The Hartford*96%

AARP and its affi liates are not insurers. Paid endorsement. The Hartford pays royalty fees to AARP for the use of its intellectual property. These 
fees are used for the general purposes of AARP. AARP membership is required for Program eligibility in most states.
 The AARP Automobile Insurance Program from The Hartford is underwritten by Hartford Fire Insurance Company and its affi liates, One Hartford 
Plaza, Hartford, CT 06155. It is underwritten in CA by Hartford Underwriters Insurance Company; in WA, by Hartford Casualty Insurance Company; 
in MN, by Sentinel Insurance Company; and in MA, MI and PA, by Trumbull Insurance Company. Auto is currently unavailable in Canada and U.S. 
Territories or possessions. Specifi c features, credits and discounts may vary and may not be available in all states in accordance with state fi lings 
and applicable law. Applicants are individually underwritten and some may not qualify.
1In Texas, the Auto Program is underwritten by Southern County Mutual Insurance Company, through Hartford Fire General Agency. 
Hartford Fire Insurance Company and its affi liates are not fi nancially responsible for insurance products underwritten and issued by 
Southern County Mutual Insurance Company.    
2Savings amounts based on information reported by customers who switched to The Hartford from other carriers between 1/1/19 and 12/31/19. 
Your savings may vary. 3First Accident Forgiveness is not available to CA policyholders. Terms and conditions apply. 4Gift is a limited time 
offer and not available in all states. Email address required in most states. Allow 4-7 weeks for delivery. Bottle not included.
*Based on customer experience reviews shared online at www.thehartford.com/aarp as of June 2020.
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On Saturday, Jan. 31, 
six Clinton High School 
band students audi-
tioned and placed in the 
East Tennessee School 
Band and Orchestra 
Association Jazz Clinic. 

This is an honor band 
that selects the best 
students grades 9-12 in 

the area of jazz. 
The following stu-

dents were selected 
for this years clinic: 
Junior Alexander Er-
ick, Second Chair Alto 
Saxophone Red Band; 
senior Kate Boundy, 
First Chair Tenor 
Saxophone White Band; 

freshman Trey Mere-
dith, Second Chair Alto 
Saxophone White Band; 
freshman Sara Boundy, 
First Chair Piano; 
freshman Ethan Yonce, 
First Chair Guitar; and 
senior Austin Saltkill 
made First Alternate on 
Drum Set.

PHOTO SUBMITTER | COURIER NEWS 
From left, Clinton High School band students who auditioned for the East Tennessee 
School Band and Orchestra Association Jazz Clinic are, from left: Ethan Yonce, Sara 
Boundy, Kate Boundy, and Alexander Erick. Not pictured: Austin Saltkill and Trey 
Meredith.

Clinton band students honored

On Feb. 2, the Tennessee 
Department of Education 
announced 159 Pathways in 94 
high schools, and 51 districts 
have earned the Tennessee 
Pathways Certification for 
creating regional post-second-
ary opportunities. 

This more than doubles the 
number of certified pathways 
in Tennessee, bringing the 
total to 281 in 136 high schools 
and 69 districts.  

In Anderson County, the 
2020 Tennessee Certified Path-
ways are:

• Anderson County High 
School/Early Childhood Edu-
cation Careers (Pre-K-4);

• Clinton High School/Early 
Childhood Education Careers 

(Pre-K-4);
• Anderson County High 

School/Coding.
 Tennessee Pathways is 

structured around three key 
elements shown to increase 
seamless enrollment and 
success in postsecondary 
programs:  

• High-quality college and 
career advisement throughout 
K-12; 

• Rigorous early postsecond-
ary and work-based learning 
opportunities in high school;

• Seamless vertical align-
ment between K-12, postsec-
ondary programs, and career 
opportunities as a result of 
effective partnerships among 
school districts, higher educa-

tion institutions, employers, 
and community organiza-
tions .

Launched in 2019 in part-
nership with the Tennessee 
Board of Regents, the Ten-
nessee Pathways Certifica-
tion sets clear expectations 
for alignment, advisement, 
and partnerships that de-
fine strong education-to-ca-
reer pathways. 

Beyond establishing stan-
dards for program quality and 
design, the certification ele-
vates and celebrates innova-
tive and exemplary pathways 
in the state.    

“Tennessee is committed 
to building strong college 
and career pathways state-

wide,” said Commissioner 
Penny Schwinn. “Stu-
dents benefit from hav-
ing exposure to high-qual-
ity career pathways, and 
these pathways will serve 
to enhance our state’s future 
success and outcomes. 

“We are proud to have more 
than doubled the number of 
Certified Pathways and this 
tremendous growth speaks to 
our districts, communities, 
and partners’ shared values 
of strong education-to-ca-
reer pathways. The depart-
ment is proud to support 
every district across all 
regions working to further 
develop, enhance, and grow 
these opportunities.” 

 All schools serving grades 
9-12 in Tennessee were eligible 
to apply and each pathway 
was evaluated through a 
rigorous application process 
in which schools detailed their 
postsecondary and employer 
partnerships, early college 
and career experiences, and 
structures for providing stu-
dents with impactful career 
advisement. 

Despite the challenges of 
the COVID-19 pandemic, 
districts submitted 188 total 
applications for the Tennessee 
Pathways certification, rep-
resenting every region of the 
state, 108 high schools, and 
57 districts during the 2019-20 
application cycle.  

ACHS, CHS earn Tennessee Pathways certification for programs

Sell your unwanted items in the Classifieds.
Call (865) 457-2515 Today.

Austin Peay Dean’s 
List announced 

Austin Peay State 
University recognized 
more 2,000 students 
who were named to the 
Dean’s List for academic 
achievement during the 
Fall 2020 semester. From 
Anderson County are:

Franklin Dodson and 
Audra Jones of Oak 
Ridge.

To qualify for the 
Dean’s List, students 
must earn a semester 
GPA of 3.5 or greater.

Bradshaw, Sparks 
earn degrees 

Berry College in Rome, 
Ga., recently announced 
its newest class of gradu-
ates. The following local 

students were Fall 2020 
graduates:

Elizabeth Bradshaw of 
Oak Ridge earned a BS 
degree in economics.

Dara Sparks of Clinton 
earned a BA degree in 
English.

  

UC names Dean’s, 
President’s lists

In recognition of 
academic performance, 
the Office of the Vice 
President for Academic 
Affairs at University of 
the Cumberlands has 
announced the students 
named to the Dean’s List 
and President’s List for 
the fall 2020 semester.

To be eligible for the 
Dean’s List, students 
must be enrolled in at 
least 12 credit hours (a 

full course load), main-
tain a minimum cumula-
tive grade point average 
of 3.50. To be eligible for 
the President;s List, stu-
dents must maintain an 
cumulative grade point 
average of 4.0, receive an 
“A” grade in UC Engage.

Of the Cumberlands 
students named to the 
Dean’s List for fall 2020 
from Anderson County 
are:

Jordan Comer of Oak 
Ridge, Molly Ferguson of 
Lake City, Madison Sick-
au of Norris, and Alec 
Williams of Clinton.

  Anderson County 
students named to the 
fall 2020 President’s List 
are:

Lauren Guthrie of Oak 
Ridge, and Alison McIn-
tosh of Rocky Top.

COLLEGE BRIEFS 
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Tell us what 
you think 
about the 

issues of the 
day.

Did you know?

LICK SKILLET
From Page 4A

brought up to believe in “Truth, Justice and the American Way!” Our fictional 
heroes, such as Superman, Wonder Woman and so many others taught us these 
fundamental values. So did our Sunday schools and churches. Almost all of our 
parents taught us that we were not to lie, nor cheat. From every playground and 
schoolyard could be heard the insistent utterance that we play by the rules. And 
any infraction immediately provoked the cry of “No Fair!” And poor losers 
weren’t asked to play anymore.

But now?
How times have changed. And the most changed of all are the ministers of 

certain of our churches. It seems that so-called Evangelical preachers have de-
cided that they no longer want to be society’s spoilsports. Instead they want to 
be the good time Charlies; the go-along to get along echo chambers for the prop-
agators of the big lies; lies proclaimed with proud abandon by people who at one 
time had reputations as truth tellers.

How these fellows can stand at a pulpit in a structure supposedly dedicated 
to Jesus Christ’s teachings and beliefs while in front of them lies a copy of the 
Holy Bible containing a printed version of those teachings and beliefs, and spout 
the propaganda they do is beyond belief. One is reminded of Marvin Miller’s 
query of President Truman as to whether he thought President Nixon had ever 
read the Constitution: to which the answer was to the effect that he didn’t know 
if Nixon had read it or not, but if he had he hadn’t understood it.

Well, we have the same thought as to these so-called Evangelical preachers. 
We wonder if they have ever read the Holy Bible, especially the New Testament? 
And, we hazard the opinion that if they have read the New Testament, especial-
ly Christ’s own teachings set out therein, they most assuredly didn’t understand 
any of it. For if they did, they would not be preaching the very things that our 
Lord decried, nor avoiding preaching the very things that our Lord praised, such 
as loving thy neighbor as thyself.

But no. They would rather tread the paths of the Liar in Chief, for that is what 
it now takes for this crowd that wants to rule over us. Lie, Lie, Lie.

And, of course it is no wonder, that’s 30,000 lies. That is almost unbelievable, 
but the man has had lots of practice. Remember, his first entry on the public 
policy stage was to challenge Barack Obama’s birthplace, a challenge which he 
continued even after documentary proof was offered proving he was born in the 
state of Hawaii. And he has never conceded that President Obama was born in 
the U.S.A., just as he has never conceded that he lost the 2020 election. Facts 
have never mattered to this man. Of course there have always been men who ig-
nore or dispute facts.

Interestingly enough, our second president, John Adams, even before he was 
president, or there was a country of which to be a president (1770), in his coura-
geous argument defending British soldiers in the Boston Massacre said:

“Facts are stubborn things; and whatever may be our wishes, our inclinations 
or the dictates of our passions, they cannot alter the state of facts and evidence.”

What was true in 1770 is true today, but unfortunately during the reign of the 
Big Lie, lots of people, particularly  in the new Republican Party, ignore the 
truth, just as they also ignore “Justice and the American Way!”

Back before he was elected president, John F. Kennedy saw to the compilation 
and publication of a widely sold book called “Profiles in Courage,” made up of 
short accounts of numerous instances in U.S. history in which people stood up 
and did the right thing, even though it might have been the unpopular thing to 
do, or a thing that was almost certain to cost them politically, socially or finan-
cially. It was, and is, an inspiring story and reading it might be beneficial for 
some of the folks like those Republicans who are censuring their fellow Repub-
licans, people like the widow of John McCain and Rep. Liz Cheney for doing 
what they all should have done, were they not scared of Trump.

If such a factual book were to be written today, unfortunately, for every Pro-
file in Courage, there would be a half-dozen or more Profiles in Cowardice, we 
fear.

We sincerely hope that this column’s pessimistic tenor will need never be re-
peated and that we can in good conscience return to our usual optimistic out-
look, for we have faith in the American people and our institutions. Maybe after 
we have had our inoculation next week and possibly several of the Republican 
senators may see the right course and a few of the Evangelicals feel the Call and 
finally become true Christians, we’ll feel better about it all. Let us hope so.

The opinions expressed in this column do not reflect the views of this news-
paper.

Learning about Black 
History all year long 

By Martha Deaderick 
“We have to seek the truth to 

see it and to talk about it—even if 
it’s uncomfortable. And then we 
have to act.” Mary Ellen Flannery. 

Last year, before the pandemic, 
a small group of Roane Countians 
met at the Greenwood School in 
Kingston to learn about some un-
comfortable truths in our past. 
The class consisted of about eight 
people, mostly members of the 
NAACP and evenly divided be-
tween Blacks and Whites. We used 
a text by an historian of Vanderbilt 
University, Dr. Carrie Russell, 
“Reckoning with a Violent and 
Lawless Past.” We read of the event 
in Erwin, TN in 1918, where an ar-
gument with a Black man and 
some Whites escalated into a mob 
attack threatening the entire Black 

community. This resulted in all 
the Black families being chased 
out of town. For decades, Erwin 
remained all White. 

Using video documentaries, ar-
ticles and books, the group learned 
how, after Reconstruction, Black 
Americans lost their farms, busi-
nesses and homes as they were 
forced out of communities by vio-
lence and threats.  We compared 
our memories of growing up and 
knowing about the  “sundown 
towns” and of our experiences in 
Roane County when it was racially 
segregated. These memories were 
especially vivid as our meeting 
classroom was in the former “Col-
ored School” of Kingston. 

An 1888 article in the “Chatta-
nooga Times” recounted a ru-
mored lynching of Jack Jones, who 

was accused of attacking a White 
woman in Roane County. His body 
was never found.

The group hopes that they may 
bring back to Roane County a 
monument to Mr. Jones, which is 
now on display at the National Me-
morial to Peace and Justice in 
Montgomery, Alabama.  Commu-
nities that show they are willing to 
confront these difficult histories 
are able to return these to their 
own counties for display there. 
The group hopes to visit the na-
tional memorial in person once 
Covid restrictions are removed 
and vaccinations are more avail-
able.

The opinions expressed in this 
column do not reflect the views of 
this newspaper.

TIM PHILLIPS
Ailiate Broker

realestate@timothy-phillips.com

413 North Roane Street
Harriman, TN 37748

MOUNTAINS TO LAKES
REAL ESTATE, INC.

C: 865.804.4702    O: 865.285.9042

The official beginning of spring is a highly anticipated day among people who 
can’t wait to put away their winter coats and soak up some warm sunlight. But 
the day of the spring equinox is just as worthy of celebration for its uniqueness 
as it is for its symbolic connection with the end of winter. 

According to the Old Farmer’s Almanac, on the spring equinox, which is 
sometimes referred to as the “vernal equinox” or the “March equinox,” the sun 
crosses the celestial equator going south to north. 

Equinoxes (there’s another one in September each year) are the only two 
times a year that the sun rises due east and sets due west for everyone on Earth. 
As the sun passes overhead on the equinox, the tilt of Earth is zero relative to 
the sun. 

That means that the planet’s axis neither points toward or away from the sun. 
Though it’s understandable why so many people appreciate the spring equinox, 
which ushers in increasing sunlight hours and later sunsets, the day’s unique-
ness makes it even more worthy of celebration. 

This year the spring equinox happens on Saturday, March 20 at 5:37 a.m. 
EDT in the northern hemisphere.  
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Notice of Intent to Prepare a Programmatic Environmental Impact
Statement

TVA has released a Notice of Intent (NOI) to prepare a Programmatic
Environmental Impact Statement (PEIS) to address the potential environmental
effects associated with the construction, operation and decommissioning of
an advanced nuclear reactor technology park at TVA’s 935-acre Clinch River
Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. The park would
contain one or more advanced nuclear reactors with a cumulative electrical
output not to exceed 800 megawatts electric (MWe). Public comments are
invited to identify other potential alternatives, information and analysis relevant
to the proposed action.

This project supports TVA’s 2019 Integrated Resource Plan by continuing
to evaluate emerging nuclear technologies as part of technology innovation
efforts aimed at developing future generation capacities. This project would
evaluate and demonstrate the feasibility of deploying advanced nuclear
reactors to support TVA’s mission of providing safe, clean, reliable and low-
cost energy to the Tennessee Valley. The consideration of a new nuclear
facility at the CRN Site supports TVA’s mission statement and is another way
to assess how to serve the people of the Tennessee Valley.

The PEIS will address a range of alternatives for construction, operation
and decommissioning of an advanced nuclear reactor technology park at
the CRN Site. Action alternatives include construction of light-water reactor
(LWR) alternatives and/or non-LWR alternatives at the CRN Site. There are
two areas within the CRN Site that are best suitable for development; these
are designated as Area 1 and Area 2. Therefore, TVA plans to evaluate four
discrete alternatives (A-D) for these proposed actions, including the No-Action
Alternative (A) and an advanced nuclear reactor technology park at Area 1 (B);
at Area 2 (C); at Area 1 and Area 2 (D). Two additional alternatives, E and F,
were considered but eliminated.

The NOI and additional information are available at www.tva.com/nepa.
Comments may be submitted at www.tva.com/nepa, via email at nepa@tva.
gov, or by mail to the address below. To be considered, comments must be
submitted or postmarked no later than March 19, 2021. Please note that any
comments received, including names and addresses, will become part of the
project administrative record and will be available for public inspection. Due to
COVID-19 teleworking restrictions, electronic submission of comments
is encouraged, to ensure timely review and consideration.

TVA plans to host an open house on March 1, 2021, from 6-8 p.m. EST. Visit
www.tva.com/nepa for additional information.

For more information on the National Environmental Policy Act (NEPA)
process, to request an electronic or printed copy of the documents, or to
submit comments, contact:

Taylor Cates
NEPA Specialist
jtcates@tva.gov
1101 Market St., BR 2C-C
Chattanooga, TN 37402

Clinch River Nuclear Site Advanced
Nuclear Reactor Technology Park

Public Notice

Tennesseans struggling to pay rent
due to the pandemic may soon receive
help through the state’s housing author-
ity, as part of a statewide rental assis-
tance program currently underway.

Funded by federal dollars, the pro-
gram would help eligible tenants catch
up on rent payments if they’ve experi-
enced fi�nancial diffi�culties caused by
the pandemic, said Ralph Perrey, direc-
tor of the Tennessee Housing Develop-
ment Agency. 

The rental relief program, which
could be in place by March 1, would
come in the waning days of the nation-
wide eviction moratorium running
through March. Meanwhile, more than 1
million Tennesseans have lost their in-
come and fi�led unemployment claims
since last March, and tens of thousands
are still waiting to receive their benefi�ts.

“First priority for us is going to be
making sure we can keep as many peo-
ple as possible decently housed,” Perrey
said. 

Tennessee has received roughly
$458 million in federal funding under
the COVID-19 Rent Relief Act. More than
$383 million of that would be adminis-
tered by THDA and distributed to help
tenants in most parts of the state, Per-
rey said. The agency is also allowed to
spend up to 10% of the funds to cover
administrative expenses.

The act allows local governments
with 200,000 or more residents to re-
ceive the funds directly. In Tennessee,
the remaining $75 million is split among
Davidson, Knox, Rutherford, Shelby
counties and Memphis, which applied
for funds as a separate entity, Perrey
said. The fi�ve local authorities will set
up their own programs, and Memphis
and Shelby County will collaborate, he
said. 

Tenants who lost their job or “signifi�-
cant income” and now make less than
80% of the area median income because
of the pandemic qualify for the state-
wide assistance, Perrey said. The agen-

cy will prioritize residents who have
been unemployed for 90 days or longer
and those with earnings below half of
the area median income.

Perrey said the program is estimated
to help 25,000 households pay off� over-
due rent. Rent payments go to the land-
lords directly, he said. The money could
also go toward late fees and utility pay-
ments, he said, and any leftover funding
could help provide legal services for ten-
ants in need.

For each household, the aid could last
for up to 12 months.

“If that applicant is four months be-
hind on their rent, we can catch them
up,” he said. “And if they are still not
working or remain eligible, we can make
payments to their landlords for eight
more months.”

Eligible tenants or their landlords
will be able to apply for assistance via an
online portal, Perrey said, and a call

center will be available for questions
about the process. 

Landlords applying for assistance
can provide THDA with tenant informa-
tion, he said, and tenants need to prove
their income level and inability to aff�ord
rent due to the pandemic. A check for
unemployment benefi�ts, for example,
can be proof of loss of income.

“You got to show us your current fi�-
nance situation is a result of COVID,” he
said. “We want to make this as easy as
possible for applicants to show us what
we need to see.”

Roughly 3,000 people have signed up
to receive notifi�cations once the portal
is open, Perrey said. THDA is now work-

ing with Horne, a business advisory fi�rm
contracted with the state, to staff� the
call center and manage the website to
make sure the portal functions smooth-
ly, he said.

“We want to be sure that, when we
open the portal, that we built out the
system to be able to function and take in
thousands of applicants right away,”
Perrey said. 

Despite the high volume of potential
applicants, Perrey said he does not ex-
pect a wait list of them. 

If the funds dry up before demand
does, the U.S. Treasury Department can
re-evaluate the situation in the summer
and redistribute funds across the na-
tion.

“If someone has only committed 20%
of their funds, Treasury can take some
of all of the balance back and send it to a
place that has committed 90%,” Perrey
said. 

THDA could also look to help other
local authorities if their funds quickly
burn out, he said.

“We will set up some kind of subcon-
tracting arrangement with each of
them, so that if we have suffi�cient re-
serves in these funds and they are going
through theirs more rapidly, we have
some abilities to shift some resources to
assist them,” Perrey said.

Multiple rental assistance programs
have already started helping tenants
who are behind on rent payments.

For example, Nashville residents in
need for help can access rental assis-
tance through various programs set up
by the city government and local
groups. 

The city-run Metro Action
Commission off�ers emergency assis-
tance for three to six months to those at
risk of eviction or foreclosure. Similar
programs are also available at groups
such as The Nashville Confl�ict Resolu-
tion Center and nonprofi�t The Housing
Fund.

Reach Yue Stella Yu at yyu@tennes
sean.com or 615-913-0945. Follow her on
Twitter at @bystellayu_tnsn.

State housing authority to off�er rental relief 
Assistance program may
be in place by March 1

Yue Stella Yu
Nashville Tennessean

USA TODAY NETWORK – TENNESSEE

Callie Clark, 28, with her children Peyton Rinehart, 4, left, Cain Rinehart, 2, and
Ella Jo Rinehart, 7 months, in front of her apartment on Dec. 8 in Nashville. Clark
is at risk of getting evicted after recently losing her job. She received some aid
to help her from the Metro Action Commission. MARK ZALESKI/FOR THE TENNESSEAN
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NOTICE OF PUBLIC

HEARINGS

he Loudon City Council
will conduct public hearings
on February 22, 2021 for the
following:

6:20 PM amending Title 5,
Chapter 9, Section 14 of the
Municipal Code of the City
of Loudon regarding the
parking of trucks on certain
city streets

6:25 PM designating parallel
on-street parking on Grove
Street fromWharf Street to
College Street

he ordinances are
available for review at the
Municipal Building. he
hearings will be held in the
Municipal Building located
at 2480 Highway 72N.
Anyone needing special
accommodations in order to
participate in the meetings
should contact the City
Manager’s oice or ADA
Coordinator Travis Gray as
soon as possible, but no later
than 48 hours prior to the
meeting. he city’s phone
number is 865-458-2033.

NOTICE TO SEEK TITLE  
2000 Ford Explorer  

VIN# 1FMZU63E9YZA22684  
Any and all parties holding an 

interest in this car should con-
tact Charles Hicks at 1298 Turn 
Lane, Lenoir City, TN 37771 by 
certified mail, return receipt re-
quested, within ten (10) busi-
ness days of this publication.  
February 3, 10 & 17, 2021 

Notice of Intent to Prepare a Programmatic Environmental Impact

Statement

TVA has released a Notice of Intent (NOI) to prepare a Programmatic

Environmental Impact Statement (PEIS) to address the potential environmental

effects associated with the construction, operation and decommissioning of

an advanced nuclear reactor technology park at TVA’s 935-acre Clinch River

Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. The park would

contain one or more advanced nuclear reactors with a cumulative electrical

output not to exceed 800 megawatts electric (MWe). Public comments are

invited to identify other potential alternatives, information and analysis relevant

to the proposed action.

This project supports TVA’s 2019 Integrated Resource Plan by continuing

to evaluate emerging nuclear technologies as part of technology innovation

efforts aimed at developing future generation capacities. This project would

evaluate and demonstrate the feasibility of deploying advanced nuclear

reactors to support TVA’s mission of providing safe, clean, reliable and low-

cost energy to the Tennessee Valley. The consideration of a new nuclear

facility at the CRN Site supports TVA’s mission statement and is another way

to assess how to serve the people of the Tennessee Valley.

The PEIS will address a range of alternatives for construction, operation

and decommissioning of an advanced nuclear reactor technology park at

the CRN Site. Action alternatives include construction of light-water reactor

(LWR) alternatives and/or non-LWR alternatives at the CRN Site. There are

two areas within the CRN Site that are best suitable for development; these

are designated as Area 1 and Area 2. Therefore, TVA plans to evaluate four

discrete alternatives (A-D) for these proposed actions, including the No-Action

Alternative (A) and an advanced nuclear reactor technology park at Area 1 (B);

at Area 2 (C); at Area 1 and Area 2 (D). Two additional alternatives, E and F,

were considered but eliminated.

The NOI and additional information are available at www.tva.com/nepa.

Comments may be submitted at www.tva.com/nepa, via email at nepa@tva.

gov, or by mail to the address below. To be considered, comments must be

submitted or postmarked no later than March 19, 2021. Please note that any

comments received, including names and addresses, will become part of the

project administrative record and will be available for public inspection. Due to

COVID-19 teleworking restrictions, electronic submission of comments

is encouraged, to ensure timely review and consideration.

TVA plans to host an open house on March 1, 2021, from 6-8 p.m. EST. Visit

www.tva.com/nepa for additional information.

For more information on the National Environmental Policy Act (NEPA)

process, to request an electronic or printed copy of the documents, or to

submit comments, contact:

Taylor Cates

NEPA Specialist

jtcates@tva.gov

1101 Market St., BR 2C-C

Chattanooga, TN 37402

Clinch River Nuclear Site Advanced

Nuclear Reactor Technology Park

Public Notice

NOTICE OF SPECIALMEETING OF THE

INDUSTRIAL DEVELOPMENT BOARD

OF LOUDON COUNTY

he Industrial Development Board of Loudon County

(the “Board”) will hold a special meeting on hursday,

February 18th at 11:00 a.m. Due to the COVID-19

pandemic and in accordance with Governor Lee’s

Executive Order No. 16, as extended by Executive Order

No. 34, No. 51, No. 60 andNo. 65, the Commissioners of

theBoardmayattend themeeting either electronically or

in-person at the oices of Loudon County Government

located at 100 River Road, Loudon, Tennessee 37774.

here will be considered at such meeting the approval

of documentation related to a payment in lieu of tax

agreementwith respect toProject Strength inconnection

with property generally located at 14542 El Camino

Lane, Lenoir City, Tennessee. If any person wishes to

obtain real-time, live access to the meeting, contact Jack

Qualls, at (865) 988-0843 for more information. his

Notice is published in compliance with Tenn. Code

Ann. § 7-53-305(j).

29384008.1

PUBLIC NOTICE

he Tellico Reservoir Development Agency
(TRDA) Board of Directors will meet in
regular quarterly session on Friday, February
12, 2021, at 11:00 a.m. In accordance with
Tennessee Governor Bill Lee’s Executive Order
No.71, the meeting will be held by electronic
means. he link to join the meeting may be
obtained by calling the TRDA oice at (865)
673-8599. Persons desiring to make public
comment prior to the meeting must submit
their comments in writing by February 11,
2021, to TRDA, 165 Deer Crossing, Vonore,
Tennessee 37885. No member of the public
may be physically present. However, an audio
recording of the meeting will be available two
business days ater the meeting.

LoudonCounty Government

Surplus Equipment Sale

Loudon County Government has for auction
on GovDeals.com the following:

Powermatic Upcut Saw (Model #COS-18L)
Powermatic Lathe (Model #4224)
DS-90 Folding and Inserting System for Processing Mail

Descriptions and pictures of items are available on the GovDeals.
com website. he Closing Auction date will be February 22,2021.
Interested bidders can contact Teresa Everett at 865-458-4663 or
Susan Huskey 865-458-9042. Loudon County Government will not
discriminate on the basis of sex, race, national origin, creed, age,
marital status or disability.

For Assistance Call 865-986-6581 and advertising@news-herald.net
Place ad 24/7 at www.News-Herald.net Click on Place Ad

          East Tennessee Public Notices

P U Z Z LE ANSWERS

Call 865-986-6581



Oak Ridger Sports Desk
Phone: (865) 220-5501 • email: sports@oakridger.com

SPORTS 6A
FRIDAY, FEBRUARY 5, 2021

www.oakridger.com

(AP) — Cat Osterman is
primed to end her softball
career on top.

The dominant left-
handed pitcher is set to
compete for Team USA at
the Tokyo Olympics, then
she will defend her individ-
ual championship at Ath-
letes Unlimited later this
year before retiring.

Osterman was an
Olympic gold medalist in
2004 and a silver medalist
in 2008. In college at
Texas, she was a three-time
USA Softball Collegiate
Player of the Year.

She is ready for one
more run at greatness,
then that's it.

"It's just time," she said.
"I have a family and I've
been doing this for a long,
long time. Slowly but surely,
the signs were there that it
was time for me to phase
into a new direction."

Last season, Osterman
was the highest point
earner for Athletes Unlim-
ited in games played dur-
ing a five-week season
played in a bubble at a
sports complex in Rose-
mont, Illinois. The league
featured 57 of the world's
best players.

Osterman didn't go in
expecting to win the indi-
vidual honor — after all,
she had planned to retire
after the Olympics and
joined the league only after
the Tokyo Games were
postponed because of the
coronavirus pandemic and
she was looking for a way
to stay competitive.

She said she's glad she
joined and that it was an
easy decision to commit for

a second season.
"The cool part is that I

was able to perform the
way that I was at the peak
of my career when I was 27,
28," she said. "So that was
an exciting moment to see.
But I think more than any-
thing, I was proving to my-
self that I could throw at an
elite level and at a level that
I was satisfied with."

Osterman initially was-
n't sure that an individual
points-based system would
catch on, but it worked.

"It's obviously super ex-
citing for softball that
there's a pro avenue that
looks like it can be sus-
tained, not only that the
fans fell in love with, but
that the players fell in love
with," she said. "I know

plenty of players had
doubts when the idea was
first pitched, but once we
were in it, we were all in
love with it."

Osterman's work contin-
ued after the season. She
and her husband turned a
spare bedroom into a
workout room. Her trainer,
Lance Sewell, continues to
help her get results after
seven years of working to-
gether.

Her workouts have
changed over the years.

"I do a little bit more of
it, but less intensity than I
used to simply because I'm
older, but I have to also
keep my body moving and
let it recover the right way,"
she said. "It's very scripted
out."

Osterman said she ad-
mires stars in other sports
such as Tom Brady, Justin
Verlander and Aaron
Rodgers who have re-
mained elite competitors
at advanced ages.

"I can relate to the fact
that you're passionate
about what you do, and
that you want to keep
doing it as long as you're
able to," she said. "I read
articles about them and I
think, 'I know what this
feels like.'"

Osterman said Team
USA is training together
two weeks per month. If all
goes as planned, the team
will go into a bubble envi-
ronment to limit exposure
to others before heading to
Tokyo.

After that, she'll try to
defend her championship.
She wants fans to be able

to watch her play one last
time before she retires.

"It's fun to return and see
who takes the title after
this," she said. "If it's me,
there will be no Season 3
for me. If it's not me, I'm
going to enjoy watching
whoever comes after that
championship title."

USA’s Osterman looks to end
decorated softball career on top

Robert E Patrick
Financial Advisor

40 New York Avenue Suite 100
Oak Ridge, TN 37830 • 865-483-3923

Sunny Side Up
by Joe A  Hollingsworth Jr.

For East Tennessee’s best neighborhood value apartment
Carriage Trace and Carriage Hill in Clinton 865-457-4566.

Real friends are the people who, when you 
make a fool of yourself, don’t feel you’ve 
done a permanent job.
Sorghum: what you have after a dental 
appointment.
One fl ea to another: “Shall we walk home, or 
do you want to take a dog?”

Pitcher Cat Osterman smiles as she answers a question during a news conference
to announce the USA Softball 2020 Women's Olympic Team in Oklahoma City, in
this Tuesday, Oct. 8, 2019, file photo. (AP Photo/Sue Ogrocki, File)

Notice of Intent to Prepare a Programmatic Environmental Impact 

Statement

TVA has released a Notice of Intent (NOI) to prepare a Programmatic 

Environmental Impact Statement (PEIS) to address the potential environmental 

effects associated with the construction, operation and decommissioning of 

an advanced nuclear reactor technology park at TVA’s 935-acre Clinch River 

Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. The park would 

contain one or more advanced nuclear reactors with a cumulative electrical 

output not to exceed 800 megawatts electric (MWe). Public comments are 

invited to identify other potential alternatives, information and analysis relevant 

to the proposed action.

This project supports TVA’s 2019 Integrated Resource Plan by continuing 

to evaluate emerging nuclear technologies as part of technology innovation 

efforts aimed at developing future generation capacities. This project would 

evaluate and demonstrate the feasibility of deploying advanced nuclear 

reactors to support TVA’s mission of providing safe, clean, reliable and low-

cost energy to the Tennessee Valley. The consideration of a new nuclear 

facility at the CRN Site supports TVA’s mission statement and is another way 

to assess how to serve the people of the Tennessee Valley.

The PEIS will address a range of alternatives for construction, operation 

and decommissioning of an advanced nuclear reactor technology park at 

the CRN Site. Action alternatives include construction of light-water reactor 

(LWR) alternatives and/or non-LWR alternatives at the CRN Site. There are 

two areas within the CRN Site that are best suitable for development; these 

are designated as Area 1 and Area 2. Therefore, TVA plans to evaluate four 

discrete alternatives (A-D) for these proposed actions, including the No-Action 

Alternative (A) and an advanced nuclear reactor technology park at Area 1 (B); 

at Area 2 (C); at Area 1 and Area 2 (D). Two additional alternatives, E and F, 

were considered but eliminated.

The NOI and additional information are available at www.tva.com/nepa. 

Comments may be submitted at www.tva.com/nepa, via email at nepa@tva.

gov, or by mail to the address below. To be considered, comments must be 

submitted or postmarked no later than March 19, 2021. Please note that any 

comments received, including names and addresses, will become part of the 

project administrative record and will be available for public inspection. Due to 

COVID-19 teleworking restrictions, electronic submission of comments 

is encouraged, to ensure timely review and consideration.

TVA plans to host an open house on March 1, 2021, from 6-8 p.m. EST. Visit 

www.tva.com/nepa for additional information. 

For more information on the National Environmental Policy Act (NEPA) 

process, to request an electronic or printed copy of the documents, or to 

submit comments, contact: 

Taylor Cates

NEPA Specialist

jtcates@tva.gov 

1101 Market St., BR 2C-C

Chattanooga, TN 37402

Clinch River Nuclear Site Advanced 
Nuclear Reactor Technology Park

Public Notice

ADAMS SIGNS — Cole Adams receives a scholarship
to play football for Valparaiso University, Indiana. Pic-
tured with Cole are family members Ryan and Blake
Overton, Paul and Lauren Adams; ORHS Principal
Garfield Adams, Athletic Director Mike Mullins and
Head Football Coach Joe Gaddis. Special to The Oak
Ridger

KNOXVILLE — Webb School of Knoxville will cele-
brate senior Noelle Fuchs’ signing with the Duke Univer-
sity women’s rowing team, Friday, Feb. 5, 2021. The
outdoor ceremony will take place at 12:10 p.m., at Webb’s
Science Center fountain on the Webb School campus.

Fuchs has been a member of Atomic Rowing in Oak
Ridge, since her sophomore year. She helped lead her
teammates to a gold-medal finish in the women’s junior
eight at the 2019 Head of the South regatta and first
place in the women’s junior four and eight at the 2020
Secret City Head Race.

A member of Webb’s National Honor Society and an AP
Scholar with Honor, Fuchs has been active in community
service at Webb as one of the leaders of the Upper School
Interact Club, and served as Club president her junior year.
In addition, she is the recipient of a national President’s
Volunteer Service Award (PVSA) Gold Medal for contribut-
ing 250 or more volunteer hours over a 12-month period.

A co-captain of this year’s Atomic junior women’s crew
team, Fuchs exemplifies both outstanding athletic effort
and character, according to Atomic Rowing head coach,
John Davis. “Noelle is a hard worker and has come a long
way in a short amount of time,” Davis says. “We’re seeing
her true potential in rowing and much of that potential is
still untapped.” He added that Fuchs is joining a strong
rowing program at Duke “and we have high hopes for
great things for Noelle,” Davis noted. “We look forward to
her impact on the Blue Devils rowing team.”

Webb’s Noelle Fuchs to
row at Duke University
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Appendix B 

Public and Agency Comments Submitted During 
the Scoping Period 

(February 2, 2021 through March 19, 2021) 

 



From: Long, Larry
To: nepa
Cc: Kajumba, Ntale
Subject: PEIS TVA Clinch River
Date: Thursday, March 11, 2021 8:36:25 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN
attachments. If suspicious, please click the “Report Phishing” button located on the Outlook

Toolbar at the top of your screen.
Mr. J. Taylor Cates
Tennessee Valley Authority
NEPA Compliance
1101 Market Street
BR2C-C
Chattanooga, Tennessee  37402
 
Re: Draft Programmatic Environmental Impact Statement for the Clinch River Nuclear Site
and the Tennessee Valley Authority
 
Mr. J. Taylor Cates:
 
The U.S. Environmental Protection Agency (EPA) has reviewed the Programmatic
Environmental Impact Statement (PEIS) scoping documents for the Clinch River Nuclear
(CRN) site. The PEIS will examine the environmental impacts associated with the
construction, operation, and decommissioning of an advanced nuclear reactor technology park
at the CRN site.
 
The proposed alternatives include construction of light water reactor (LWR) alternatives and
non-LWR alternatives. There are two areas within the CRN site that are proposed for
development (Area 1 and Area 2). TVA plans to evaluate four alternatives (A-D) for the
proposed action including the No-Action Alternative (A) and an advanced nuclear reactor
technology park at Area 1 (B),  Area 2 (C), and Area 1 and Area 2 (D).
 
The EPA has identified environmental concerns associated with this project, which should be
included in the Draft PEIS. The alternatives evaluate the economic feasibility (EF) of LWR
and non-LWR modular type reactors. The EPA recommends that the EF studies be more
inclusive and encompass the full or true cost associated with each of the alternatives. The true
cost would include impacts to the environment including site preparation activities in a
process-specific section of each alternative, financial assurance, social cost to the local
community and those associated with civil defense for the potential impact areas in the event
of a catastrophic failure. Thermal discharge effects to wetlands and streams that also include
the impact of drought conditions/periods and transport and storage of waste material over the
expected life of the facility should also be examined. See link below for information on
drought conditions in Tennessee - https://www.drought.gov/drought/states/tennessee.
 
The EPA appreciates the opportunity to work with the TVA and looks forward to continuing
the collaboration process on the PDEIS. If you wish to discuss this project further, please
contact Mr. Larry Long, Project Manager, of the NEPA Section at (404) 562-9460 or by email
at long.larry@epa.gov.
                                                                       

mailto:Long.Larry@epa.gov
mailto:nepa@tva.gov
mailto:Kajumba.Ntale@epa.gov
https://www.drought.gov/drought/states/tennessee
mailto:long.larry@epa.gov


 
Larry Long
Regional Mining Expert
Physical Scientist/Sr. Principle Reviewer
NEPA Section/Strategic Programs Office
Office of the Regional Administrator
61 Forsyth Street, SW
Atlanta, GA 30303
404-562-9460
404-562-9598(FAX)
long.larry@epa.gov
 
Intelligence does not always define wisdom, but adaptability to change does
 
CONFIDENTIALITY NOTICE: This message is being sent by or on behalf of the
Environmental Protection Agency. It is intended exclusively for the individual(s) or entity(s)
to whom or to which it is addressed. This communication may contain information that is
proprietary, privileged or confidential, or otherwise legally exempted from disclosure. If you
are not the named addressee, you are not authorized to read, print, retain, copy, or disseminate
this message, or any part of it. If you have received this message in error, please notify the
sender immediately by email and delete all copies of the message.
 

mailto:long.larry@epa.gov


 
STATE OF TENNESSEE 

DEPARTMENT OF ENVIRONMENT AND CONSERVATION 
DIVISION OF WATER RESOURCES  
William R. Snodgrass - Tennessee Tower 

312 Rosa L. Parks Avenue, 11th Floor 
Nashville, Tennessee  37243-1102 

February 18, 2021 

Ms. J Taylor Cates 

Tennessee Valley Authority 

1101 Market Street, BR 2C-C 

Chattanooga, TN 37402 
 

Subject: TVA Clinch River Siter Scoping for Programmatic EIS 

  Roane County, TN 

  
Sent via email to jtcates@tva.gov and nepa@tva.gov  

Dear Ms. Cates: 

As this is at the scoping for a PEIS, there is not sufficient information to address the requirements for the 

permits in detail.  The construction of a light water reactor and/or non LWR at the TVA Clinch River site 

will require a construction storm water permit (CGP) based on the land disturbance being expected to be 

well more than one acre.  This facility will also be required to have a Tennessee Storm Water Multi-Sector 

General Permit.  A National Pollutant Discharge Elimination Permit NPDES permit will be required if there 

is to be a discharge from the facility into the Clinch River.  An Aquatic Resource Alteration Permit (ARAP) 

will be required if there is to be a water withdrawal for the facility.   

There have not been any public water supply intakes, wells or springs identified that would be impacted 

from the proposed facility.  The TVA Clinch River Nuclear Site Early Site Permit Application 

(ML16144A086) noted that due to the interactions of the Watts Bar Dam, Melton Hill Dam and Fort Loudon 

Dam, that the river flow “can be upstream, downstream or quiescent, depending on the modes of operation” 

within the vicinity of the site.  This could mean that for short periods of time, an intake at the Clinch River 

facility would be downstream of the NPDES discharge point for the facility.  It is not clear what impact if 

any this flow reversal would have, but it may need to be considered in the PEIS. 

If you have any further questions, I will be glad to try to assist you.  You may reach me at (615) 532-0170 

or tom.moss@tn.gov. 
 

Sincerely, 

 
Thomas A. Moss, P.G. 

Environmental Review Coordinator 

Compliance and Enforcement Unit 
 

cc: Michael Atchley, DWR Manager, Knoxville Environmental Field Office 

mailto:jtcates@tva.gov
mailto:nepa@tva.gov
mailto:tom.moss@tn.gov


 
 

STATE OF TENNESSEE 
DEPARTMENT OF ENVIRONMENT AND CONSERVATION 

DIVISION OF AIR POLLUTION CONTROL 
William R. Snodgrass Tennessee Tower, 15th Floor 

312 Rosa L. Parks Avenue 
Nashville, TN 37243 

(615) 532-0554 Voice or (615) 532-0614 FAX 
March 19, 2021 
 
J. Taylor Cates, NEPA Compliance 
Tennessee Valley Authority 
1101 Market Street, BR2C-C 
Chattanooga, Tennessee 37402 
 
Subject: Clinch River Nuclear (CRN) Site Advanced Nuclear Reactor Technology Park 
 
Dear Ms. Cates: 
 
The Division of Air Pollution Control has reviewed the scoping request/Notice of Intent 
(NOI) for the Clinch River Nuclear (CRN) Site advanced nuclear reactor technology park 
in Roane County in Tennessee. The park would contain one or more advanced nuclear 
reactors with a cumulative electrical output not to exceed 800 megawatts electric (MWe). 
Thank you for the opportunity to provide comments. 
 
The Programmatic Environmental Impact Statement (PEIS) will address a range of 
alternatives for construction, operation, and decommissioning of an advanced nuclear 
reactor technology park at the CRN site. The Division recommends that you evaluate the 
potential impacts on air quality during construction, operation, and demolition in detail in 
the PEIS. 
 
The Division recommends that you address air emissions from the operation and idling of 
heavy-duty non-road mobile sources, evaluate alternatives to open burning for the 
disposal of uprooted trees and other vegetation, and minimize the generation of fugitive 
dust from the project through best management practices. Additional information about 
Tennessee’s fugitive dust requirements can be found at 
https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-08.20180904.pdf and 
about open burning can be found at https://publications.tnsosfiles.com/rules/1200/1200-
03/1200-03-04.pdf. 
 
The NOI acknowledges that air quality permits may be needed for this project. Be 
advised that air quality construction permits must be issued prior to undertaking certain 
construction activities. Activities that can occur prior to receipt of such permits vary 
depending on the type of permit needed, so it is recommended that you contact the 
Division prior to groundbreaking activities.  
 

https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-08.20180904.pdf
https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-04.pdf
https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-04.pdf


Ms. J. Taylor Cates  page 2 of 2 
March 19, 2021 

 
Federal regulations enforced by the EPA and TDEC DAPC apply to asbestos renovation 
and demolition activity. These regulations apply to any building or structure known to 
contain asbestos and to any buildings proposed to be demolished. When any structures 
are proposed to be demolished, an asbestos demolition notification must be provided in 
advance, and proper pre demolition surveys need to be conducted to identify any 
regulated asbestos containing material (ACM) present. Prior to any demolition, all 
facilities must to be examined for ACM, and all potential ACM in the buildings proposed 
for demolition must be handled and disposed of according to the applicable Federal, state, 
and local regulations. Tennessee’s asbestos regulations can be found in chapter 1200-03-
11 of the Tennessee Air Pollution Control Regulations. 
 
If you have any questions or comments, please feel free to contact Ms. Lacey Hardin of 
my staff at (615) 532-0545. 
 
Sincerely, 
 

 
Michelle W. Owenby 
Director 
 
 
 
 

https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-11.20180904.pdf
https://publications.tnsosfiles.com/rules/1200/1200-03/1200-03-11.20180904.pdf


From: Shaun Armstrong
To: Michael Gilbert
Subject: RE: TVA: Notice of Intent to Prepare a Programmatic Environmental Impact Statement -- Clinch River Nuclear Site Advanced Nuclear Reactor Technology Park
Date: Monday, March 8, 2021 1:05:37 PM
Attachments: image001.png

image002.png
image003.jpg
image004.png

Mike,
Based on a review of the TVA site location, and there does not appear to be any active projects within close proximity of this location.  SR-58
is the route that will serve the site and is currently a 5 lane facility, however the map shown does highlight potential local roadway
improvements at the interchange of SR-58 and Bear Creek Road.  Improvements touching the state route system and on state right-of-way
will need to be coordinated through the Region 1 Traffic for review and permitting.
 

 
Thank you,
Shaun

Shaun Armstrong, P.E. |Civil Engineering Manager 2
Strategic Transportation Investments Division/ Project Investigation

James K. Polk Building, 10th Floor 
505 Deaderick Street, Nashville, TN 37243
p. 615-253-5327
c. 615-339-7371
Shaun.Armstrong@tn.gov
http://www.tn.gov/tdot/section/strategic-transportation-investments
 
 
 

From: Michael Gilbert <Michael.Gilbert@tn.gov> 
Sent: Tuesday, March 2, 2021 7:39 AM
To: Shaun Armstrong <Shaun.Armstrong@tn.gov>

mailto:/O=EXCHANGELABS/OU=EXCHANGE ADMINISTRATIVE GROUP (FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=965AC2CA3E9A40B08EFB499FACE0C304-SHAUN ARMST
mailto:/o=ExchangeLabs/ou=Exchange Administrative Group (FYDIBOHF23SPDLT)/cn=Recipients/cn=7b5e31c151bf4f4b988dc7eb2cfcdcff-Michael Gil
mailto:Shaun.Armstrong@tn.gov
http://www.tn.gov/tdot/section/strategic-transportation-investments






Subject: FW: TVA: Notice of Intent to Prepare a Programmatic Environmental Impact Statement -- Clinch River Nuclear Site Advanced
Nuclear Reactor Technology Park
 
Hey bud just making sure this is in the queue for review.. I am sure you are on it…

Thanks for your help and let me know if you need my help at all with it dude! I think comments are due March 19th…..
 
Have a good one!
Mike G
 

From: Michael Gilbert 
Sent: Wednesday, February 10, 2021 11:11 AM
To: Shaun Armstrong <Shaun.Armstrong@tn.gov>
Subject: FW: TVA: Notice of Intent to Prepare a Programmatic Environmental Impact Statement -- Clinch River Nuclear Site Advanced
Nuclear Reactor Technology Park
 
Here is the project we discussed. Just let me know when you all have the comments and I can send them on to Susannah. Looks like they

need them by March 21st so I guess probably aim for something prior to that date if you agree!
Thanks dude and let me know if you need me….
 
Mike G
 

From: Susannah Kniazewycz <Susannah.Kniazewycz@tn.gov> 
Sent: Tuesday, February 2, 2021 3:04 PM
To: Michael Gilbert <Michael.Gilbert@tn.gov>
Subject: FW: TVA: Notice of Intent to Prepare a Programmatic Environmental Impact Statement -- Clinch River Nuclear Site Advanced
Nuclear Reactor Technology Park
 
Hi Mike and hope all is well with you!
 
Thanks for you or your team reviewing other agencies capital improvement projects and commenting on behalf of the department as
needed. 
Susannah
 

Susannah Kniazewycz, P.E. | Director
TDOT Environmental Division
James K. Polk Bldg, 9th Floor 
505 Deaderick Street, Nashville, TN 37243
p. 615-741-5373 c. 615-232-4208
susannah.kniazewycz@tn.gov
https://www.tn.gov/tdot/environmental-home.html
 

From: Cates, J. Taylor <jtcates@tva.gov> 
Sent: Tuesday, February 2, 2021 12:36 PM
Cc: Cates, J. Taylor <jtcates@tva.gov>
Subject: [EXTERNAL] TVA: Notice of Intent to Prepare a Programmatic Environmental Impact Statement -- Clinch River Nuclear Site Advanced
Nuclear Reactor Technology Park
 

*** This is an EXTERNAL email. Please exercise caution. DO NOT open attachments or click links from unknown senders or unexpected
email - STS-Security. ***

 
Hello,
Today, February 2, 2021, TVA posted the Notice of Intent (NOI) to prepare the Clinch River Nuclear Site Advanced Nuclear Reactor
Technology Park Programmatic Environmental Impact Statement (CRN PEIS) on TVA’s website at www.tva.com/nepa under “Open for Public
Comment.” To ensure consideration, any comments must be postmarked or electronically submitted no later than Friday, March 19, 2021.
Please see the attached letter for more details.
 
Please pass this information along to anyone as appropriate.
 
Thank you.

mailto:Shaun.Armstrong@tn.gov
mailto:Susannah.Kniazewycz@tn.gov
mailto:Michael.Gilbert@tn.gov
mailto:susannah.kniazewycz@tn.gov
https://www.tn.gov/tdot/environmental-home.html
mailto:jtcates@tva.gov
mailto:jtcates@tva.gov
https://urldefense.com/v3/__http:/www.tva.com/nepa__;!!PRtDf9A!-TFF3KNVvKCwXJD0JiNWjGWat5gMC0htpX5K6_HORZTSfIngOwB7Zr8JWfOKc40EynEQGZP8$


 
J. Taylor Cates
NEPA Compliance Specialist
Federally Mandated Environmental Compliance
TVA logo

M. 423-599-9035    E. jtcates@tva.gov
1101 Market Street Chattanooga, TN 37402

 

mailto:jtcates@tva.gov


TVA Notice of Intent to Prepare a Programmatic Environmental Impact Statement 
Comments from the Roane County Environmental Review Board 
March 1, 2021 
 
Here are a few of my comments so far: 

1. Surface water temperatures were monitored in the Clinch River arm of the Watts Bar Reservoir 
as part of the NRCEIS data collection activities. Is water temperature monitoring ongoing now 
and will future water temperature monitoring be continued during operation of any new 
reactors? 

2. The environmental effects of discharging warmer water from reactor cooling activities needs to 
be addressed. The Clinch River could become warmer, thus encouraging further growth and 
spread of aquatic plant invasive species. Other effects of this warmer water also need to be 
addressed (e.g., impacts to aquatic species like fish, amphibians, reptiles, invertebrates, etc.). 
TVA will need to consider expanding invasive weed control activities and schedule to include 
this area of the Clinch River arm of the Watts Bar Reservoir, just as the effluent discharge area 
for the Kingston Steam Plant has been treated in the past.  

3. Scoping needs to address environmentally sensitive species, like bats and pink mucket mussels. 
Destruction of habitats needs to be prevented. Mitigation for bats could take the form of 
artificial roosting habitat (such as Branden Bark) and artificial bat caves for hibernation. These 
could be located in the general area prior to start of construction thus making them readily 
available before the natural roosting or hibernation sites are lost.  

4. Any Cooling-Water Discharge System may require some potential river bottom disturbance. 
How will the disturbed bottom silt be monitored for contaminants to prevent unplanned 
release of previously immobilized constituents to prevent contamination of downstream 
drinking water supply systems? Any discharge system needs to address how flow will be 
mitigated to prevent disturbance of contaminants in the sediments. 

5. Any air and water discharges need to address the prevention of radioactivity being introduced 
into the environment, whether cooling water discharge into the Clinch River or air venting to 
the atmosphere. 

6. Disturbed sediments carrying downstream from shoreline work and stormwater runoff into the 
Clinch River need to be addressed. Since any disturbed sediment will be entrained into the 
river currents and be carried further than probably anticipated downstream, there is 
considerable potential for increased fish contamination in species that currently do not have 
consumption restrictions on them therefore, during construction and for some calculated 
period afterward it may be advisable to widen the consumption restriction on fish taken in in 
this portion of the Clinch River arm of the Watts Bar Reservoir. 

7. Consider the environmental impacts of Gasoline, diesel fuel, hydraulic lubricants, and other 
similar products used for equipment during construction and operation. These same 
constituents were used during construction and operations at Paducah Gaseous Diffusion 
Plant. The area designated for these activities was later found to be highly contaminated, so 
much so that it had contaminated the groundwater in a large area. Since the groundwater 
movement to the Clinch River arm has been shown to be very fast, it is essential that all such 
activities be contained in a maintenance pit impervious to penetration by these constituents to 
prevent their introduction into the environment and tainting of downstream drinking supplies.  

8. Any transportation studies need to include the bicycling lanes of SR58 should be included since 
they are used by a high volume of cyclists for transportation and recreation purposes, 
especially during the summer and on weekends. 



9. Scoping needs to include the impacts of plume shadowing created from reactor operations, 
particularly effects on the SR58 bridge crossing the Clinch River. 

10. Include lessons learned from other reactor accident sites, such as Fukushima and the effects of 
seismic and flooding hazards. The main long-term issue with Fukushima was loss of coolant for 
the spent nuclear fuel, which resulted in radiological contamination (air/fallout), high radiation 
fields in the buildings (making repairs difficult if not impossible), and radiological 
contamination of the ground water. In addition, waste disposal of the contaminated material 
resulting from an accident needs to also be addressed as well. Include how you plan to protect 
the population immediately near the nuclear site, as well as those downwind of it, such as 
potassium iodine pills to saturate the thyroid to prevent radioactive iodine uptake? 

11. The EIS needs to include and address the storage, handling, and disposal of spent fuel 
and low-level radwaste. These are important waste streams that carry low to high 
moderate risk for exposure to the public/workers and contamination of the 
environment. 

12. Kairos Power is planning on constructing and operating a nuclear reactor on the old 
ETTP site in the demolished K-33 Building area. Address how cumulative effects of 
environmental impacts and accident scenarios will be addressed. 

 



From: Hunter, Malinda
To: Jack Keeling
Cc: nepa
Subject: RE: TVA Asks for Public Input on the Clinch River Nuclear Site
Date: Tuesday, February 2, 2021 5:39:40 PM
Attachments: image001.png

Mr. Keeling,
Thank you for your comment. Comments for this project should be submitted to nepa@tva.gov. I
passed your comment along.
 
Kind Regards,
 
Malinda Hunter
Public/Media Relations

M. 423-718-9245  E. mhunter@tva.gov
1101 Market St. Chattanooga, TN 37402
 
NOTICE: This electronic message transmission contains information that may be TVA SENSITIVE, TVA RESTRICTED, or TVA
CONFIDENTIAL. Any misuse or unauthorized disclosure can result in both civil and criminal penalties. If you are not the intended
recipient, be aware that any disclosure, copying, distribution, or use of the content of this information is prohibited. If you have received
this communication in error, please notify me immediately by email and delete the original message.

 
 
 
 

From: Jack Keeling <jack_k.glen_rose@yahoo.com> 
Sent: Tuesday, February 02, 2021 4:10 PM
To: Hunter, Malinda <mhunter@tva.gov>
Subject: TVA Asks for Public Input on the Clinch River Nuclear Site
 

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN
attachments. If suspicious, please click the “Report Phishing” button located on the Outlook

Toolbar at the top of your screen.

If the Administration favors Clinch River, I favor it. I do not think there
should be any new nuclear power facilities. Renewable energy is
becoming competitive.
 
Sent from Mail for Windows 10

 

mailto:mhunter@tva.gov
mailto:jack_k.glen_rose@yahoo.com
mailto:nepa@tva.gov
mailto:nepa@tva.gov
mailto:mhunter@tva.gov
https://go.microsoft.com/fwlink/?LinkId=550986



From: David Lawson
To: nepa
Subject: Clinch river nuclear site
Date: Tuesday, February 2, 2021 6:44:32 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Build it.

mailto:kf4ebp@gmail.com
mailto:nepa@tva.gov


Name: Rick Clemenzi

Comments: I am shocked at the level of stupidity behind pursuing a new Nuclear plant on both Financial 
and Environmental grounds. This plant MUST BE DROPPED!

First to the Environment, we live in Western NC down wind from the Clinch River site and 
frankly it has already been proven globally that engineers have no idea how to design a fully 
safe Nuclear plant. Thus this would endanger our lives and MUST not happen. Every Nuclear 
failure to date has uncovered a new area of systemic engineering and management failure 
suggesting there could well be many more such failure paths that have not and could never be 
fully resolved for this proposed installation. As a professional engineer myself, I strongly 
proclaim the engineering failures in this field to date are despicable and that I have seen no 
reason to now suddenly trust Nuclear system engineers. For this reason alone and the 
Environmental Disaster any such to-be-expected-as possible failure would bring, I most 
strongly Oppose Any Consideration of a future Nuclear Plant in Tennessee.

But further to the well proven/demonstrated strong possibility of an Environmental Disaster 
that a Nuclear Plant brings to locations everywhere, the whole idea of building a New Nuclear 
Plant in today's market is Economic Stupidity! Per Lazard and Bloomberg, the leading Energy 
Power Generation Cost Analysis firms, New Nuclear costs many times what ANY of the Clean 
Energy options now cost. As you can clearly see in this graphic (https://intelli-
products.com/market/) showing Levelized Cost of Energy (e.g., Life Cycle Cost presented as 
kWH/MWh), Nuclear is fully non-competitive with either Solar, Wind, or even Solar + 
Batteries. It would be Economic Stupidity to build a new Nuclear plant in today's market, and 
thus should NOT BE ALLOWED by a public entity like the TVA where costs are passed on to 
Consumers or Citizens. The Highly Negative Impact on Consumers MUST be taken into 
account, and this foolish Nuclear Plant proposal DROPPED!!

I am shocked anyone was even Stupid Enough to suggest this plant in today's rapidly evolving 
Wind/Solar/Battery Clean Energy market.

close window

Page 1 of 1TVA CCMS - View Comments
Address: 
Date: 2.3.21

2/4/2021https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9020



Name: Ken Hayse

Comments: So the organization that can't manage ash at a nearby fossil plant wants to be trusted with 
managing nuclear waste with a half-life of a couple of thousands years? Sounds like a disaster 
waiting to happen. I recommend that TVA put remediation costs equal to the cost of the 
Chernobyl on going cleanup (ongoning after 30 plus years) in escrow before construction.

close window

Page 1 of 1TVA CCMS - View Comments
Address: 
Date: 2.4.21

2/4/2021https://solutions.arcadis-us.com/TVACCMS/Pages/public_comments_view.cfm?id=13036



From: nepa
To: Cates, J. Taylor; Freeman, Carol
Subject: FW: Clinch River Nuclear
Date: Friday, February 5, 2021 10:50:10 AM

FYI

From: Daniel & Jennifer  
Sent: Friday, February 05, 2021 9:52 AM
To: nepa <nepa@tva.gov>
Subject: Clinch River Nuclear

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.
To whom it my concern;

I personally feel like the proposed nuclear site on the Clinch River is a wonderful idea. It
will create new jobs, and use clean nuclear energy to produce our needed energy. I live in
Monroe County Tennessee so I am used to being near nuclear power, and have no concerns of
a new facility being created nearby.

Respectfully,
Daniel Keller 



From: Clay & Nancy Landers and Wilma Fisher
To: nepa
Subject: Clinch River Nuclear Site
Date: Friday, February 5, 2021 8:37:47 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN attachments. If
suspicious, please click the “Report Phishing” button located on the Outlook Toolbar at the top of your screen.

My husband and I want to go on record as supporting the development of
the Clinch River Nuclear Site.  Nuclear energy will be needed to help
offset the emissions causing global warming.  we live in Kingston, TN.
I worked at the Oak Ridge National Laboratory and he worked at Y-12.
We have seen first hand the effects of warming in the trees and plants
of the region.  When I first came to Tennessee in 1962, redbuds were
blooming in early May.  Now they usually bloom in late March.

Nancy Landers

mailto:nlanders77@comcast.net
mailto:nepa@tva.gov


Name: Joseph Kintz

Comments: Dear TVA:

I'm a strong supporter of nuclear energy, including efforts to improve the safety, reliability, 
cost effectiveness, and environmental aspects of this technology. I assume these be the focus 
of the Clinch River Nuclear Site Advanced Nuclear Reactor Technology Park.

Regardless of the care that I know everyone involved will take, there will be risks to the 
surrounding public and the environment. There will be pollution of some sort. Accidents will 
happen. Mistakes will be made. Such is the case with all human endeavor.

Rather than committing a currently unspoiled tract of land to this endeavor, why not find a 
place to put it somewhere in the Oak Ridge nuclear complex? With much of the old Manhattan 
Project facilities gone or being dismantled, surely there is room for your Nuclear Technology 
Park there. The Oak Ridge facility is already committed to nuclear research, and on a huge 
scale. They are already used to dealing with the risks, hazards, and pollution from nuclear 
work. They already have facilities and systems in place to deal with safety, security, 
environmental protection, and other issues that will be needed. Much of the needed 
infrastructure is already in place.

Doesn't this make more sense than converting a new piece of land, which has never been 
used for nuclear energy work and is surrounded by communities that have never dealt with 
living next door to a nuclear facility?

Thank you for being open to public comment. Please give mine serious consideration.

Kind regards,

Joe

close window

Page 1 of 1TVA CCMS - View Comments
 

Date: 2.8.21

2/9/2021https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9024



From: Nancy Schmitt-Hoover
To: nepa
Subject: Nuclear Reactor
Date: Monday, February 15, 2021 11:11:07 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN attachments. If
suspicious, please click the “Report Phishing” button located on the Outlook Toolbar at the top of your screen.

Are concerns about the influence of earthquake tremors being addressed?

Sent from Mail <https://go.microsoft.com/fwlink/?LinkId=550986>  for Windows 10

mailto:nepa@tva.gov
https://go.microsoft.com/fwlink/?LinkId=550986


From: Emma Fitzgerald
To: nepa
Subject: Programmatic Environmental Impact Statement-Clinch River Nuclear Site Advanced Nuclear Reactor Technology

Park
Date: Tuesday, February 16, 2021 7:30:25 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

As a student group at GVSU we understand that the economic benefits of building a nuclear
plant are substantial, however we feel that the EIS needs to be more specialized to the local
environment. It is discussed in the proposal to evaluate many different environmental aspects,
but focusing on aquatic and surrounding species is of special concern. The EIS should also
include the impact that the citizens of Oak Ridge may feel from consuming species impacted
from the nuclear plant. There may also be a compounding effect with the addition of more
nuclear plants. What is the anticipated plan if the EIS determines to have detrimental short and
long term effects on the environment? The EIS should also include a worst case scenario for
the environment and the surrounding populations 

mailto:fitzgemm@mail.gvsu.edu
mailto:nepa@tva.gov


From: Don Safer
To: nepa
Subject: extension request for comment period for Nuclear Park PEIS
Date: Friday, February 19, 2021 4:10:03 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN
attachments. If suspicious, please click the “Report Phishing” button located on the Outlook

Toolbar at the top of your screen.
 
To:  J. Taylor Cates, TVA NEPA Specialist
Mr. Cates,
Concerning the proposed Programmatic Environmental Impact Statement for an advanced nuclear
reactor technology park at the Clinch River Site.
Please extend the comment period for 6 months (until September 19, 2021).
The COVID-19 pandemic is still requiring significant attention by members of the public, making review of
documents and new nuclear plans difficult and extra burdensome. Plans to develop nuclear facilities on
this site have been proposed for decades and ultimately not proceeded. Please do not rush another
nuclear plan through under the cover of the covid crisis.
The broad scope of this proposal merits and demands extensive research on each of the possible
proposed technologies:  these include three different types of light water small modular reactors
and five types of non-light water reactors including three that are graphite moderated: molten salt,
fluoride salt, and high temperature helium gas, plus a molten chloride fast reactor and micro
reactors.
Thank you for consideration of this urgent request.
 
Sincerely,
Don Safer
Board Member
Tennessee Environmental Council
 

mailto:dsafer@comcast.net
mailto:nepa@tva.gov


Bellefonte Efficiency & Sustainability Team 

A local chapter of Blue Ridge Environmental Defense League ▪ 
www.bredl.org 

     
 
 

              B.E.S.T. 
 

 
 
 

 

 February 20, 2021 

 

J. Taylor Cates 
1101 Market Street, 2C-C 
Chattanooga, TN 37402 

Dear Mr. Cates,  

Noting TVA’s call for comments regarding the preparation of a Programmatic Environmental 
Impact Statement related to a future Clinch River Nuclear Site Advanced Nuclear Reactor 
Technology Park, I ask that the comment period be extended for an additional 6 months.   

What with the COVID-19 pandemic restrictions still continuing plus the large list of ‘new’ and 
‘advanced’ nuclear reactors to be considered, the public needs more time to gather information 
in order to supply valuable comments.   

Thank you for consideration of this urgent request. 

Yours truly,  

 
Sandra Kurtz 
BEST (Bellefonte Efficiency & Sustainability Team) 
 

  

 



Chloe O’Neil, Grace Watson, Cole Jersey and Julia Walsh 
 

NEPA Comment 
 

The TVA’s Programmatic Environmental Impact Statement (PEIS) will address any 
foreseen environmental impacts of the project. The environmental impacts they have identified 
include, but are not limited to, air quality; aquatics; botany; climate change; cultural resources; 
emergency planning; floodplains; geology and groundwater; hydrothermal; land use; navigation; 
noise and vibration; radiological safety; soil erosion and surface water; socioeconomics and 
environmental justice; threatened and endangered species; transportation; visual; waste; water 
use; wetlands; and wildlife. In their PEIS, they will also provide “measures to avoid, minimize 
and mitigate” these adverse effects on the environment. We believe the TVA has accurately 
identified any impacts that arise from the construction, operation, and decommissioning of this 
project. The TVA covered all social and cultural influences like appearance, noise, emergency 
plans, safety, socioeconomics and environmental justice, and others. They have also 
determined the potential biophysical impacts of this project, which are crucial to consider. 

The project is entirely self-supported by the TVA without federal funding, invests its 
profits in its electric system, aids the Tennessee River system with navigation, flood control, and 
land management, therefore positively affecting the economy. The TVA also helps with 
economic development and increasing employment rates with local and state governments and 
local power companies.  These will positively influence the economy and do not demonstrate 
any potential negative impacts from this project.  

 



From: Penny
To: Cates, J. Taylor
Subject: Question on Terra power
Date: Monday, March 1, 2021 8:42:24 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Hello Ms. Cates, 

Has TVA consider Terra Power? 
https://www.terrapower.com/our-work/traveling-wave-reactor-technology/

Thank you,

Penny Kemle 

mailto:penny@kemle.net
mailto:jtcates@tva.gov
https://www.terrapower.com/our-work/traveling-wave-reactor-technology/


3/1/2021
TVA CCMS - View Comments

https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9030 1/1

Name: keith kline

Comments: Recommend that the scope include special study and consideration of: 
hydrology and potential flooding, 
karst geology, 
eagle nesting, eagle prey and prey habitat, 
potential populations and habitat for bats and other species of special concern, 
any vegetation that has been undisturbed for 40 years or more, 
future recreational uses of the river, shoreline, and flood zones, and 
active outreach to engage with local communities and stakeholders.

close window



3/1/2021 TVA CCMS - View Comments

https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9027 1/1

Name: ray moore

Comments: Will the power generated from the proposed facility at Clinch River be considered Green Energy?

close window



3/1/2021 TVA CCMS - View Comments

https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9029 1/1

Name: Ron Woody

Comments: Good to see all of you this evening. Is there a plan relationship with Kairos Power who is planning a test
reactor at K31 and K33 site?

close window



3/1/2021 TVA CCMS - View Comments

https://solutions.arcadis-us.com/TVACCMS/Pages/Commenter_View.cfm?id=9028 1/1

Name: Peggy Zukas

Comments: Bill Gates has a nuclear reactor company - TerraPower. Is it feasible to build one of his reactors? I was
under the impression it is safer.

close window



From: Gwendolyn Blanton
To: nepa
Subject: Comments on Clinch River Nuclear RTP
Date: Tuesday, March 2, 2021 11:55:32 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN attachments. If
suspicious, please click the “Report Phishing” button located on the Outlook Toolbar at the top of your screen.

Dear TVA,

I am opposed to building any more nuclear reactors in Tennessee for the following reasons:

1. Nuclear power is not clean. It will never be “clean” until there is a way to recycle the spent fuel rods and to
eliminate the long-lasting radioactivity of nuclear material that needs to be stored.

2. Nuclear power is not cheap. In fact, it’s so expensive that the US Government has to supplement      the cost of
building new reactors. If TVA is already BILLIONS of dollars in debt, then building another expensive Nuclear
Reactor of any kind is the wrong direction.

3. Both Solar and Wind power are under-developed in the Tennessee Valley. We’ve known about Climate Change
for 100 years. In the last 50 years, millions of people across the planet have worked to make change for the better, to
almost no avail. It is now time for the big energy companies, like TVA, to take the lead in renewable energy and to
phase out toxic solutions like nuclear.

4. With climate change, come increased risks of climate catastrophes, like tornadoes and flooding. The Clinch River
site appears to be well within the 500 year flood plain and will almost certainly flood within the next 50-100 years,
given the increased intensity of flooding due to Climate Change. Additionally, Tornado Alley has been slowly
adjusting its path over the previous decade and care should be taken about putting any type of nuclear power in the
path of a tornado.

5. We don’t want any more nuclear. I live within 100 miles of the proposed site and I do not feel safe. My family
lives in Chattanooga and I believe they are not safe from a nuclear release as it is. We do not need nor want any
more nuclear power in Tennessee.

Sincerely,

Gwendolyn E. Blanton

mailto:gwen@madstop.com
mailto:nepa@tva.gov


From: Hunter, Malinda
To: nepa
Subject: FW: Public comment of nuclear reactor on Clinch River (and nuclear energy in general)
Date: Wednesday, March 3, 2021 11:34:26 AM

Did this also come to the NEPA inbox?
Want to make sure it was included in your public comments.

From: Jeff Lloyd  
Sent: Tuesday, March 02, 2021 12:33 PM
To: Hunter, Malinda <mhunter@tva.gov>
Subject: Re: Public comment of nuclear reactor on Clinch River (and nuclear energy in general)
This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.
Having issues sending you my comments.
Cheers,
Jeff

On Mon, Mar 1, 2021, 11:03 AM Jeff Lloyd < wrote:

nepa@tva.gov
Dear Sir/Madam
I am writing to you to provide comments against adding any more nuclear power including
the small nuclear reactors you have asked for public comment on. I am a scientist that both
lives and works in East Tennessee.
There are many reasons against the addition of such nuclear reactors and nuclear energy in
general, and I have listed some of my concerns below:
Nuclear power has proven far too dangerous on a global scale with disasters such as 3 mile
Island, Chernobyl and Fukushima immediately spring to mind. I know these new smaller
reactors are supposed to be much safer and of low risk, but with the potential total loss of
Roane and Knox counties as livable areas, the hazard is simply far too high.
With respect, TVA has proven many times it is not capable of managing such terribly
dangerous facilities. We have had the ash spill disaster into the TN river that not only
contaminated the environment but also resulted in the loss of lives I understand. We have
also had numerous safety violations and non-compliant situations at TVA’s other nuclear
sites including at Watts Bar. I do recognize it is a difficult management task and I would
certainly not want it myself nor think that I could do better.
There has been no long term assessment for the costs of nuclear waste disposal and plant
final decommissioning at the end of life. Nuclear waste lasts effectively forever and there is
nowhere safe to put it.
There has not been a study of the costs of insurance against the loss of life and the loss of
property. I would personally want an insurance policy against any nuclear incident or
radiation contamination, and I am sure that every citizen in East TN would like to receive
such a policy with premiums paid for by TVA.
There are far more cost effective alternatives to nuclear including natural gas, but now it is
actually cheaper to put in wind and solar generation and natural gas will need to go also due
to CO2 emissions. However, biogas –natural gas captured at landfills and commercially
produced with agricultural products and byproducts and even human waste is fully
sustainable and could be helpful to continue the use of natural gas infrastructure (and has a
double benefit in reducing methane leakage – 24 time more impacting than CO2 emissions.

mailto:mhunter@tva.gov
mailto:nepa@tva.gov
mailto:nepa@tva.gov


No organic material should ever be allowed in non captured landfill).
Solar capability is huge especially if you also look at residential and commercial building
rollouts – and TVA could lead the way and provide such installations, and even retain
ownership of them. With the help of the utility there is no reason why every home and every
business cannot be net zero (as is my own).
There are also other modern alternatives that should be investigated including improving
our hydroelectric capability (especially as physical energy storage capacity (pump upstream
– effectively adopted in Germany)) and the use of passive geothermal (thermal syphoning
underground wells tapping magma or volcanic heat – now being implemented in Canada).
On a smaller scale, there are 22 million used rail ties disposed of per year and this is
dwarfed by C & D material. This valuable biomass could be used in gasification such as at
the Rockwood facility in Lebanon TN (Aries energy or similar Proton Energy plants – two
TN based companies)) or even torrefied for use in a converted fossil plant (use of Biomass
is good to fill in the ‘gaps’ with other renewable power sources and it can be controlled on
demand).
Finally in addition to large scale wind and solar, there is also a massive opportunity to
simply reduce need by the improvement of home insulation and the installation of more
energy efficient equipment such as heat pumps (for heating and water heating). Most homes
in TN are not built to current codes with regard to energy conservation and insulation and
upgrading these homes is a huge employment opportunity as well as an opportunity to
reduce energy need permanently. Such endeavors could be considered in partnership with
TVA and local utilities with the billing potentially including upgrades for conservation
(charge more per KW hour but the same overall per household).
Of course there are certain increasing needs due to the massive adoption of electric vehicles
already underway. We will have to look at large potential increases in electrical need to
power this fleet, but nuclear energy already makes up too large a percentage of our current
supply and as it has not been fully costed, and has such a high hazard, it should be used only
as a last resort – after we have implemented all of the above as well as other solutions not
yet considered.
Thank you kindly for the opportunity to provide comment.
Yours Faithfully
Jeff Lloyd PhD



March 3, 2021 
J. Taylor Cates 
NEPA Specialist 
1101 Market Street, BR 2C-C 
Chattanooga, TN 37402 
 

SUBJECT: 
Comments on TVA Programmatic Environmental Impact Statement — Clinch River 
Nuclear Site Advanced Nuclear Reactor Technology Park, 
Federal Register, Vol. 86, No. 23, February 5, 2021, pp. 8476-8478 

 
Comments submitted via email to nepa@tva.gov and  

 
Good Day: 
 
Pursuant to the subject Federal Register notice, I am commenting on the Tennessee Valley Authority’s 
Programmatic Environmental Impact Statement (PEIS) covering “a range of alternatives for construction, 
operation, and decommissioning of an advanced nuclear reactor technology park” at the Clinch River site 
in Tennessee. TVA anticipates the PEIS will evaluate four alternatives: 
 

1) No-Action 
2) Advanced nuclear reactor technology park at Area 1 of the site 
3) Advanced nuclear reactor technology park at Area 2 of the site 
4) Advanced nuclear reactor technology park at Areas 1 and 2 of the site 

 
For the PEIS to properly evaluate the No-Action alternative against the three alternatives for an advanced 
nuclear reactor technology park, it is essential to consider more than four decades of TVA’s experience 
constructing and operating nuclear reactors. As detailed below, that history is replete with billions of 
dollars spent on unfinished nuclear reactors and billions more spent restoring under-performing finished 
nuclear power reactors to the minimum levels allowed for resumption of power generation.  
 
In short, TVA’s nuclear reactor history can be summed up in three words: MONEY FOR NOTHING. 
 
The three advanced nuclear reactor technology options must realistically consider the very real, if not 
entirely unavoidable, likelihood that any nuclear reactor built by TVA might not ever operate and that any 
reactor operated by TVA might encounter costly repairs. Evaluations that only consider optimistic 
forecasts of construction projects completed on time and within initial budgets or completed reactors that 
operate at high capacity factors and low operating and maintenance costs would replicate mistakes TVA 
too many times over the past four-plus decades and result in American taxpayers and ratepayers spending 
even more MONEY FOR NOTHING. 
 
Consider the Bellefonte debacle. TVA planned to construct and operate two reactors. Decades later with 
billions down the drain, TVA opted to forego finishing Bellefonte Units 1 and 2 and instead embarking 
on the construction of two brand new reactors at the site. That plans did not pan out either. Billions of 
dollars spent building and NOT operating four nuclear reactors without even a kilowatt of electricity 
generated. 
 
TVA began construction of ten nuclear reactors that it gave up on after spending billions of dollars for 
zero electricity generated. TVA only completed and operated nine nuclear reactors.  
 



Consider the Watts Bar debacle. TVA finished construction of Watts Bar Unit 2 more than 40 years after 
it began constructing it — more than 40 years to construct a reactor that has a 40-year operating license.  
 
Consider the Browns Ferry and Sequoyah nuclear plants — nine operating reactors at two plants that 
have, so far, experienced nine year-plus outages. These year-plus outages — more than ten times the 
outage length of reactors NOT mis-operated by TVA — cost billions of dollars for electricity NOT being 
generated. 
 
TVA’s nuclear history is filled with overly optimistic expectations for construction project and under-
performance of operating reactors. The advanced nuclear reactor technology park might, repeat might, be 
the exception to this decades-long trend. But it is equally if not more likely that the park will cost way 
more and supply way less electricity than hoped for by TVA. 
 
At some point, citizens of the Valley must stop paying for TVA’s ill-advised nuclear ambitions. A 
realistic PEIS properly considering the past as well as forecasting the future would help prevent more 
MONEY FOR NOTHING. 
 
Sincerely, 

David Lochbaum 
 

 
 
Attachments 
       

  



TVA’S OPERATING NUCLEAR PLANTS 
 
Browns Ferry 
 

 Unit 2 restarted on September 10, 1976, after a 1.5-year outage 
 

 Unit 1 restarted on September 24, 1976, after a 1.5-year outage 
 

 Unit 3 restarted on November 28, 1984, after a 1.2-year outage 
 

 GAO reported in May 1989 that NRC rated safety performance at Browns Ferry between 1980 
and 1986 far lower than for 10 other boiling water reactor plants – no boiling water reactor was 
reported to have lower ratings 

 
 Unit 2 restarted on May 24, 1991, after a 6.7-year outage that reportedly cost more than $1.3 

billion ($2.5 billion today) 
 

 Unit 3 restarted on November 19, 1995, after a 10.7-year outage that reportedly cost more than 
$1.4 billion ($2.4 billion today) 

 
 Unit 1 restarted on June 2, 2007, after a 22.2-year outage that reportedly cost more than $1.8 

billion ($2.27 billion today) 
 
Sequoyah 
 

 Unit 2 restarted on May 13, 1988, after a 2.7-year outage. 
 

 Unit 1 restarted on November 10, 1988, after a 3.2-year outage. 
 

 Unit 1 restarted on April 20, 1994, after a 1.1-year outage. 
 
Watts Bar 
 

 NRC issued TVA an operating license for Unit 1 on February 7, 1996, more than 21 years after 
TVA began its construction 

 
 NRC issued TVA an operating license for Unit 2 on October 22, 2015, more than 41 years after 

TVA began its construction 
 
TVA’s nine operating reactors experienced nine year-plus outages (50.8 years total) caused by poor 
performance, far worse than achieved at other U.S. nuclear power reactors. 
 
The two reactors at Watts Bar required more than six decades to construct. No nuclear reactor in the 
United States took longer to build. 
 
That’s not megawatts, it’s negawatts — money for nothing. 
  



TVA’S NON-OPERATING NUCLEAR PLANTS 
 
Bellefonte 
 

 The actual cost for constructing Units 1 and 2 through September 30, 1982, were $2.064 billion 
($5.59 billion today). 

 
 GAO reported in August 1995 that TVA had spent nearly $20 billion constructing nuclear power 

reactors that were not operating.($34.3 billion today) 
 

 In November 2016. TVA announced the sale of the 1,400 acre site to Nuclear Development LLC 
for $111 million ($121 million today). 

 
Hartsville 
 

 The actual cost for constructing Units A1 and A2 through September 30, 1982, were $1.502 
billion ($4.07 billion today). 

 
 The actual cost for constructing Units B1 and B2 through September 30, 1982, were $726 million 

($1.97 billion today). 
 
Phipps Bend 
 

 The actual cost for constructing Units 1 and 2 through September 30, 1982, were $997 million 
($2.7 billion today). 

 
Yellow Creek 
 

 The actual cost for constructing Units 1 and 2 through September 30, 1982, were $1.113 billion 
($3.01 billion today). 

 
TVA spent over $17.3 billion dollars constructing ten nuclear power reactors that never, ever generated 
a single watts of electricity. 
 
That’s not megawatts, it’s negawatts — money for nothing. 
  



TVA SAFETY CULTURE 
 

 In only eight (8) of the thirty (30) years between 1990 and 2019, the NRC received more 
allegations from the average U.S. nuclear plant than from the average TVA nuclear plant. That 
eight year period (1998-2005) ended more than a decade ago. 

 
 In only ten (10) of the thirty (30) years between 1990 and 2019, the NRC received more 

allegations from the average U.S. nuclear plant than from the average TVA nuclear plant. The 
most recent time (2011) was nearly a decade ago. 

 
TVA’s deficient nuclear safety culture is neither a recent affliction nor a long-healed affliction — it’s 
a chronic malaise sustained across generations of workers, senior managers, and Board members. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 
 
 

BELLEFONTE NUCLEAR PLANT 
 

   Scottsboro, Alabama                                                                                                                   Four Pressurized Water Reactors 
 

Date Event Reference 

April 1970 
TVA estimated that construction of the plant would 
cost $650 million. 

U.S. General Accounting Office, “Bellefonte Nuclear 
Plant,” March 1, 1976. (PSAD-76-86) 

June 19, 1973 
TVA applied to the AEC for construction permits to 
build Units 1 and 2. 

Letter dated June 19, 1973, from Lynn Seeber, General 
Manager, Tennessee Valley Authority, to John F. O’Leary, 
Director, Directorate of Reactor Licensing, U.S. Atomic 
Energy Commission. (ML111030259) 

August 1974 
TVA revised the estimated cost of the plant to $1 
billion. 

U.S. General Accounting Office, “Bellefonte Nuclear 
Plant,” March 1, 1976. (PSAD-76-86) 

September 1974 TVA began construction of the plant. 
U.S. General Accounting Office, “Bellefonte Nuclear 
Plant,” March 1, 1976. (PSAD-76-86) 

December 24, 1974 
AEC issued TVA a construction permit for Units 1 
and 2. 

Letter dated March 23, 1993, from Oliver D. Kingsley, Jr., 
President Generating Group, Tennessee Valley Authority, 
to Thomas E. Murley, Director, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission. 
(ML111080395) 

August 1975 
TVA revised the estimated cost of the plant to $1.2 
billion. 

U.S. General Accounting Office, “Bellefonte Nuclear 
Plant,” March 1, 1976. (PSAD-76-86) 

August 31, 1975 
Construction of the plant was estimated to be 6 
percent. 

U.S. General Accounting Office, “Bellefonte Nuclear 
Plant,” March 1, 1976. (PSAD-76-86) 

February 1, 1978 
TVA applied to the NRC for operating licenses for 
Units 1 and 2. 

Letter dated March 23, 1993, from Oliver D. Kingsley, Jr., 
President Generating Group, Tennessee Valley Authority, 
to Thomas E. Murley, Director, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission. 
(ML111080395) 

October 23, 1984 
TVA informed the NRC that the estimated fuel 
loading date for Unit 1 had been revised to October 
1987 and to October 1989 for Unit 2. 

Letter dated October 23, 1984, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Chief, 
Management Information Branch, Office of Management 



 

 

 
 
 

BELLEFONTE NUCLEAR PLANT 
 

   Scottsboro, Alabama                                                                                                                   Four Pressurized Water Reactors 
 

Date Event Reference 
and Program Analysis, U.S. Nuclear Regulatory 
Commission. (ML082340283) 

June 29, 1988 
TVA deferred the construction of Units 1 and 2 due 
to lower than expected demand for electricity and 
cost-cutting efforts. 

Letter dated July 29, 1988, from R. Gridley, Director, 
Nuclear Licensing and Regulatory Affairs, Tennessee 
Valley Authority, to U.S. Nuclear Regulatory Commission.  

September 30, 1982 
The construction cost for Units 1 and 2 increased 
from the original estimate of $650 million to $2.411 
billion. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

September 30, 1982 
The actual construction cost for Units 1 and 2 to 
date were $2.064 billion. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

March 23, 1993 
TVA notified NRC of its plan to complete 
construction of Units 1 and 2. 

Letter dated March 23, 1993, from Oliver D. Kingsley, Jr., 
President Generating Group, Tennessee Valley Authority, 
to Thomas E. Murley, Director, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission. 
(ML111080395)  

December 12, 1994 TVA halted work on Units 1 and 2. 
Matthew L. Wald, New York Times, “T.V.A. to Stop All 
Work on 3 Reactors,” December 13, 1994. 

December 12, 2005 
TVA informed NRC that is placed Units 1 and 2 in 
terminated status. 

Letter dated December 12, 2005, from Glenn W. Morris, 
Manager, Corporate Nuclear Licensing and Industry 
Affairs, Tennessee Valley Authority, to James E. Dyer, 
Director, Nuclear Reactor Regulation, U.S. Nuclear 
Regulatory Commission. (ML060120054) 

April 6, 2006 
TVA requested that NRC terminate the construction 
permits for Units 1 and 2. 

Letter dated September 14, 2006, from Catherine Haney, 
Director, Division of Operator Reactor Licensing, Office 
of Nuclear Reactor Regulation, U.S. Nuclear Regulatory 
Commission, to Karl W. Singer, Chief Nuclear Officer and 



 

 

 
 
 

BELLEFONTE NUCLEAR PLANT 
 

   Scottsboro, Alabama                                                                                                                   Four Pressurized Water Reactors 
 

Date Event Reference 
Executive Vice President, Tennessee Valley Authority. 
(ML061810505) 

September 14, 2006 
NRC notified TVA that it approved the termination 
of the construction permits of Units 1 and 2. 

Letter dated September 14, 2006, from Catherine Haney, 
Director, Division of Operator Reactor Licensing, Office 
of Nuclear Reactor Regulation, U.S. Nuclear Regulatory 
Commission, to Karl W. Singer, Chief Nuclear Officer and 
Executive Vice President, Tennessee Valley Authority. 
(ML061810505) 

October 30, 2007of the appl 
TVA applied to the NRC for combined licenses to 
build and operate Units 3 and 4. 

Letter dated January 18, 2008, from David B. Matthews, 
Director, Division of New Reactor Licensing, Office of 
New Reactors, U.S. Nuclear Regulatory Commission, to 
Ashok S. Bhatnagar, Senior Vice President, Nuclear 
Generation Development and Construction, Tennessee 
Valley Authority. (ML080140230) 

August 26, 2008 
TVA applied to the NRC for reinstatement of the 
construction permits for Units 1 and 2. 

Letter dated August 10, 2009, from Ashok Bhatnagar, 
Senior Vice President, Nuclear Generation Development 
and Construction, Tennessee Valley Authority, to U.S. 
Nuclear Regulatory Commission. (ML092230594) 

March 9, 2009 
NRC granted TVA reinstatement of the construction 
permits for Units 1 and 2. 

Letter dated August 10, 2009, from Ashok Bhatnagar, 
Senior Vice President, Nuclear Generation Development 
and Construction, Tennessee Valley Authority, to U.S. 
Nuclear Regulatory Commission. (ML092230594) 

August 10, 2009 
TVA notified NRC that placed Units 1 and 2 in 
deferred status. 

Letter dated August 10, 2009, from Ashok Bhatnagar, 
Senior Vice President, Nuclear Generation Development 
and Construction, Tennessee Valley Authority, to U.S. 
Nuclear Regulatory Commission. (ML092230594) 

March 28, 2016 
TVA requested the withdrawal of the combined 
licenses for Units 3 and 4. 

Letter dated March 28, 2018, from J.W. Shea, Vice 
President, Nuclear Licensing, Tennessee Valley Authority, 



 

 

 
 
 

BELLEFONTE NUCLEAR PLANT 
 

   Scottsboro, Alabama                                                                                                                   Four Pressurized Water Reactors 
 

Date Event Reference 
to U.S. Nuclear Regulatory Commission, “Request to 
Withdraw the Bellefonte Nuclear Plant Units 3&4 
Combined License Application.” (ML16099A258) 

November 14, 2016 
TVA announced the sale of the 1,400 acre site to 
Nuclear Development LLC for $111 million. 

Tennessee Valley Authority, Press Release dated 
November 14, 2016, “TVA Completes Bellefonte Sale.”  
(ML18036A954) 

 
  



 
 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

1966 TVA announced plans to build 17 nuclear reactors. 

U.S. General Accounting Office, “Tennessee Valley 
Authority: Financial Problems Raise Questions About 
Long-term Viability,” GAO/AIMD/RCED-95-134, August 
1995.  

May 10, 1967 
Atomic Energy Commission issued Construction 
Permits for Units 1 and 2 

Letter dated May 10, 1967, from Peter A. Morris, Director, 
Division of Reactor Licensing, Atomic Energy 
Commission, to G. O. Wessenauer, Manager of Power, 
Tennessee Valley Authority 

July 31, 1968 
Atomic Energy Commission issued Construction 
Permit for Unit 3 

Letter dated July 31, 1968, from Peter A. Morris, Director, 
Division of Reactor Licensing, Atomic Energy 
Commission, to G. O. Wessenauer, Manager of Power, 
Tennessee Valley Authority (ML020100063) 

August 1, 1974 TVA placed Unit 1 into commercial operation. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

January 29, 1975 
NRC ordered Unit 1 and 2 shut down for 
inspections of piping for signs of cracking 

Article dated January 30, 1975, “Browns Ferry 2 Of 23 To 
Close,” by William Stockton, Associated Press, The 
Tennessean 

March 1, 1975 TVA placed Unit 2 into commercial operation. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 22, 1975 

A worker using a candle to check for air leaks 
through walls in the cable spreading room started a 
fire that blazed for nearly seven hours, damaged 
over 1,600 electrical cables, and disabled all of the 
emergency core cooling systems for Unit 1 and 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 
many of these systems for Unit 2. The control room 
operators manually shut down the two reactors after 
the fire began.  

May 9, 1975 
NRCs amended the operating licenses for Units 2 
and 3 requiring the reactors to remain shut down 
until fire damage was been corrected. 

Letter dated May 9, 1975, from Robert A. Purple, Chief, 
Operating Reactors Branch #1, Division of Reactor 
Licensing, Nuclear Regulatory Commission, to James E. 
Watson, Manager of Power, Tennessee Valley Authority 
(ML013610106) 

September 10, 1976 TVA restarted Unit 2 from a 1.5 year outage. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

September 24, 1976 TVA restarted Unit 1 from a 1.5 year outage. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 1, 1977 TVA placed Unit 3 into commercial operation. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 4, 1983 
NRC issued Bulletin 83-02 requiring owners of 
boiling water reactors to inspect piping for signs of 
cracking was had been found on other reactors.  

Nuclear Regulatory Commission Bulletin 83-02, “Stress 
Corrosion Cracking in Large-Diameter Stainless Steel 
Recirculation System Piping at BWR Plants,” dated March 
4, 1983 (ML931219776) 

July 21, 1983 
NRC required TVA to submit, in writing, its 
justification for continuing to operate the reactors 
until the requested piping inspections are completed. 

Letter dated July 21, 1983, from Darrel G. Eisenhut, 
Director, Division of Licensing, Office of Nuclear Reactor 
Regulation, Nuclear Regulatory Commission, to Hugh G. 
Parris, Manager of Power, Tennessee Valley Authority. 
(ML20024D872) 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

August 9, 1983 
TVA presented NRC its reasons for not inspecting 
the Unit 3 piping when requested.  

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

August 26, 1983 

NRC ordered Unit 3 to be shut down no later than 
September 6, 1983. Owners of other reactors 
voluntarily complied with the March 1983 safety 
bulletin.  

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

September 7, 1983 

TVA shut down Unit 3 to comply with a NRC order 
to inspect piping connected to the reactor vessel. 
The inspections revealed cracking that required 
repairs or replacements. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

June 1984 

NRC reported that TVA provided “lack of 
management attention to the identification of the 
root cause of problems” and had a “lack of an 
effective quality assurance program.” 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

June 27, 1984 

TVA’s Nuclear Safety Review Staff reported that 
the High Pressure Coolant Injection system, a 
primary reactor core cooling system, has been so 
unreliable since 1973 that operators are afraid to 
even test it for fear of breaking it. 

Article dated September 25, 1984, “Browns Ferry safety 
system said unreliable,” by Phillip Gentry, Decatur Daily 

August 14, 1984 

An improperly rebuilt valve, a poorly written 
procedure, and an operator error resulted in piping 
of an emergency core cooling system being over-
pressurized and damaged. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

August 21, 1984 
TVA shut down Unit 1 for repairs of damaged 
piping. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

September 15, 1984 
TVA shut down Unit 2 to enter a planned refueling 
outage. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

October 22, 1984 
TVA attempted to restart Unit 3, but numerous 
serious departures from approved procedures caused 
the reactor to be shut back down. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

October 25, 1984 

NRC required Unit 3 to remain shut down until 
reasons for operators failing to follow procedures 
during an attempted startup on October 22, 1984, 
were identified and confirmed to have bene 
corrected. 

Letter dated October 25, 1984, from James P. O’Reilly, 
Regional Administrator, Nuclear Regulatory Commission, 
to H. G. Parris, Manager of Power and Engineering, 
Tennessee Valley Authority (ML18029A264) 

November 16, 1984 
NRC concurred with TVA’s request to restart Unit 
3. 

Letter dated November 16, 1984, from James P. O’Reilly, 
Regional Administrator, Nuclear Regulatory Commission, 
to H. G. Parris, Manager of Power and Engineering, 
Tennessee Valley Authority (ML20100C464) 

November 28, 1984 TVA restarted Unit 3 after a 1.2 year outage. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

February 13, 1985 

TVA attempted to restart Unit 3 from a short outage 
when the three instruments measuring the water 
level above the reactor core showed significantly 
different indications. Rather than halting to discern 
the reason for the different readings and correct it, 
the operators focused on increasing the reactor 
power level. Similar water level instrument 
problems had been experienced on November 20, 
1984, but ignored then, too. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

 February 27, 1985 
NRC proposed a $150,000 civil penalty for 
numerous safety violations during the attempted 
startup of Unit 3 on October 22, 1984. 

Nuclear Regulatory Commission Enforcement Action 84-
136 dated February 27, 1985. (ML20100M630) 

March 9, 1985 
TVA shut down Unit 3 to investigate and correct 
reactor vessel water level measurement problems. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 19, 1985 

TVA shut down Unit 1 after several containment 
isolation valves failed leak rate testing. The motor-
operated valves failed because workers reassembled 
them with the gears installed backwards. TVA 
announced operation of all three reactors would be 
suspended until broad programmatic problems 
affecting the site were corrected. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

July 22, 1985 
The NRC proposed a $150,000 civil penalty for 
safety violations during the February 13, 1985, 
startup of Unit 3. 

Nuclear Regulatory Commission Enforcment Action 85-51 
dated July 22, 1985. (ML18029A788) 

May 1987 

TVA’s Inspector General reported on its review of 
100 employees “in key positions that could 
significantly affect nuclear plant safety or 
efficiency” and concluded 28 of the 100 did not 
satisfy the requirements needed for the positions and 
“four provided false information regarding their 
qualifications.” 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

May 4, 1989 

U.S. General Accounting Office reported that the 
NRC conducted five Systematic Assessments of 
Licensee Performance (SALPs) at Browns Ferry 
between 1980 and 1986. The ratings (1 being 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 
highest and 3 being lowest performance) for Browns 
Ferry and other boiling water reactors during this 
period: 

 

January 1991 TVA began efforts to restart Unit 3. 

U.S. General Accounting Office, “Tennessee Valley 
Authority: Financial Problems Raise Questions About 
Long-term Viability,” GAO/AIMD/RCED-95-134, August 
1995. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

May 2, 1991 
NRC approved the restart of Unit 2. The repairs to 
Browns Ferry reportedly cost more than $1.3 
billion. 

Article dated May 2, 1991, “Industry Gets a Lift As 
Agency Approves Restarting a Reactor,” by Keith 
Schneider, New York Times 

May 24, 1991 TVA restarted Unit 2 to end a 6.7 year outage. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

August 1995 
TVA spent about $25 billion constructing nuclear 
power reactors, only about $5 billion on reactor now 
operating. 

U.S. General Accounting Office, “Tennessee Valley 
Authority: Financial Problems Raise Questions About 
Long-term Viability,” GAO/AIMD/RCED-95-134, August 
1995. 

August 1995 

GAO reported steady increases in TVA’s estimated 
cost of returning Unit 3 to operation as well as 
extended times to complete the recovery work. 
Management at Browns Ferry told GAO’s 
investigators that cost estimates prior to August 
1993 were overly optimistic. 

U.S. General Accounting Office, “Tennessee Valley 
Authority: Financial Problems Raise Questions About 
Long-term Viability,” GAO/AIMD/RCED-95-134, August 
1995. 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

 

November 19, 1995 
TVA restarted Unit 3 after more than $1.4 billion in 
repairs and a 10.7 year outage. 

Article dated December 7, 1995, “NRC Clears Browns 
Ferry-3 For Full Power Operation,” by Wilson Dizard III, 
Nucleonics Week 

May 2002 
TVA Board voted to restart Unit 1 for an estimated 
cost of $1.7 to 1.8 billion. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

May 15, 2007 NRC authorized restart of Unit 1. 
Nuclear Regulatory Commission News Release II-07-032 
dated May 15, 2007. (ML071350475) 



 

 

 

 
 
 

BROWNS FERRY NUCLEAR PLANT 

      
    Athens, Alabama                                                                                                                                  Three Boiling Water Reactors 

 

Date Event Reference 

June 2, 2007 
Unit 1 connected to the electrical grid to end a 22.2 
year outage. 

Nuclear Regulatory Commission Inspection Report 
05000259/2007003, 050000260/2007003 and 
05000296/2007003 dated July 30, 2007. (ML072120205) 

July 9, 2007 
Bloomberg News reported that TVA spent over $1.8 
billion preparing Unit 1 for restart and spent another 
$10.9 billion on eleven uncompleted reactors. 

Article dated July 9, 2007, “New Reactor Costs Daunt U.S. 
Utilities,” by Elliot Blair Smith, Bloomberg News 

 
 
  



 

 
 

 

 
 
 

HARTSVILLE NUCLEAR PLANT 

Hartsville, Tennessee                                                                                                                Four Boiling Water Reactors 
 

Date Event Reference 

January 1972 
TVA estimated construction of the plant would cost 
$1.425 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

July 1, 1974 
TVA applied to the AEC for construction permits to 
build two plants each having two reactors. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

April 1976 
NRC issued TVA limited work authorizations to 
begin construction of the plant. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

April 1976 TVA began construction of the plant. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

May 9, 1977 

NRC issued TVA construction permits for the four 
reactors. Issuance of the permits was delayed by a 
federal court decision that caused the NRC to 
temporarily stop issuing permits. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

September 1978 
TVA estimated construction of the plant would cost 
$3.5 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 



 
 

 

 
 
 

HARTSVILLE NUCLEAR PLANT 

Hartsville, Tennessee                                                                                                                Four Boiling Water Reactors 
 

Date Event Reference 

July 24, 1981 
TVA announced it extended the projected completion 
date for Unit A1 to April 1991 and for Unit A2 to 
1992. 

U.S. Nuclear Regulatory Commission, “Construction 
Delays,” PNO-II-81-55, July 24, 1981. (ML20063C806) 

August 14, 1981 
TVA informed NRC that the projected fuel loading 
date for Unit A1 had been revised to January 1990 
and for Unit A2 to January 1991. 

Letter dated August 14, 1981, from L. M. Mills, Manager, 
Nuclear Regulation and Safety, Tennessee Valley Authority, 
to Harold R. Denton, Director, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission. 
(ML20063C806) 

March 4, 1982 
TVA Board voted 2-1 to indefinitely defer 
construction of Units A1 and A2. 

U.S. Nuclear Regulatory Commission, “Deferral of TVA 
Units,” PNO-II-82-25, March 4, 1982. (ML20041F906) 

March 19, 1982 
NRC listed the status of Unit B1 as indefinitely 
deferred after being 17 percent completed. 

Memo dated March 19, 1982, from Kevin Cornell, Office of 
the Deputy Executive Director For Operations, U.S. Nuclear 
Regulatory Commission, to Commission Ahearne, U.S. 
Nuclear Regulatory Commission. (ML20063C823) 

March 19, 1982 
NRC listed the status of Unit B2 as indefinitely 
deferred after being 7 percent completed. 

Memo dated March 19, 1982, from Kevin Cornell, Office of 
the Deputy Executive Director For Operations, U.S. Nuclear 
Regulatory Commission, to Commission Ahearne, U.S. 
Nuclear Regulatory Commission. (ML20063C823) 

April 1, 1982 
NRC listed the status of Unit A1 as deferred after 
being 33 percent completed. 

Memo dated April 1, 1982, from A. Schwencer, Chief, 
Licensing Branch 2, Division of Licensing, U.S. Nuclear 
Regulatory Commission, to Robert L. Tedesco, Assistant 
Director for Licensing, Division of Licensing, U.S. Nuclear 
Regulatory Commission, “Use of Staff Resources of 
Hartsville A1, A2, B1, B2, Phipps Bend 1 & 2 and Yellow 
Creek – Plants Deferred by TVA.” (ML20063C806) 

April 1, 1982 
NRC listed the status of Unit A2 as deferred after 
being 26 percent completed. 

Memo dated April 1, 1982, from A. Schwencer, Chief, 
Licensing Branch 2, Division of Licensing, U.S. Nuclear 



 
 

 

 
 
 

HARTSVILLE NUCLEAR PLANT 

Hartsville, Tennessee                                                                                                                Four Boiling Water Reactors 
 

Date Event Reference 
Regulatory Commission, to Robert L. Tedesco, Assistant 
Director for Licensing, Division of Licensing, U.S. Nuclear 
Regulatory Commission, “Use of Staff Resources of 
Hartsville A1, A2, B1, B2, Phipps Bend 1 & 2 and Yellow 
Creek – Plants Deferred by TVA.” (ML20063C806) 

September 30, 1982 
The actual construction cost for Units A1 and A2 to 
date were $1.502 billion. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

September 30, 1982 
The actual construction cost for Units B1 and B2 to 
date were $726 million. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

January 21, 1983 
TVA requested that NRC extend the construction 
permits for Units A1 and A2. 

Letter dated May 5, 1983, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Harold 
R. Denton, Director, Office of Nuclear Reactor Regulation, 
U.S. Nuclear Regulatory Commission. (ML20073S859) 

August 29, 1984 
TVA cancelled Units A1 and A2. TVA estimated 
that Unit A1 was 82 percent complete and Unit A2 
was 67 percent complete. 

Letter dated October 24, 1985, from J. W. Huffman, 
Manager, Licensing and Risk Protection, Tennessee Valley 
Authority, to Hugh L. Thompson, Jr., Director of Licensing, 
Division of Licensing, U.S. Nuclear Regulatory 
Commission. (ML20133N732) 

 
 
  



 

 
 

 
 
 

PHIPPS BEND NUCLEAR PLANT 

Surgoinsville, Tennessee                                                                                                             Two Boiling Water Reactors 
 

Date Event Reference 

January 1975 
TVA estimated construction of the plant would cost 
$1.6 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

October 1, 1975 

TVA applied to the NRC for construction permits for 
Units 1 and 2. TVA projected Unit 1 would be placed 
into commercial operation in April 1984 and Unit 2 
placed in commercial operation in April 1985. 

U.S. Nuclear Regulatory Commission, “Draft 
Environmental Statement related to construction of Phipps 
Bend Nuclear Plant, Units 1 and 2,” August 1976. 
(ML20032B695) 

December 23, 1975 

TVA submitted NRC an environmental report, 
needed by the NRC before it could issue a limited 
work authorization. The NRC rejected the 
environmental report as being incomplete. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

April 1, 1976 
The NRC accepted TVA’s revised environmental 
report. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

October 18, 1977 

NRC issued TVA limited work authorizations for the 
two reactors. The issuance was delayed because TVA 
challenged the NRC’s jurisdiction over TVA under 
the National Environmental Policy Act of 1969. 

Elmer B. Staats, Comptroller General of the United States, 
Report to Representative Tom Bevill, Chairman, Public 
Works Subcommittee, House Committee on Appropriations, 
February 16, 1978. (EMD-78-37) 

January 16, 1979 
NRC issued TVA construction permits for Units 1 
and 2. 

Memo dated April 1, 1982, from A. Schwencer, Chief, 
Licensing Branch 2, Division of Licensing, U.S. Nuclear 
Regulatory Commission, to Robert L. Tedesco, Assistant 
Director for Licensing, Division of Licensing, U.S. Nuclear 
Regulatory Commission, “Use of Staff Resources of 
Hartsville A1, A2, B1, B2, Phipps Bend 1 & 2 and Yellow 
Creek – Plants Deferred by TVA.” (ML20063C806) 



 
 

 
 
 

PHIPPS BEND NUCLEAR PLANT 

Surgoinsville, Tennessee                                                                                                             Two Boiling Water Reactors 
 

Date Event Reference 

September 1978 
TVA estimated construction of the plant would cost 
$1.8 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

July 24, 1981 
TVA announced it had indefinitely deferred 
construction on both reactors. 

U.S. Nuclear Regulatory Commission, “Construction 
Delays,” PNO-II-81-55, July 24, 1981. (ML20063C806) 

August 14, 1981 
TVA informed NRC that the projected fuel loading 
date for Unit 1 had been revised to January 1992. 

Letter dated August 14, 1981, from L. M. Mills, Manager, 
Nuclear Regulation and Safety, Tennessee Valley Authority, 
to Harold R. Denton, Director, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission. 
(ML20063C806) 

March 19, 1982 
NRC listed the status of Unit 1 as having a deferred 
completion date of January 1993 and being 29 
percent complete. 

Memo dated March 19, 1982, from Kevin Cornell, Office of 
the Deputy Executive Director For Operations, U.S. Nuclear 
Regulatory Commission, to Commission Ahearne, U.S. 
Nuclear Regulatory Commission. (ML20063C823) 

March 19, 1982 
NRC listed the status of Unit 2 as indefinitely 
deferred after being 5 percent completed. 

Memo dated March 19, 1982, from Kevin Cornell, Office of 
the Deputy Executive Director For Operations, U.S. Nuclear 
Regulatory Commission, to Commission Ahearne, U.S. 
Nuclear Regulatory Commission. (ML20063C823) 

September 30, 1982 
The actual construction cost for Units 1 and 2 to date 
were $997 million. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

 
 
  



 

 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 

May 27, 1970 
AEC issued TVA provisional construction permits to 
build Units 1 and 2. 

Letter dated May 27, 1970, from Peter A. Morris, Director, 
Division of Reactor Licensing, Atomic Energy 
Commission, to James E. Watson, Manager of Power, 
Tennessee Valley Authority. (ML013330478) 

November 26, 1973 
TVA informed the NRC that the estimated fuel 
loading date for Unit 1 had been revised to 
December 1976 and to August 1976 for Unit 2. 

Letter dated November 26, 1973, from J. E. Gilleland, 
Assistant to the Manager of Power, Tennessee Valley 
Authority, to John F. O’Leary, Director, Directorate of 
Licensing, Office of Regulation, U.S. Nuclear Regulatory 
Commission. (ML073400390) 

March 1975 

TVA initially estimated that Unit 1 would be placed 
into commercial operation in October 1973 and Unit 
2 would enter commercial operation in April 1974. 
TVA officials told GAO that the schedule was 
optimistic and based on projections of when the 
plants’ electricity would be needed rather than “a 
realistic assessment of the time needed for design 
and construction.” 

U.S. General Accounting Office, “Staff Study – Sequoyah 
Nuclear Plant,” March 1975. 

March 1975 

GAO reported that the cost estimate for the plant in 
1968 was $346 million but increased to $675 million 
by September 1974 and attributed the increase to 
cost estimating inadequacies, design and engineering 
changes during construction, inflation, and high 
interest rates on borrowed money. Sequoyah’s 
design was less than two percent complete when the 
initial cost estimate was made. Construction labor 
hours nearly doubled to 15.4 million hours from the 

U.S. General Accounting Office, “Staff Study – Sequoyah 
Nuclear Plant,” March 1975. 



 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 
initial estimate of 8.2 million hours. Engineering 
design costs tripled to $45 million from the original 
estimate of $15 million. 

March 1975 

Westinghouse Electric Corporation was still testing 
and analyzing the ice condenser containment design 
when construction started. Problems with the system 
required major design changes impacting the 
schedule and increasing the construction costs. 
Westinghouse plans to complete its redesigned ice 
condenser system in February 1975. 

U.S. General Accounting Office, “Staff Study – Sequoyah 
Nuclear Plant,” March 1975. 

February 29, 1980 NRC issued an operating license for Unit 1. 

Letter dated February 29, 1980, from D. F. Ross, Jr., Acting 
Director, Division of Project Management, Office of 
Nuclear Reactor Regulation, U.S. Nuclear Regulatory 
Commission, to H. G. Parris, Manager of Power, Tennessee 
Valley Authority. (ML013240049) 

July 1, 1981 TVA placed Unit 1 into commercial operation. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

September 15, 1981 NRC issued an operating license for Unit 2. 

Letter dated September 15, 1981, from Darrell G. Eisenhut, 
Director, Division of Licensing, Office of Nuclear Reactor 
Regulation, U.S. Nuclear Regulatory Commission, to H. G. 
Parris, Manager of Power, Tennessee Valley Authority. 
(ML013330142) 

June 1, 1982 TVA placed Unit 2 into commercial operation. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 

July 1985 

TVA informed NRC in writing that all safety-related 
equipment at the plant had been properly qualified to 
ensure performance in the post-accident 
environmental conditions (e.g., temperature, pressure 
radiation levels, humidity). 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

August 22, 1985 

TVA shut down Units 1 and 2 after an independent 
review of the environmental qualification of safety-
related equipment concluded there was insufficient 
documentation to conclude the equipment would 
function properly in event of an accident. The 
independent consultant only found three of the first 
twenty-seven components reviewed to be adequately 
qualified. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

January 28, 1987 

With Unit 1 shut down with the reactor vessel head 
removed, a plugged level instrument allowed the 
water level to steadily drop unnoticed. The indicated 
water level jumped 11 inches when the plug was 
dislodged. When operators attempted to figure out 
the actual water level, they let the water level drop so 
low that the reactor water cooling pump lost suction. 
When operators attempted to restore shutdown 
cooling flow, the water level rose so high that water 
spilled out from open steam generator manways onto 
the containment floor. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

February 1, 1987 

With Unit 1 shut down with the reactor vessel head 
removed, the operators recognized that a test they 
were assigned to perform was not written for the 
plant conditions they were in. Rather than revise the 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 
inapplicable procedure, the operators decided to run 
it anyway. Two to three gallons of radioactively 
contaminated water from the Reactor Water Storage 
Tank overfilled the reactor vessel and spilled thtough 
open steam generator manways into containment, 
contaminating several workers. 

June 1987 

NRC informed TVA that it needed assurance that 
problems at the plant had been effectively resolved. 
When TVA balked at conducting a self-assessment 
to provide NRC this assurance, the NRC dispatched 
an Independent Design Inspection team to examine a 
single safety system — the Essential Raw Cooling 
Water system. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

September 11, 1987 

NRC’s Independent Design Inspection report 
chronicled 64 problems with the sole safety system it 
examined — the Essential Raw Cooling Water 
system. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

November 13, 1987 

The Institute of Nuclear Power Operations provided 
TVA with results from its special assistance visit. 
INPO identified three areas that needed correction 
before restart: (1) procedures and training for 
operators on reactor startups, (2) maintenance 
practices for nuclear instrumentation, and (3) 
updating emergency operating procedures to 
incorporate recommendations from the 
Westinghouse Owners Group. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 

January 5, 1988 

A special Operational Readiness Review chartered 
by TVA reported five problem areas to the Manger 
of Power: (1) numerous procedural and quality 
control problems, (2) inadequate chemistry control 
processes, (3) insufficient valve and electrical 
alignment procedures, (4) inadequate knowledge of 
reactivity control methods, and (5) inadequate 
radiological control standards. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 30, 1988 The NRC authorized restart of Unit 2. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

May 13, 1988 
TVA connected Unit 2 to the electrical grid to end a 
2.7 year outage. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

November 10, 1988 
Unit 1 was connected to the electrical grid to end a 
3.2 year outage. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

March 1, 1993 
Unit 2 was shut down after a feedwater heater 
extraction steam line ruptured. The steam pipe was 
ten inches in diameter. 

NUS Licensing Information Service Meetings Report dated 
December 16, 1994. 

March 2, 1993 
TVA shut down Unit 1 for piping inspections 
following a pipe rupture on Unit 2. 

NUS Licensing Information Service Meetings Report dated 
December 16, 1994. 

March 4, 1993 

NRC issued a Confirmatory Action Letter listing 
seven steps that must be completed by TVA to the 
NRC’s satisfaction before either reactor can be 
restarted. 

Letter dated March 4, 1993, from Stewart D. Ebneter, 
Regional Administrator, U.S. Nuclear Regulatory 
Commission, to Mark G. Medford, Vice President, Nuclear 
Assurance, Licensing & Fuels, Tennessee Valley Authority. 
(ML20044B992) 



 
 

 
 
 

SEQUOYAH NUCLEAR PLANT    

Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 

March 24, 1993 

NRC notified other plant owners of the mistakes 
made at Sequoyah:  
 

The augmented inspections using ultrasonic 
techniques showed indications that might 
earlier have revealed the cracks, but the 
licensee misinterpreted these as resulting 
from the geometric configuration of the pipe. 
After finding the leak, the licensee performed 
radiography on all feedwater nozzles of both 
units and found cracks in five of the eight 
nozzles 

U.S. Nuclear Regulatory Commission Information Notice 
No. 93-20, “Thermal Fatigue Cracking of Feedwater Piping 
to Steam Generators,” dated March 24, 1993. 
(ML031080045) 

June 15, 1993 

NRC notified other plant owners of the operator 
performance shortcomings in responding to the 
December 31, 1992, shut downs of both reactors, 
such as being unable to prevent an excessive cool-
down rate on Unit 2. 

U.S. Nuclear Regulatory Commission Information Notice 
No. 93-44, “Operational Challenges During a Dual-Unit 
Transient,” dated June 15, 1993. (ML031070483) 

August 13, 1993 
NRC notified other plant owners of the electrical 
breaker testing deficiencies that caused the dual-unit 
trips on December 31, 1992. 

U.S. Nuclear Regulatory Commission Information Notice 
No. 93-65, “Reactor Trips Caused by Breaker Testing with 
Fault Protection Bypassed,” dated August 13, 1993. 
(ML031070172) 

October 18, 1993 NRC approved restart of Unit 2. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

October 21, 1993 TVA connected Unit 2 to the electrical grid. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 
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Soddy-Daisy, Tennessee                                                                                                       Two Pressurized Water Reactors 
 

Date Event Reference 

April 12, 1994 NRC approved restart of Unit 1. 
Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

April 20, 1994 
TVA connected Unit 1 to the electrical grid to end a 
1.1 year outage. 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 

September 30, 1994 

Approximately 6,000 feet of piping less than two 
inches in diameter and about 1,000 feet of piping 
larger than two inches in diameter had been replaced 
since March 1993. 

NUS Licensing Information Service Meetings Report dated 
December 16, 1994. 
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         Spring City, Tennessee                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

August 25, 1970 
TVA announced that it selected Rhea County as the 
site for the Watts Bar nuclear plant. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

May 14, 1971 
TVA applied to the AEC for construction permits to 
build Units 1 and 2. 

Letter dated May 14, 1971, from Aubrey J. Wagner, 
Chairman of the Board, Tennessee Valley Authority, to P. 
A. Morris, Director, Division of Reactor Licensing, U.S. 
Atomic Energy Commission. (ML073400588) 

December 1972 
TVA began construction at the site. TVA revised the 
cost estimate of the two-unit plant to $685 million. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

November 26, 1973 
TVA informed the AEC that the estimated fuel 
loading date for Unit 1 had been revised to January 
1978 and to October 1978 for Unit 2. 

Letter dated November 26, 1973, from J. E. Gilleland, 
Assistant to the Manager of Power, Tennessee Valley 
Authority, to John F. O’Leary, Director, Directorate of 
Licensing, Office of Regulation, U.S. Atomic Energy 
Commission. (ML073400390) 

May 14, 1974 
TVA informed the AEC that the estimated fuel 
loading date for Unit 1 had been revised to June 1978 
and to March 1979 for Unit 2. 

Letter dated May 14, 1974, from J. E. Gilleland, Assistant to 
the Manager of Power, Tennessee Valley Authority, to John 
F. O’Leary, Director, Directorate of Licensing, Office of 
Regulation, U.S. Atomic Energy Commission. 
(3002000219) 

January 9, 1978 

TVA informed the NRC that the estimated fuel 
loading date for Unit 1 had been revised to June 1979 
and to March 1980 for Unit 2. The delay was 
attributed to late delivery of ice condenser 
embedments. 

Letter dated January 9, 1978, from J. E. Gilleland, Assistant 
to the Manager of Power, Tennessee Valley Authority, to S. 
A. Varga, Chief, Light Water Reactors Branch No. 4, 
Division of Project Management, U.S. Nuclear Regulatory 
Commission. (ML072960408) 

November 1980 
NRC expressed concern over quality assurance 
programs at the plant. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 
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         Spring City, Tennessee                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

August 1982 

NRC’s Advisory Committee on Reactor Safeguards 
criticized TVA for a “serious quality assurance 
breakdown” in design and construction of the plant. 
The cost estimate for the plant rose to $2 billion. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

January 1983 
TVA reported that construction of both units was 
77.4 percent complete.  

Gunter Wadewitz, Project Manager, Tennessee Valley 
Authority, “Watts Bar Nuclear Plant Construction 
Progress,” January 1983. (ML082310480) 

October 23, 1984 
TVA informed the NRC that the estimated fuel 
loading date for Unit 1 had been revised to March 
1985 and to March 1987 for Unit 2. 

Letter dated October 23, 1984, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Chief, 
Management Information Branch, Office of Management 
and Program Analysis, U.S. Nuclear Regulatory 
Commission. (ML082340283) 

February 20, 1985 

TVA certified to the NRC that Unit 1 was essentially 
complete and in accordance with regulatory 
standards. TVA scheduled fuel loading of te Unit 1 
reactor core on April 23, 1985. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

March 1985 
Numerous TVA employee voice safety concerns to 
the NRC. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

April 12, 1985 
After substantiating a number of employee safety 
concerns, NRC confronts TVA about the issues. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

June 1985 

TVA hired Quality Technology Company to 
investigate safety and harassment concerns raised by 
TVA workers. Estimated cost of the plant revised to 
$4.1 billion. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

March 1986 Estimated cost of the plant revised to $5 billion. 
Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 
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Date Event Reference 

May 5, 1988 
NRC issued violations to TVA for serious quality 
assurance program problems and an inadequate 
welding program. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

December 1989 
TVA halts construction work at the plant due to 
inadequate controls. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

March 1990 Estimated cost of the plant revised to $5.8 billion. 
Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

August 1991 
NRC informed TVA that problems at the plant 
remained extensive and uncorrected. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

June 1992 
NRC allowed TVA to resume full construction 
activities at the plant following eight months of 
monitoring. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

March 1993 Estimated costs of the plant revised to $9 billion. 
Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

April 1993 
NRC criticized TVA for an inadequate quality 
assurance program. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

August 1993 
NRC released report criticizing TVA for having 
failed to correct safety concerns since 1982. 

Valley Watch, “History of a troubled plant – Watts Bar: 
1970-1993,” September 1993. 

December 12, 1994 TVA halted work on Unit 2. 
Matthew L. Wald, New York Times, “T.V.A. to Stop All 
Work on 3 Reactors,” December 13, 1994. 

August 1995 

TVA reported having replaced 457 miles of electrical 
cables on Unit 1 that had not been originally installed 
properly. The replacement cost was estimated to cost 
$22 million. 

U.S. General Accounting Office, “Tennessee Valley 
Authority: Financial Problems Raise Questions About Long-
term Viability,” GAO/AIMD/RCED-95-134, August 1995. 

February 7, 1996 NRC issued TVA an operating license for Unit 1. 
U.S. Nuclear Regulatory Commission, February 7, 1996. 
(ML073460319) 



 

 
 
 
 
 

WATTS BAR NUCLEAR PLANT 

         Spring City, Tennessee                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

October 22, 2015 NRC issued TVA an operating license for Unit 2. 
U.S. Nuclear Regulatory Commission, October 22, 2015. 
(ML15301A140) 

March 23, 2016 
NRC issued a “Chilled Work Environment” letter to 
TVA after received safety allegations from operators 
in late 2015 and early 2016. 

Letter dated March 23, 2016, from Catherine Haney, 
Regional Administrator, U.S. Nuclear Regulatory 
Commission, to Joseph P. Grimes, Chief Nuclear Officer 
and Executive Vice President, Tennessee Valley Authority. 
(ML16083A479) 

 
 
  



 

 
 

 
 
 

YELLOW CREEK NUCLEAR PLANT 

       Iuka, Mississippi                                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

January 1975 
TVA estimated construction of the plant would cost 
$1.9 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

July 16, 1976 

TVA applied to the NRC for construction permits. 
TVA projected that fuel would be loaded into the 
Unit 1 reactor core on December 1, 1983, and into 
the Unit 2 reactor core on December 1, 1984. 

U.S. Nuclear Regulatory Commission, “Safety Evaluation 
Report related to construction of Yellow Creek Nuclear 
Plant Units 1 & 2,” NUREG-0347, December 1977. 
(ML13294A515) 

February 1978 TVA began construction of the plant. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

September 1978 
TVA estimated construction of the plant would cost 
$2.4 billion. 

U.S. General Accounting Office, “Tennessee Valley 
Authority Can Improve Estimates And Should Reassess 
Reserve Requirements For Nuclear Power Plants,” PSAD-
79-49, March 22, 1979. 

November 29, 1978 
NRC issued TVA construction permits for Units 1 
and 2. 

U.S. Nuclear Regulatory Commission, “Order Revoking 
Construction Permits,” August 29, 1988. (ML20153E496) 

July 24, 1981 
TVA announced it was extending the projected 
completion date for Unit 1 to October 1990. 

U.S. Nuclear Regulatory Commission, “Construction 
Delays,” PNO-II-81-55, July 24, 1981. (ML20063C806) 

August 14, 1981 
TVA notified NRC that the estimated fuel loading 
date for Unit 1 had been revised to July 1989. 

Letter dated August 14, 1981, from L. M. Mills, Manager, 
Nuclear Regulation and Safety, Tennessee Valley 
Authority, to Harold R. Denton, Director, Office of 
Nuclear Reactor Regulation, U.S. Nuclear Regulatory 
Commission. (ML20063C806) 

March 4, 1982 
TVA Board voted 2-1 to indefinitely defer 
construction of Unit 1. 

U.S. Nuclear Regulatory Commission, “Deferral of TVA 
Units,” PNO-II-82-25, March 4, 1982. (ML20041F906) 



 
 

 
 
 

YELLOW CREEK NUCLEAR PLANT 

       Iuka, Mississippi                                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

March 19, 1982 
NRC listed the status of Unit 2 as indefinitely 
deferred after being 3 percent completed. 

Memo dated March 19, 1982, from Kevin Cornell, Office 
of the Deputy Executive Director For Operations, U.S. 
Nuclear Regulatory Commission, to Commission Ahearne, 
U.S. Nuclear Regulatory Commission. (ML20063C823) 

April 1, 1982 
NRC listed the status of Unit 1 as deferred after 
being 28 percent completed. 

Memo dated April 1, 1982, from A. Schwencer, Chief, 
Licensing Branch 2, Division of Licensing, U.S. Nuclear 
Regulatory Commission, to Robert L. Tedesco, Assistant 
Director for Licensing, Division of Licensing, U.S. 
Nuclear Regulatory Commission, “Use of Staff Resources 
of Hartsville A1, A2, B1, B2, Phipps Bend 1 & 2 and 
Yellow Creek – Plants Deferred by TVA.” 
(ML20063C806) 

August 6, 1982 
TVA reported Unit 1 as being 28 percent completed 
with estimated commercial operation between 
January and October 1990. 

Letter dated August 6, 1982, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Harold 
R. Denton, Director, Office of Nuclear Reactor Regulation, 
U.S. Nuclear Regulatory Commission. (ML073511551) 

August 6, 1982 
TVA reported Unit 2 as being 3 percent completed 
with construction deferred. 

Letter dated August 6, 1982, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Harold 
R. Denton, Director, Office of Nuclear Reactor Regulation, 
U.S. Nuclear Regulatory Commission. (ML073511551) 

September 30, 1982 
The actual construction cost for Units 1 and 2 to 
date were $1.113 billion. 

Comptroller General of the United States, “Triennial 
Assessment Of The Tennessee Valley Authority — Fiscal 
Years 1980-1982,” GAO/RCED-83-123, April 15, 1983. 

January 21, 1983 
TVA requested that NRC extend the construction 
permits for Units 1 and 2. 

Letter dated May 12, 1983, from L. M. Mills, Manager, 
Nuclear Licensing, Tennessee Valley Authority, to Harold 
R. Denton, Director, Office of Nuclear Reactor Regulation, 
U.S. Nuclear Regulatory Commission. (ML20023C336) 



 
 

 
 
 

YELLOW CREEK NUCLEAR PLANT 

       Iuka, Mississippi                                                                                                                          Two Pressurized Water Reactors 
 

Date Event Reference 

August 29, 1984 
TVA cancelled the plant. TVA estimated Unit 1 
was 52 percent completed. 

Letter dated October 24, 1985, from J. W. Huffman, 
Manager, Licensing and Risk Protection, Tennessee Valley 
Authority, to Hugh L. Thompson, Jr., Director of 
Licensing, Division of Licensing, U.S. Nuclear Regulatory 
Commission. (ML20133N732) 

October 24, 1985 
TVA requested NRC withdraw the construction 
permits for Units 1 and 2. 

U.S. Nuclear Regulatory Commission, “Order Revoking 
Construction Permits,” August 29, 1988. (ML20153E496) 

August 29, 1988 
NRC revoked the construction permits for Units 1 
and 2. 

U.S. Nuclear Regulatory Commission, “Order Revoking 
Construction Permits,” August 29, 1988. (ML20153E496) 

 
  



 
 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

September 20, 1983 

The NRC issued TVA a violation after the U.S. 
Department of Labor found that TVA discriminated 
against William Daniel DeFord for having raised 
nuclear safety issues during an NRC inspection in 
July 1980 at Sequoyah. TVA appealed the DOL’s 
decision, but the U.S. Court of Appeals for the Sixth 
Circuit upheld the decision. The NRC noted that 
regulations had been revised since the time of the 
infractions, and that under the revised regulations the 
violation would be accompanied by a $64,000 civil 
penalty. 

U.S. Nuclear Regulatory Commission, “Employee 
Protection from Illegal Discrimination,” September 20, 
1983. (ML20080N306) 

October 7, 1985 

NRC’s Office of Investigations initiated an 
investigation of allegations by members of TVA’s 
Nuclear Safety Review Staff that their reports were 
being wrongfully altered by management to 
downplay the significance of the findings. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $240,000 
(NRC Investigation Report No. 2-85-031),” April 12, 1990. 
(ML073580075) 

December 19, 1985 

NRC Commissioner James Asselstine and NRC staff 
members were briefed by TVA Nuclear Safety 
Review Staff members Jerry D. Smith, Phillip 
Washer, and Robert C. Sauer about non-compliances 
with NRC’s safety regulations. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $240,000 
(NRC Investigation Report No. 2-85-031),” April 12, 1990. 
(ML073580075) 

February 1986 
TVA Nuclear Safety Review Staff members Jerry D. 
Smith, Phillips Washer, and Robert C. Sauer were 
transferred into a newly created, leaderless section. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $240,000 
(NRC Investigation Report No. 2-85-031),” April 12, 1990. 
(ML073580075) 

October 27, 1986 

“In late August Monsour Guity, another independent 
TVA investigator … and [Jerry] Smith complained to 
the U.S. Labor Department that they had been 
harassed and intimidated by TVA managers for 
raising safety issues.”  

Brian Dumaine, Fortune magazine, “Nuclear Scandal 
Shakes the TVA,” October 27, 1986 

December 16, 1986 

NRC Regional Administrator J. Nelson Grace briefed 
his Commissioners including about a survey of 
TVA’s nuclear workers showing that “up to 75% 
lacked confidence in TVA management.” 

Union of Concerned Scientists, “Walking a Nuclear 
Tightrope: Unlearned Lessons of Year-plus Reactor 
Outages,” November 6, 2006. 



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

June 23, 1988 

U.S.  Department of Labor found that a contract 
employee at TVA’s Sequoyah nuclear plant had been 
wrongfully terminated because he raised nuclear 
safety concerns at TVA’s Watts Bar nuclear plant. 

U.S. Nuclear Regulatory Commission, “U.S. Department of 
Labor Case No. 87-ERA-28,” September 12, 1988. 
(ML12074A018) 

April 12, 1990 

The NRC reported three violations of federal 
regulations protecting workers from retaliation for 
raising nuclear safety concerns and proposed $80,000 
civil penalties each for its determinations that TVA 
retaliated against former Nuclear Safety Review Staff 
members Jerry D. Smith, Phillips Washer, and 
Robert C. Sauer because they raised safety concerns 
($240,000 total proposed civil penalty). 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $240,000 
(NRC Investigation Report No. 2-85-031),” April 12, 1990. 
(ML073580075) 

September 20, 1990 

NRC ordered the imposition of the $240,000 civil 
penalty for discriminating against Nuclear Safety 
Review Staff members Jerry D. Smith, Phillips 
Washer, and Robert C. Sauer because they raised 
safety concerns. TVA appealed the proposed civil 
penalty, but NRC denied the appeals. 

U.S. Nuclear Regulatory Commission, “Order Imposing 
Civil Penalty — $240,000 – Watts Bar,” September 20, 
1990. (ML073580333) 

April, 25, 1995 

NRC notified TVA that its investigation concluded 
TVA had not wrongfully removed Donald Ralph 
Matthews from his Superintendent of Chemistry 
position at Watts Bar shortly after he raised nuclear 
safety concerns, they were concerned that TVA may 
have created chilling effects at the plant for workers 
with concerns. 

U.S. Nuclear Regulatory Commission, “Enforcement 
Discretion Concerning the Apparent Violation of 10 CFR 
50.7, Employee Protection (Office of Investigations Case 
No. 2-93-057R),” April 25, 1995. (ML073270593) 

February 14, 1996 

NRC proposed an $80,000 civil penalty after its 
investigation concluded TVA discriminated against 
Douglas Harrison, an ironworker general foreman at 
Browns Ferry, because he raised concerns about 
inadequate fire watch activities. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty $80,000 
(Department of Labor Case No. 93-ERA-044),” February 
14, 1996. (ML20097G275)  

February 23, 1996 

NRC proposed an $80,000 civil penalty after its 
investigation concluded TVA discriminated against a 
former TVA nuclear inspector by not hiring him for 
positions at the Sequoyah and Watts Bar nuclear 
plant due to his having raised nuclear safety concerns 
to TVA and the NRC. 

U.S. Nuclear Regulatory Commission, “NRC Staff Proposed 
$80,000 Civil Penalty Against TVA for Alleged 
Discrimination at Sequoyah and Watts Bar,” February 23, 
1996. (ML003706041) 



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

January 13, 1997 

NRC issued an order banning Joseph R. Bynum from 
participating in NRC-licensed activities for five 
years. The order was based on the NRC’s 
determination that in April 1993, Mr. Bynum, then 
TVA’s Vice President of Nuclear Operations, was 
guilty of deliberate misconduct by discriminating 
against William F. Jocher for raising nuclear safety 
concerns. 

U.S. Nuclear Regulatory Commission, “Order Prohibiting 
Involvement in NRC-Licensed Activities (Effective 
Immediately),” January 13, 1997. (ML20133F788 and 
ML20133F798) 

January 13, 1997 

NRC issued a violation and proposed a $100,000 
civil penalty after its investigation concluded that 
TVA forced William F. Jocher, its corporate 
Manager, Chemistry and Environmental Protection 
as well as Chemistry Manager at Sequoyah, to resign 
“because he engaged in the identification of 
deficiencies in the chemistry program and 
inconsistencies in TVA reports to the NRC.” 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $100,000 
(NRC Office of Investigation Report No. 2-93-015 and 
Department of Labor Administrative Law Judge 
Recommended Decision and Order dated July 31, 1996),” 
January 13, 1997. (ML20134G857) 

September 8, 1997 

NRC notified TVA of its concerns that remarks by a 
manager at Sequoyah had a chilling effect on 
workers’ feeling they could raise safety concerns 
without fear of retaliation. NRC had been informed 
by TVA’s Inspector General told a work group that 
an environmental engineer who reported safety 
concerns “had burned his bridges” and was not 
wanted at the site. 

U.S. Nuclear Regulatory Commission, “Safety Conscious 
Work Environment at Sequoyah (NRC Office of 
Investigations Report No. 2-93-001),” September 8, 1997. 
(ML20217E744) 

January 10, 2002 

NRC issued a violation to TVA for an incident at 
Sequoyah where a security officer was ordered by 
management to violate security procedures after a 
senior manager set off the metal detector upon 
entering the facility. 

U.S. Nuclear Regulatory Commission, “Notice of Violation, 
Sequoyah Nuclear Plant (NRC Office of Investigations 
Report No. 2-2000-019A, and Inspection Report Nos. 50-
327/01-07, 50-328/0107),” January 10, 2002. 
(ML020100478) 

February 7, 2000 

NRC issued a violation and proposed a $110,000 
civil penalty after concluding TVA discriminated 
against Gary L. Fiser for having raised nuclear safety 
concerns. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $110,000 
*Nuclear Regulatory Commission’s Office of Investigations 
Report No. 2-98-013),” February 7, 2000. (ML0034681385) 

May 4, 2001 

NRC imposed a $110,000 civil penalty on TVA for 
discriminating against the Chemistry and 
Environmental Protection Program Manager after 
considering numerous TVA appeals. 

U.S. Nuclear Regulatory Commission, “Order Imposing 
Civil Monetary Penalty — $110,000 Tennessee Valley 
Authority,” EA-99-234, May 4, 2001. (ML011350133) 



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

June 18, 2001 

NRC notified TVA that it found two apparent 
violations in the firing of Curtis Overall from the 
Watts Bar Nuclear Plant for having raised nuclear 
safety concerns. 

U.S. Nuclear Regulatory Commission, “Apparent Violations 
of Employee Discrimination Requirements (U.S. 
Department of Labor Case No. 1997-ERA-0053),” June 18, 
2001. (ML011690336) 

October 15, 2001 

NRC issued a violation and proposed an $88,000 
civil penalty on TVA for having wrongfully 
terminated Curtis Overall from Watts Bar for having 
raised nuclear safety concerns. 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty — $88,000 (U.S. 
Department of Labor Case No. 1997-ERA-0053),” October 
15, 2001. (ML012890117) 

January 31, 2007 

NRC issued a violation to TVA but exercised 
Enforcement Discretion in not proposing a civil 
penalty or other sanction for a contractor at Browns 
Ferry being terminated because he refused to sign off 
sub-par work as being acceptable. 

U.S. Nuclear Regulatory Commission, “Exercise of 
Enforcement Discretion (Office of Investigations Report No. 
2-2006-001),” EA-07-013, January 31, 2007. 
(ML070320162) 

December 22, 2009 

NRC issued a Confirmatory Order to TVA requiring 
several steps to be taken after finding that a Nuclear 
Assurance inspector and a maintenance mechanic at 
Browns Ferry had been illegally discriminated 
against for having raised safety concerns. 

U.S. Nuclear Regulatory Commission, “Confirmatory Order 
(Effective Immediately) (Office of Investigation Report 
Nos. 2-2006-025 % 2-2009-003),” December 22, 2009. 
(ML093510121) 

March 23, 2016 
NRC notified NRC of its concerns about a chilled 
work environment in the Operations Department for 
workers raising safety concerns at Watts Bar. 

U.S. Nuclear Regulatory Commission, “Chilled Work 
Environment for Raising and Addressing Safety Concerns at 
the Watts Bar Nuclear Plant,” EA-16-051, March 23, 2016. 
(ML16083A479) 

September 15, 2016 

TVA’s Inspector General reported on its evaluations 
of the work forces at Sequoyah and Browns Ferry 
and in the Nuclear Oversight organization in 
response to the NRC’s finding of a chilled work 
environment within the Operations Department at 
Watts Bar. The Inspector General found that “most 
ECP [Employee Concerns Program] employees did 
not feel free to raise concerns or problems without 
fear of retaliation.” The Inspector General found that 
10 of 33 Quality Assurance workers did not trust 
TVA management below the Vice President. 

Tennessee Valley Authority, Office of the Inspector 
General, “Request for Final Action — Evaluation 2016-
15398 — Work Environment for Nuclear Oversight,” 
September 15, 2016.  



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

 

July 27, 2017 

NRC issued TVA a Confirmatory Order requiring 
TVA to take several steps after finding TVA violated 
terms of the December 22, 2009, Confirmatory 
Order. That order required TVA to formally review 
proposed adverse employment actions to ensure 
employee protection regulations are satisfied and to 
take measures when necessary to avoid having 
employment actions have a negative impact on the 
safety conscious work environment. The NRC found 
that TVA failed to implement these processes at 
Watts Bar between November 2014 and August 
2016.  

U.S. Nuclear Regulatory Commission, “Confirmatory Order 
(Effective Immediately),” EA-17-022, July 27, 2017. 
(ML17208A647) 

January 10, 2018 
TVA’s Inspector General reported that TVA had 
ineffectively implemented five of the ten actions 
committed to in the NRC’s October 2009 

Tennessee Valley Authority, Office of the Inspector 
General, “Request for Final Action — Evaluation 2017-
15448 — TVA Nuclear’s Process for Addressing the 



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 
Confirmatory Order. The Inspector General further 
reported that problems with implementation of the 
Confirmatory Order actions had been repeatedly 
identified (and repeatedly uncorrected). 

Nuclear Regulatory Commission’s 2009 Confirmatory 
Order,” January 10, 2018.  

March 14, 2018 

NRC inspectors noted that a survey of the work force 
at Watts Bar conducted for TVA in 2017 indicated 
that 10 percent of the workers provided a negative 
response to the question “I feel free to raise a safety 
concern without fear of retaliation,” a relatively high 
level of negative response compared to nuclear 
industry averages. 

U.S. Nuclear Regulatory Commission, “Watts Bar Nuclear 
Plant — Follow-up for NRC Confirmatory Order EA-17-
022 and Chilled Work Environment Letter (EA-16-061; 
NRC Inspection Report 05000390/2017009, 
05000391/2017009,” March 14, 2018. (ML18073A202) 

June 3, 2020 

I reported to the NRC results of my review of the 
allegations received by the NRC about nuclear plant 
safety issues. In only eight (8) of the past thirty (30) 
years, the NRC received more allegations from the 
average U.S. nuclear plant than from the average 
TVA nuclear plant. That eight year period (1998-
2005) ended more than a decade ago. 

Memo dated June 3, 2020, from Dave Lochbaum, Advisor 
to the 2.206 Petitioners, to Andrew Hon, Petition Manager, 
U.S. Nuclear Regulatory Commission, “Review of TVA 
Employee Concerns Program 2.206 Petition.”  



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

 

June 3, 2020 
I also reported to the NRC results of my review of 
the allegations of discrimination received by the 

Memo dated June 3, 2020, from Dave Lochbaum, Advisor 
to the 2.206 Petitioners, to Andrew Hon, Petition Manager, 



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 
NRC from nuclear plant workers. In only ten (10) of 
the past thirty (30) years, the NRC received more 
allegations from the average U.S. nuclear plant than 
from the average TVA nuclear plant. The most recent 
time (2011) was nearly a decade ago. 

U.S. Nuclear Regulatory Commission, “Review of TVA 
Employee Concerns Program 2.206 Petition.”  



 

TVA’S NUCLEAR SAFETY CULTURE 
 

Date Event Reference 

 

August 24, 2020 
NRC issued four violations and proposed a $606,942 
civil penalty for discriminations at Sequoyah against 
four workers who raised safety concerns: (1) worker 

U.S. Nuclear Regulatory Commission, “Notice of Violation 
and Proposed Imposition of Civil Penalty, “EA-20-006 and 
EA-20-007, August 24, 2020. (ML20232B803) 
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Date Event Reference 
raising concerns about a chilled work environment 
and inadequate responses to two NRC non-cited 
violations, (2) worker raising concerns about a 
chilled work environment, (3) worker investigated by 
TVA’s Office of the General Counsel after raising 
concerns of a chilled work environment, and (4) 
worker who raised concerns about a chilled work 
environment to TVA’s Vice President of Regulatory 
Affairs during an Office of the General Counsel 
investigation. 

September 23, 2020 

TVA responded to the August 24, 2020, NRC 
violations by denying all four violations and 
contending that if NRC insisted on issuing them, 
NRC should reduce the amount of the civil penalty. 

U.S. Nuclear Regulatory Commission, “Order Imposing 
Civil Monetary Penalty,” EA-20-006 and EA-20-007, 
October 29, 2020. (ML20297A544) 

October 29, 2020 
NRC considered TVA’s appeal, but reaffirmed the 
four violations issued on August 24, 2020, and 
ordered the $606,942 civil penalty imposed, 

U.S. Nuclear Regulatory Commission, “Order Imposing 
Civil Monetary Penalty,” EA-20-006 and EA-20-007, 
October 29, 2020. (ML20297A544) 

February 4, 2021 

NRC considered TVA’s appeal of its October 29, 
2020, order. The NRC revised the severity of the 
violations from Level I to Level II but sustained the 
civil penalty at $606,942 – the maximum allowed 
under the regulations. 

U.S. Nuclear Regulatory Commission, “Reduction of 
Severity Levels in the October 29, 2020, Order Imposing 
Civil Penalty – Tennessee Valley Authority,” February 4, 
2021. (ML21028A707) 

 
 
 



From: lisa k. Worley
To: nepa
Date: Thursday, March 4, 2021 9:16:43 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Why would we invest in old technology. Look to renewables for our energy not a tech which
is out dated and unnecessary

mailto:cosmictipi@gmail.com
mailto:nepa@tva.gov


From: Ryan Thier
To: nepa
Subject: Support for the Clinch River Nuclear Site
Date: Monday, March 15, 2021 5:56:22 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

To whom it may concern,

I wholeheartedly support the construction of the Clinch River Nuclear Site Advanced Nuclear
Reactor Technology park. Not only will nuclear power be increasingly vital in supporting a
non-carbon based energy supply as the harmful effects of climate change accelerate, but the
construction of such a park here in East Tennessee continues a long tradition of nuclear power
innovation in the region. It positions East Tennessee to ramp up production and prosper as
these technologies are proved out, standing at the vanguard of an energy renaissance. Modern
nuclear risk-mitigation technology and design strategy have advanced tremendously over the
years and the construction of this site can prove out the viability and low environmental
impact of nuclear power. For the sake of the future I can only recommend the project proceed
with full momentum.

Sincerely,
Ryan C. Thier

mailto:ryanthier@gmail.com
mailto:nepa@tva.gov


From: Wufoo
To: nepa
Subject: Scoping Comments - Clinch River Nuclear Site EIS [#2]
Date: Wednesday, March 17, 2021 10:56:34 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Name Jan Berry

City

State

Email

Phone Number

Please provide your comments by uploading a file or by entering them below. *

I fully support TVA in development of the Programmatic Environmental Impact Statement for the
Clinch River Nuclear Site to support implementation of TVA’s 2019 Integrated Resource. The
environmental impact of advanced nuclear technology is beyond the impact at the site and extends
to the need to clean energy technology as rapidly as possible.

Please include an analysis or statements regarding the following in the PEIS:
o the potential for advanced nuclear technology to improve TVA's carbon-free energy portfolio over
time especially whether this technology would/could eliminate the need to build new natural gas
powered electricity generation;
o demonstration of nuclear technology (e.g., molten salt reactors) that can use nuclear waste as fuel,
thus reducing the issue of long-term storage of fuel rods and depleted uranium;
o potential for job growth in the TVA region based on deployment of advanced technology (e.g.,
nuclear technology business development); 
o technology development, deployment and commercialization time line;
o collaboration with the University of Tennessee and Oak Ridge National Lab in the development of
advanced nuclear technology; and
o life-cycle cost comparison of alternative carbon-free technologies to produce electricity.

mailto:no-reply@wufoo.com
mailto:nepa@tva.gov


From:
To: nepa
Cc:

Subject: Pub;lic Comments -- TVA Clinch River Nuclear Site
Date: Wednesday, March 17, 2021 12:54:58 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or
OPEN attachments. If suspicious, please click the “Report Phishing” button located on the

Outlook Toolbar at the top of your screen.

Attn; Review of Programmatic EIS for Proposed TVA Small Modular
Nuclear Reactor Test Site 
I have studied Chapter 9 of

Notification of The Issuance Of The Draft Environmental Impact Statement For
The Early Site Permit Application For The Clinch River Nuclear Site In Roane
County, Tennessee (Region 4 EPA).

ML18106B115

and find no SMR site options discussion of the many ( and growing
number) decommissioned fossil fuel power plants throughout the TVA
system. These locations ( especially the soon to be closed Bull Run
Fossil Plant ) have the basic infrastructure needs for siting the SMR
project including a railroad in most cases, as well as cooling water ,
highways, transmission lines, sewage system, potable water supply, etc.
Thus saving 10's of millions of dollars over a greenfield site. 
Furthermore there is no indication that the 850 acre former CRBRP site
has been assigned a $ value as a protected natural landscape at least
half of which is undisturbed for the last 75 years and the remainder
healed in the past 40 years . It is a mature forested area rich in wildlife
numbers and diversity. And wildlife has returned in numbers to the extent
that the Tennessee Wildlife Resources Agency in cooperation with TVA
conducts permitted spring wild turkey hunting and deer hunting each fall.
It is also a vital part of the greater Oak Ridge Reservation environmental
research park. It has been characterized as free of any legacy cold war
era contamination .
As responsible stewards of the public resources the fundamental
principals of reduce/reuse should be given the highest in point ratings in
site selection. Has this factor been included in the site reviews?
Indications are that it has not, but rather the former CRBRP site is

https://adamswebsearch2.nrc.gov/webSearch2/main.jsp?AccessionNumber=ML18106B115


considered 'free". It is far from that . The last thing we need be doing is
creating another nuclear contaminated site , especially when there are
many brownfield options in this instance. 
I am reminded of what happened recently when ( largely without public
awareness ) TVA chose the undisturbed and mature forested top of Pine
Ridge for a UPF power line because it was "free" . The citizens of Oak
Ridge objected when plans were discovered at the 11th hour , but by then
it was too late. Some compromise was eventually reached , but some
clear cutting occurred on the scenic ridge top that forms a border of Oak
Ridge. This is a quantifiable loss to the community on many levels. 
Undisturbed natural landscapes have great value. If you have traveled
east-west on I-40 you are likely aware of the 6 mile or so diversion of I-40
to the north around Memphis. The original design routing by the Federal
Highway Administration in the early 1960's, was directly through the
middle of Memphis. A route partially chosen because much of the ROW
would have been through a City Park, and thus "free" . Not so argued
citizen grassroots organizations contending the "Old Forest" ( an old
growth forest ) had great value. A fact the U. S. Supreme Court confirmed
.
https://en.wikipedia.org/wiki/Citizens_to_Preserve_Overton_Park_v._Volpe
A simple calculation of I-40 through traffic making the ~ 6 mile diversion
around Memphis for the past 45 years is a big number giving an
indication of the value ($'s) of undisturbed natural areas. 
Please consider doing a independent life cycle cost and in the instance of
the former CRBRP site , an environmental preservation assessment of
SMR site options . By placing the true $ value on the undisturbed CRBRP
greenfield, it will be more equitably contrasted to brownfield sites and
quickly lose distinction of the preferred option. 
Sincerely, Doug Colclasure, 
_____

https://en.wikipedia.org/wiki/Citizens_to_Preserve_Overton_Park_v._Volpe


Blue Ridge Environmental Defense League
www.BREDL.org PO Box 88  Glendale Springs, North Carolina 28629 BREDL@skybest.com (336) 982-2691

March 17, 2021

J. Taylor Cates, NEPA Specialist

RE: Programmatic Environmental Impact Statement-Clinch River Nuclear Site Advanced Nuclear
Reactor Technology Park

Dear Tennessee Valley Authority,

On behalf of Blue Ridge Environmental Defense League, we submit the following comments. We are
writing in opposition to construction, operation, and decommissioning of an advanced nuclear reactor
technology park at the Clinch River Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. We are
in favor of the no-action alternative. These written remarks are for the public notice and comment period
and will supplement any virtual or oral public hearings.

Overview
The Tennessee Valley Authority (TVA) intends to prepare a Programmatic Environmental Impact
Statement (PEIS) to address the potential environmental effects associated with the construction,
operation, and decommissioning of an advanced nuclear reactor technology park at the Clinch River
Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee. The park would contain one or more
advanced nuclear reactors with a cumulative electrical output not to exceed 800 megawatts electric
(MWe). TVA plans to evaluate a variety of alternatives including a no-action alternative.

Comments

A Variety of Negative Environmental and Human Health Impacts

Resource areas to be addressed in the PEIS include, but are not limited to: Air quality; aquatics; botany;
climate change; cultural resources; emergency planning; floodplains; geology and groundwater;
hydrothermal; land use; navigation; noise and vibration; radiological safety; soil erosion and surface
water; socioeconomics and environmental justice; threatened and endangered species; transportation;
visual; waste; water use; wetlands; and wildlife.

Esse quam videri
1. Intergovernmental Panel on Climate Change Fifth Assessment Report, https://www.ipcc.ch/
2. Advanced nuclear reactors no safer than conventional nuclear plants, says science group,
https://www.reuters.com/article/us-usa-nuclearpower/advanced-nuclear-reactors-no-safer-than-conventional-nuclear-plants-says-s
cience-group-idUSKBN2BA0CP?utm_source=Energy+News+Network+daily+email+digests&utm_campaign=aa5ec72c58-EM
AIL_CAMPAIGN_2020_05_11_11_46_COPY_01&utm_medium=email&utm_term=0_724b1f01f5-aa5ec72c58-89308088

http://www.bredl.org/
mailto:BREDL@skybest.com
https://www.ipcc.ch/
https://www.reuters.com/article/us-usa-nuclearpower/advanced-nuclear-reactors-no-safer-than-conventional-nuclear-plants-says-science-group-idUSKBN2BA0CP?utm_source=Energy+News+Network+daily+email+digests&utm_campaign=aa5ec72c58-EMAIL_CAMPAIGN_2020_05_11_11_46_COPY_01&utm_medium=email&utm_term=0_724b1f01f5-aa5ec72c58-89308088
https://www.reuters.com/article/us-usa-nuclearpower/advanced-nuclear-reactors-no-safer-than-conventional-nuclear-plants-says-science-group-idUSKBN2BA0CP?utm_source=Energy+News+Network+daily+email+digests&utm_campaign=aa5ec72c58-EMAIL_CAMPAIGN_2020_05_11_11_46_COPY_01&utm_medium=email&utm_term=0_724b1f01f5-aa5ec72c58-89308088
https://www.reuters.com/article/us-usa-nuclearpower/advanced-nuclear-reactors-no-safer-than-conventional-nuclear-plants-says-science-group-idUSKBN2BA0CP?utm_source=Energy+News+Network+daily+email+digests&utm_campaign=aa5ec72c58-EMAIL_CAMPAIGN_2020_05_11_11_46_COPY_01&utm_medium=email&utm_term=0_724b1f01f5-aa5ec72c58-89308088
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Nuclear waste, the by-product of nuclear reactors will remain hazardous to humans and other
living beings for hundreds of thousands of years. Other radioisotopes will remain hazardous for
millions of years. Thus, these wastes must be shielded for centuries and isolated from the living
environment for hundreds of millenia. Therefore, construction, operation, and decommissioning
of an advanced nuclear reactor technology park would have negative effects on all aspects of
these environmental concerns, in fact, advanced reactors emit large amounts of radioactive gases
which would be another problematic waste stream. Ed Lyman from Union of Concerned
Scientists, said money going into advanced nuclear would be better spent on bolstering
conventional nuclear plants from the risks of earthquakes and climate change, such as flooding. 2

There are No Efficient and Practical Solutions for Nuclear Waste

The results from a Stanford study show that SMRs and nuclear power in general will not reduce
the size of a geologic repository for spent nuclear fuel, nor the associated future dose rates.
Rather, SMRs are poised to discharge spent fuel with relatively high concentrations of fissile
material, which may pose re-criticality risks in a geologic repository. 3

There is no safe or permanent solution that has been found anywhere in the world and may never be found
for the nuclear waste problem. In the U.S. the only identified and flawed high-level radioactive waste
deep repository site at Yucca Mountain, Nevada has been canceled. There needs to be an end to the
production of nuclear waste and for securing the existing reactor waste in hardened on-site storage. There
is no need to spread nuclear and the waste produced by it further with new and better technology available
now.

Small Modular Reactors and Microreactors Are Not The Future or Cost Effective

The project should not go into effect, because it relies on the usage and ‘cost effectiveness’ of
SMR’s and Microreactors. “Affordable” doesn’t necessarily mean “cost-effective.” According to
basic economic principles, the cost per kilowatt-hour of the electricity produced by a small
reactor will be higher than that of a large reactor, all other factors being equal. That is because
SMRs are penalized by the economies of scale of larger reactors—a principle that drove the past
industry trend to build larger and larger plants. 6

Esse quam videri
3. A Critical Analysis Of The Nuclear Waste Management Consequences For Small Modular Reactors,
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
4. Nuclear Power & Global Warming, Union of Concerned Scientists,
https://www.ucsusa.org/resources/nuclear-power-global-warming
5. Global energy demand to plunge this year as a result of the biggest shock since the Second World War, Global Energy Review
2020,
https://www.iea.org/news/global-energy-demand-to-plunge-this-year-as-a-result-of-the-biggest-shock-since-the-second-world-wa
r
6. Small Isn't Always Beautiful: Safety, Security, and Cost Concerns about Small Modular Reactors, Union of Concerned
Scientists, 2013 report

https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://www.ucsusa.org/resources/nuclear-power-global-warming
https://www.iea.org/news/global-energy-demand-to-plunge-this-year-as-a-result-of-the-biggest-shock-since-the-second-world-war
https://www.iea.org/news/global-energy-demand-to-plunge-this-year-as-a-result-of-the-biggest-shock-since-the-second-world-war
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While dealing with new and advanced reactors such as SMR’s and microreactors, designs are not yet
finalized and cost claims made by designers are not reliable. Actual costs and maintenance would be far
higher. Along with the upfront costs of SMR’s, there also has to be maintenance, operational, and labor
costs in a safe and secure way. “In addition to imposing a penalty on the capital cost of SMRs, economies
of scale would also negatively affect operations and maintenance (O&M) costs (excluding costs for
nuclear fuel, which scale proportionately with capacity). Labor costs are a significant fraction of nuclear
plant O&M costs, and they do not typically scale linearly with the capacity of the plant: after all, a
minimum number of personnel are required to maintain safety and security regardless of the size.” 6

Nuclear Energy is a Struggling Industry

Renewables are set to be the only energy source that will grow in 2020, with their share of global
electricity generation projected to jump thanks to their priority access to grids and low operating
costs. Despite supply chain disruptions that have paused or delayed deployment in several key
regions this year, solar PV and wind are on track to help lift renewable electricity generation by
5% in 2020, aided by higher output from hydropower. 4

While TVA continues to finance nuclear power and have it as 42% of all energy generated, several of the
94 U.S. conventional nuclear plants are shutting due to high safety costs and competition from natural gas
and wind and solar energy. 2 The nuclear industry is a struggling industry as more and more plants get
shut down and retire. Since 2012, six reactors have shut down and there are plans that seven others will
close. Shutting these plants down is not a short term trend, while the price of renewables gets cheaper. We
believe that nuclear power should not be used at all and, in fact, should be replaced with truly renewable
energy and energy efficiency. 5

Energy Demands are Decreasing

A new report released by the International Energy Agency projects that energy demand will fall
6% in 2020 – seven times the decline after the 2008 global financial crisis. In absolute terms, the
decline is unprecedented – the equivalent of losing the entire energy demand of India, the world’s
third largest energy consumer. Advanced economies are expected to see the biggest declines, with
demand set to fall by 9% in the United States and by 11% in the European Union. The impact of
the crisis on energy demand is heavily dependent on the duration and stringency of measures to
curb the spread of the virus. For instance, the IEA found that each month of worldwide lockdown
at the levels seen in early April reduces annual global energy demand by about 1.5%. 4

The total demand for energy is decreasing and building a new reactor park does not match the need for
energy needed. And with TVA spending $4 million dollars on this project, it is a risk and wasteful
spending of taxpayer and customers money. 7

Esse quam videri

7.Yale Environment 360, Industry Meltdown: Is the Era of Nuclear Power Coming to an End?
https://e360.yale.edu/features/industry-meltdown-is-era-of-nuclear-power-coming-to-an-end

https://e360.yale.edu/features/industry-meltdown-is-era-of-nuclear-power-coming-to-an-end
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Conclusion
Blue Ridge Environmental Defense League is in opposition to Tennessee Valley Authority going through
with the construction, operation, and decommissioning of an advanced nuclear reactor technology park at
the Clinch River Nuclear (CRN) Site in Oak Ridge, Roane County, Tennessee.  for the following reasons:
A variety of negative environmental and human health impacts, there are no efficient and practical
solutions for nuclear waste, small modular reactors and microreactors are not the future or cost effective,
nuclear energy is a struggling industry, and energy demands are decreasing.

Submitted Respectfully,
Jenn Galler, Campaign Coordinator
Blue Ridge Environmental Defense League



From: Tom Clements
To: nepa
Subject: Comment on PEIS on "Clinch River Nuclear Site Advanced Nuclear Reactor Technology Park"
Date: Thursday, March 18, 2021 8:05:17 PM
Attachments: advanced-isnt-always-better summary March 18 2021.pdf

Advanced-isnt-always-better-full report Lyman March 18 2021.pdf

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Comment for PEIS on Clinch River Nuclear Site Advanced Nuclear Reactor
Technology Park

Submitted by Tom Clements, Director, Savannah River Site Watch, Columbia, SC, https://srswatch.org/,
March 19, 2021

In support of the No Action Alternative and for the record, I hereby submit the report on "advanced
reactors" and the summary of it released on March 18, 2021 by the Union of Concerned Scientists. All the
points raised in the report that would be applicable to reactors considered for the Clinch River Nuclear
Site must be analyzed in the PEIS. The "advanced reactor" concept is riddled with problems and DOE
should focus on safety of current reactors, until they are shut down, and better waste management.

Please confirm receipt of this comment and two attachments.

I am also forwarding for the PEIS record my comments submitted on February 12, 2021 into the draft EIS
record for the Versatile Test Reactor. Oak Ridge National Lab is considered an alternate site for that
reactor. I supported the No Action Alternative for the VTR project. Comments on the VTR are applicable
to so-called "advanced reactors" that might be considered for the Clinch River site.

So-called "advanced reactors" are very much overhyped, not needed, could be more unsafe than
traditional light-water reactors, are expensive and unfunded and could pose fuel-cycle proliferation risks if
plutonium fuel or High Assay LEU (HALEU) fuel is used. The PEIS must analyze the source of the fuel
and proliferation impacts of fuel production and irradiation in any reactor, especially if plutonium is
produced during reactor operation.The proliferation and safety risks of sodium-cooled or salt-cooled
reactors must be fully examined, including the possibility of sodium fires, as we saw in1995 with the
Monju breeder reactor in Japan, or explosions.

The US Nuclear Regulatory Commission is evidently in secret preparing a draft Environmental
Assessment on the Centrus High-Assay Low-Enriched Uranium Demonstration Project, in Piketon, Ohio.
the public is so far not being allowed to see that document or comment on it. I have requested it be
released for comment. What is relationship between the Clinch River PEIS and HALEU production by
Centrus or any other HALEU provider? 

Who would partner in fuel production or reactor construction and who would pay? Would public or private
funds be involved? What would be the impact of sale of electricity from any so-called "advanced reactor"
and would ORNL be expected to pay an elevated "special" rate (above market kwh costs) to fund reactor
construction and operation? Compare such electricity costs to other forms of generation, such as solar or
wind, as well as costs for conservation to reduce electricity use.

Where would all forms of waste produced by the reactors and accompanying fuel cycles be disposed of?
As there is no geologic repository, where would spent fuel go? Would spent fuel eventually be
reprocessed? What are the safety and proliferation risks of that and how much weapon-usable plutonium
would be produced? Who would pay for reprocessing facilities, where would waste streams from
reprocessing be disposed of and where would they be located? Would plutonium from reprocessing be

mailto:tomclements329@cs.com
mailto:nepa@tva.gov
https://srswatch.org/



Assessing the Safety, Security, and 
Environmental Impacts of Non-Light-
Water Nuclear Reactors


HIGHLIGHTS


If nuclear power is to play an  


expanded role in helping to mitigate 


climate change, newly built reactors  


must be demonstrably safer, more secure, 


and more economical than current-


generation reactors. One approach to 


improving nuclear power has been to 


pursue the development of non-light-


water nuclear reactors, which differ 


fundamentally from today’s light-water 


reactors. But is different actually  


better? The answer is “no” for most 


designs considered in this assessment 


comparing non-light-water reactors  


to light-water reactors with regard to 


safety and security, sustainability, and 


the risks of nuclear proliferation and 


nuclear terrorism. The study from the 


Union of Concerned Scientists (UCS)


recommends that policymakers, private 


investors, and regulators fully vet the 


risks and benefits of these technologies 


before committing the vast time and 


resources needed to commercialize them.


“Advanced” Isn’t  
Always Better 
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The sodium-cooled fast reactor is one type of “alternate coolant” nuclear reactor that has seen a recent 
resurgence of interest. However, such reactors—as well as gas-cooled and molten salt–cooled reactors—are 
less technologically mature than the US operating fleet of light-water-cooled reactors and pose additional 
safety and security risks.


EXECUTIVE SUMMARY


The future of nuclear power is uncertain. Because nuclear power is a low-carbon 
way to generate electricity, there is considerable interest in expanding its role to 
help mitigate the threat of climate change. However, the technology has funda-
mental safety and security disadvantages compared with other low-carbon sources. 
Nuclear reactors and their associated facilities for fuel production and waste  
handling are vulnerable to catastrophic accidents and sabotage, and they can be 
misused to produce materials for nuclear weapons. The nuclear industry, policy-
makers, and regulators must address these shortcomings fully if the global use   
of nuclear power is to increase without posing unacceptable risks to public  
health, the environment, and international peace and security. 


Despite renewed enthusiasm for nuclear power in many quarters, its recent 
growth has been far slower than anticipated 10 years ago. No doubt, the March 
2011 Fukushima Daiichi accident in Japan, which resulted in three reactor melt-
downs and widespread radiological contamination of the environment, has con-
tributed to nuclear power’s stagnation. Even more significant has been the high 
cost of building new reactors relative to other sources of electricity—primarily 
natural gas but also, increasingly, renewable energy sources such as wind and  
solar. The current rate of construction of new nuclear plants around the world 
barely outpaces the retirements of operating plants that reach the ends of  
their lifetimes or are no longer economic.


In the United States, new nuclear plants have proven prohibitively expensive 
and slow to build, discouraging private investment and contributing to public 
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skepticism. In the 2000s, amid industry hopes of a nuclear 
renaissance, the Nuclear Regulatory Commission (NRC)  
received applications to build more than two dozen new  
reactors. All were evolutionary versions of the light-water 
reactor (LWR), the type that comprises almost all operating 
reactors in the United States and most other countries with 
nuclear power. Companies such as Westinghouse, which  
developed the AP1000, promised these LWR variants could 
be built more quickly and cheaply while enhancing safety.  
But prospective purchasers cancelled nearly all of those  
proposals even before ground was broken, and the utilities 
that started building two AP1000 reactors at the V.C. Summer 
plant in South Carolina abandoned the project after it experi-
enced significant cost overruns and delays. Only one project 
remains—two AP1000 units at the Alvin W. Vogtle plant in 
Georgia—but its cost has doubled, and construction is taking 
more than twice as long as originally estimated.


Almost all nuclear power reactors operating and under 
construction today are LWRs, so called because they use  
ordinary water (H2O) to cool their hot, highly radioactive 
cores. Some observers believe that the LWR, the industry 
workhorse, has inherent flaws that are inhibiting nuclear 
power’s growth. In addition to its high cost and long   
construction time, critics point to—among other things— 
the LWR’s susceptibility to severe accidents (such as the 
meltdowns at Fukushima), their inefficient use of uranium, 
and the long-lived nuclear wastes they generate.


In response, the US Department of Energy’s national  
laboratories, universities, and numerous private vendors—
from large established companies to small startups—are  
pursuing the development of reactors that differ funda- 
mentally from LWRs. These non-light-water reactors  
(NLWRs) are cooled not by water but by other substances, 
such as liquid sodium, helium gas, or even molten salts.1


NLWRs are sometimes referred to as “advanced reac-
tors.” However, that is a misnomer for most designs being 
pursued today, which largely descend from those proposed 
many decades ago. At least one NLWR concept, the liquid 
metal–cooled fast reactor, even predates the LWR. Neverthe-
less, NLWR designers claim such reactors have innovative 
features that could disrupt the nuclear power industry and 
solve its problems. They state variously that their designs 
could lower costs, be built quickly, reduce the accumula- 
tion of nuclear waste, use uranium more efficiently, improve 
safety, and reduce the risk of nuclear proliferation. More  
specifically, they cite the advantages of features such as  
passive shutdown and cooling, the ability to consume or  
recycle nuclear waste, and the provision of high-temperature 
process heat for industrial applications such as hydrogen  
production. And some NLWR vendors claim that they  


can demonstrate, license, and deploy their designs within  
a decade or two.


Are these claims justified? How can we identify genuine 
innovations and recognize those that are likely unattain- 
able? As with any technology, an independent reality check  
is needed. From self-driving cars to cheap flights to Mars, the  
Silicon Valley–style disruptive technology model of rapid,  
revolutionary progress is not always readily adaptable to  
other engineering disciplines. And nuclear energy, which  
requires painstaking, time-consuming, and resource-intensive 
research and development (R&D), is proving to be one of  
the harder technologies to disrupt. 


In part, the nuclear industry’s push to commercialize 
NLWRs is driven by its desire to show the public and policy-
makers that there is a high-tech alternative to the static, 
LWR-dominated status quo: a new generation of “advanced” 
reactors. But a fundamental question remains: Is different  
actually better? The short answer is no. Nearly all of the  
NLWRs currently on the drawing board fail to provide  
significant enough improvements over LWRs to justify  
their considerable risks.


Key Questions for Assessing NLWR 
Technologies


It is critical that policymakers, regulators, and private  
investors fully vet the claims that the developers of NLWRs  
are making and accurately assess the prospects for both  
successful development and safe, secure, and cost-effective 
deployment. Given the urgency of the climate crisis, rigorous 
evaluation of these technologies will help our nation and  
others avoid wasting time or resources in the pursuit of  
high-risk concepts that would be only slightly better— 
or perhaps worse—than LWRs.


Key questions to consider are the following: 


•   What are the benefits and risks of NLWRs and their  
fuel cycles compared with those of LWRs?


Given the urgency of the 
climate crisis, rigorous
evaluation is needed to 
avoid wasting time or 
resources in the pursuit of 
high-risk energy concepts.
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•   Do the likely overall benefits of NLWRs outweigh  
the risks and justify the substantial public and private 
investments needed to commercialize them?


•   Can NLWRs be safely and securely commercialized  
in time to contribute significantly to averting the  
climate crisis?


To help inform policy decisions on these questions, the Union 
of Concerned Scientists (UCS) has evaluated certain claims 
about the principal types of NLWRs. In particular, this report 
compares several classes of NLWRs to LWRs with regard  
to safety and security, the risks of nuclear proliferation and 
nuclear terrorism, and “sustainability”—a term that in this 
context includes the often-claimed ability of some NLWRs  
to “recycle” nuclear waste and use mined uranium more  
efficiently. The report also considers the potential for certain 
NLWRs to operate in a once-through, “breed-and-burn” 
mode that would, in theory, make them more uranium- 
efficient without the need to recycle nuclear waste—a danger-
ous process that has significant nuclear proliferation and  
terrorism risks.


Non-Light-Water Reactor Technologies 


UCS considered these principal classes of NLWRs:
Sodium-cooled fast reactors (SFRs): These reactors 


are known as “fast reactors” because, unlike LWRs or other 
reactors that use lower-energy (or “thermal”) neutrons, the 
liquid sodium coolant does not moderate (slow down) the 
high-energy (or “fast”) neutrons produced when nuclear fuel 
undergoes fission. The characteristics and design features of 
these reactors differ significantly from those of LWRs, stem-
ming from the properties of fast neutrons and the chemical 
nature of liquid sodium.


High-temperature gas–cooled reactors (HTGRs): 
These reactors are cooled by a pressurized gas such as helium 
and operate at temperatures up to 800ºC, compared with 
around 300ºC for LWRs. HTGR designers developed a  
special fuel called TRISO (tristructural isotropic) to with-
stand this high operating temperature. HTGRs typically con-
tain graphite as a moderator to slow down neutrons. There 
are two main variants of HTGR. A prismatic-block HTGR 
uses conventional nuclear fuel elements that are stationary;  
in a pebble-bed HTGR, moving fuel elements circulate  
continuously through the reactor core. 


Molten salt–fueled reactors (MSRs): In contrast to 
conventional reactors that use fuel in a solid form, these use 
liquid fuel dissolved in a molten salt at a temperature of at 
least 650ºC. The fuel, which is pumped through the reactor, 
also serves as the coolant. MSRs can be either thermal 


reactors that use a moderator such as graphite or fast reactors 
without a moderator. All MSRs chemically treat the fuel to 
varying extents while the reactor operates to remove radio-
active isotopes that affect reactor performance. Therefore,   
unlike other reactors, MSRs generally require on-site  
chemical plants to process their fuel. MSRs also need elab-
orate systems to capture and treat large volumes of highly 
radioactive gaseous byproducts.


THE FUELS FOR NON-LIGHT-WATER REACTORS 


Today’s LWRs use uranium-based nuclear fuel containing  
less than 5 percent of the isotope uranium-235. This fuel  
is produced from natural (mined) uranium, which has a  
uranium-235 content of less than 1 percent, in a complex in-
dustrial process called uranium enrichment. Fuel enriched to  
less than 20 percent U-235 is called “low-enriched uranium” 
(LEU). Experts consider it a far less attractive material for 
nuclear weapons development than “highly enriched uranium” 
(HEU), with a U-235 content of at least 20 percent.


The fuel for most NLWRs differs from that of LWRs. 
Some proposed NLWRs would use LEU enriched to between 
10 and 20 percent uranium-235; this is known as “high-assay 
low enriched uranium” (HALEU).2 While HALEU is consid-
ered impractical for direct use in a nuclear weapon, it is more 
attractive for nuclear weapons development than the LEU 
used in LWRs. Other types of NLWRs would use plutonium 
separated from spent nuclear fuel through a chemical process 
called reprocessing. Still others would utilize the isotope  
uranium-233 obtained by irradiating the element thorium. 
Both plutonium and uranium-233 are highly attractive for  
use in nuclear weapons.


Typically, the chemical forms of NLWR fuels also differ 
from those of conventional LWR fuel, which is a ceramic  
material composed of uranium oxide. Fast reactors can use 
oxides, but they can also use fuels made of metal alloys or 
chemical compounds such as nitrides. The TRISO fuel in  
HTGRs consists of tiny kernels of uranium oxide (or other 
uranium compounds) surrounded by several layers of carbon-
based materials. MSR fuels are complex mixtures of fluoride 
or chloride salt compounds.


The deployment of NLWRs also would require new  
industrial facilities and other infrastructure to produce and 
transport their different types of fuel, as well as to manage 
spent fuel and other nuclear wastes. These facilities may use 
new technologies that themselves would require significant 
R&D. They also may present different risks related to safety, 
security, and nuclear proliferation than do LWR fuel cycle 
facilities—important considerations for evaluating the  
whole system.
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NON-LIGHT-WATER REACTORS: PAST AND PRESENT 


In the mid-20th century, the Atomic Energy Commission 
(AEC)—the predecessor of today’s Department of Energy 
(DOE) and the NRC—devoted considerable time and resources 
to developing a variety of NLWR technologies, supporting 
demonstration plants at various scales at sites around the 
United States. Owners of several of these reactors abandoned 
them after the reactors experienced operational problems 
(for example, the Fort St. Vrain HTGR in Colorado) or even 
serious accidents (the Fermi-1 SFR in Michigan). 


Despite these negative experiences, the DOE continued 
R&D on various types of NLWR and their fuel cycles. In the 
1990s, the DOE initiated the Generation IV program, with the 
goal of “developing and demonstrating advanced nuclear energy 
systems that meet future needs for safe, sustainable, environ-
mentally responsible, economical, proliferation-resistant, and 
physically secure energy.” Although Generation IV identified 
six families of advanced reactor technology, the DOE has  
given most of its subsequent support to SFRs and HTGRs.


Today, a number of NLWR projects at various stages  
of development are under way, funded by both public and  
private sources (Table 1). With support from Congress, the 
DOE is pursuing several new NLWR test and demonstration 


reactors. It is proceeding with the design and construction  
of the Versatile Test Reactor (VTR), an SFR that it hopes to 
begin operating in the 2026–2031 timeframe. The VTR would 
not generate electricity but would be used to test fuels and 
materials for developing other reactors. In October 2020, the 
DOE selected two NLWR designs for demonstrating commer-
cial power generation by 2027: the Xe-100, a small pebble-bed 
HTGR that would generate about 76 megawatts of electricity 
(MWe), and the 345 MWe Natrium, an SFR that is essentially 
a larger version of the VTR with a power production unit. 
The DOE is also providing funding for two smaller-scale  
projects to demonstrate molten salt technologies. In addition, 
the DOE, the Department of Defense (DOD), and a private 
company, Oklo, Inc., are pursuing demonstrations of so-called 
micro-reactors—very small NLWRs with capaci-ties from  
1 MWe to 20 MWe—and project that these will begin operat-
ing in the next few years. A number of  univer-sities also have 
expressed interest in building small NLWRs for research.


Congress would need to provide sufficient and sustained 
funding for any of these projects to come to fruition. This is 
far from assured—for example, funding for the VTR to date 
has fallen far short of what the DOE has requested, all but 
guaranteeing the project will be delayed.


Reactor Type Power Level Developer Funding
NRC Licensing 


Status
Planned  


Startup Date


Sodium-Cooled Fast Reactors


Versatile Test Reactor 300 MWtha DOE DOE Not NRC licensed 2026–2031


Natrium 840 MWth/345 MWe TerraPower-GE 
Hitachi


50–50 cost share 
with /ARDPb


Preapplication 2025–2027


Aurora Powerhousec 4 MWth/1.5 MWe Oklo, Inc. Mostly private; 
some DOE  


subsidy


Combined operating license 
accepted for technical 


review June 2020


Early 2020s


High-Temperature Gas–Cooled Reactors


Xe-100 4 x 200 MWth  
(76–80 MWe)


X-Energy 50-50 cost share 
with ARDP


Preapplication 2025–2027


Molten Salt–Fueled Reactors


IMSR 440 MWth/  
up to 195 MWe


Terrestrial  
Energy


Private Preapplication
—


Hermes reduced-
scale test reactord


Full-scale Kairos  
reactor 320 MWth/ 
140 MWe; reduced 
scale > 50 MWth


Kairos Power 80 percent 
ARDP; 20 percent 


private


Preapplication 2027


TABLE 1. Current Status of US NLWR Projects


a  MWth: megawatts of thermal energy. MWe: megawatts of electricity. 
b ARDP: DOE Advanced Reactor Demonstration Program 
c The Aurora is potassium-cooled, with liquid sodium bonding contained in the fuel rods.  
d The Hermes is not molten salt–fueled but uses TRISO fuel and a molten-salt coolant.
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THE GOALS OF NEW NUCLEAR REACTOR DEVELOPMENT


If nuclear power is to play an expanded global role to help 
mitigate climate change, new reactor designs should be  
demonstrably safer and more secure—and more economical—
than the existing reactor fleet. Today’s LWRs remain far too 
vulnerable to Fukushima-like accidents, and the uranium  
enrichment plants that provide their LEU fuel can be misused 
to produce HEU for nuclear weapons. However, developing 
new designs that are clearly superior to LWRs overall is a  
formidable challenge, as improvements in one respect can 
create or exacerbate problems in others. For example, increas-
ing the physical size of a reactor core while keeping its power 
generation rate constant could make the reactor easier to  
cool in an accident, but it could also increase cost. 


Moreover, the problems of nuclear power cannot be  
fixed through better reactor design alone. Also critical is the 
regulatory framework governing the licensing, construction, 
and operation of nuclear plants and their associated fuel cycle 
infrastructure. Inadequate licensing standards and oversight 
activities can compromise the safety of improved designs.  
A key consideration is the extent to which regulators require 
extra levels of safety—known as “defense-in-depth”—to  
compensate for uncertainties in new reactor designs for 
which there is little or no operating experience.


Evaluation Criteria


UCS has considered three broad criteria for assessing the  
relative merits of NLWRs and LWRs: safety and security,  
sustainability, and risks associated with nuclear proliferation 
and nuclear terrorism.


One characteristic that UCS did not consider here is  
the ability of reactors to provide high-temperature process 
heat for industrial applications—sometimes cited as a major 
advantage of NLWRs. However, potential industrial users 
have demonstrated little interest in these applications to date, 
and will likely continue to be wary of co-locating nuclear 
power plants at their facilities until outstanding safety, security, 
and reliability issues are fully addressed. It is also doubtful 
that industrial users would want to assume the cost and  
responsibility of managing the reactors’ nuclear wastes. Con-
sequently, UCS regards the generation of high-temperature 
process heat as a secondary objective that would first require 
significant improvements in nuclear safety and security.3


Safety and security risk is the vulnerability of reactors 
and fuel cycle facilities to severe accidents or terrorist attacks 
that result in significant releases of radioactivity to the  
environment. Routine radioactive emissions are also a consid-
eration for some designs. The UCS assessment primarily used 
qualitative judgments to compare the safety of reactor types, 


because quantitative safety studies for NLWRs with the same 
degree of accuracy and rigor as for LWRs are not yet available. 
Far fewer data are available to validate safety studies of NLWRs 
than of LWRs, which have accumulated a vast amount of  
operating data. 


Sustainability, in this context, refers to the amount of 
nuclear waste generated by reactors and fuel facilities that 
requires secure, long-term disposal, as well as to the efficiency 
of using natural (mined) uranium and thorium. Sustainability 
criteria can be quantified but typically have large uncertainties. 
To account for those uncertainties, this report considers that 
sustainability parameters, such as the amount of heat-bearing 
transuranic (TRU) elements requiring long-term geologic 
disposal, would have to improve by a factor of 10 or more  
to be significant.


Nuclear proliferation and nuclear terrorism risk  
is the danger that nations or terrorist groups could illicitly 
obtain nuclear-weapon-usable materials from reactors or  
fuel cycle facilities. LWRs operating on a once-through fuel 
cycle present relatively low proliferation and terrorism risks.  
However, any nuclear fuel cycle that utilizes reprocessing  
and recycling of spent fuel poses significantly greater nuclear 
proliferation and terrorism risks than do LWRs without  
reprocessing, because it provides far greater opportunities  
for diversion or theft of plutonium and other nuclear-weapon-
usable materials. International safeguards and security  
measures for reactors and fuel cycles with reprocessing are 
costly and cumbersome, and they cannot fully compensate  
for the increased vulnerability resulting from separating 
weapon-usable materials. Also using HALEU instead of  
less-enriched forms of LEU would increase proliferation  
and terrorism risks, although to a far lesser extent than  
using plutonium or uranium-233.


Nuclear proliferation is not a risk in the United States 
simply because it already possesses nuclear weapons and  
is designated as a nuclear-weapon state under the Nuclear 
Non-Proliferation Treaty. As such, it is not obligated to sub-
mit its nuclear facilities and materials for verification by the 
International Atomic Energy Agency (IAEA), although it  
can do so voluntarily. However, US reactor development does 
have implications for proliferation, both because US vendors 
seek to export new reactors to other countries and because 
other countries are likely to emulate the US program. The 
United States has the responsibility to set a good inter- 
national example by ensuring its own nuclear enterprise 
meets the highest nonproliferation standards.4


Not all these criteria are of equal weight. UCS maintains 
that increasing safety and reducing the risk of proliferation 
and terrorism should take priority over increasing sustain-
ability for new reactor development at the present time.  
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Given that uranium is now cheap and abundant, there is  
no urgent need to develop reactors that use less. Even so, 
there would be benefits from reducing the need for uranium 
mining, which is hazardous to workers and the environment 
and historically has had a severe impact on disadvantaged 
communities. Developing more efficient reactors may become 
more useful if the cost of mined uranium increases signifi-
cantly, whether due to resource depletion or strengthened 
protections for occupational health and the environment.   
 UCS also did not consider the potential for NLWRs to be 
more economical than LWRs. Although economics is a criti-
cal consideration and is interrelated with the criteria listed 
above, such an evaluation would depend on many open and 
highly uncertain issues, such as final design details, future 
regulatory requirements, and supply chain availability.


Assessments of NLWR Types


UCS has reviewed hundreds of documents in the available 
literature to assess the comparative risks and benefits  
of the three major categories of NLWR with respect  
to the three evaluation criteria (Table 2).


SODIUM-COOLED FAST REACTORS


Safety and Security Risk: SFRs have numerous safety prob-
lems that are not issues for LWRs. Sodium coolant can burn  
if exposed to air or water, and an SFR can experience rapid 
power increases that may be hard to control. It is even possible 
that an SFR core could explode like a small nuclear bomb under 
severe accident conditions. Of particular concern is the poten-
tial for a runaway power excursion: if the fuel overheats and 


TABLE 2. How NLWRs Compare with LWRs on Safety, Sustainability, and Proliferation Risk


 


 NLWR Types  Safety


Sustainability


Nuclear 
Proliferation/


Terrorism


Long-Lived 
Waste 


Generation
Resource 
Efficiency


Sodium-Cooled Fast Reactors


Conventional burner or breeder 
(Plutonium/TRU, with reprocessing)


– – – ++ + – – –


Conventional: Natrium  
(HALEU, once-through)


– – – – – – – – –


Breed-and-burn mode  
(HALEU, once-through)


– – – – – + + +


High-Temperature Gas–Cooled Reactors


Prismatic-block  
(HALEU, once-through)


N – – –


Pebble-bed: Xe-100 
(HALEU, once-through)


N – – – –


Molten Salt–Fueled Reactors


Thermal: IMSR/TAP  
(LEU <5% U-235)


– – – + – –


Thermal: Thorcon  
(HALEU/Thorium/U-233)


– – – – + – –


Thermal: Molten Salt Breeder 
(HALEU/Thorium/U-233)


– – – ++ ++ – – –


Molten Salt Fast Reactor  
(TRU/Thorium/U-233)


– – – +++ ++ – – –


Significantly Worse Moderately Worse Slightly Worse Not Enough Information


Slightly Better Moderately Better Significantly Better







7Are “Advanced” Nuclear Reactors Actually Better? 


the sodium coolant boils, an SFR’s power will typically  
increase rapidly rather than decrease, resulting in a positive 
feedback loop that could cause core damage if not quickly 
controlled. 


Chernobyl Unit 4 in the former Soviet Union, although 
not a fast reactor, had a similar design flaw—known as a  
“positive void coefficient.” It was a major reason for the  
reactor’s catastrophic explosion in 1986. A positive void  
coefficient is decidedly not a passive safety feature—and it 
cannot be fully eliminated by design in commercial-scale 
SFRs. To mitigate these and other risks, fast reactors should 
have additional engineered safety systems that LWRs do  
not need, which increases capital cost.


Sustainability: Because of the properties of fast neutrons, 
fast reactors do offer, in theory, the potential to be more sus-
tainable than LWRs by either using uranium more efficiently 
or reducing the quantity of TRU elements present in the reac-
tor and its fuel cycle. This is the only clear advantage of fast 
reactors compared with LWRs. However once-through fast 
reactors such as the Natrium being developed by TerraPower, 
a company founded and supported by Bill Gates, would be 
less uranium-efficient than LWRs. To significantly increase 
sustainability, most fast reactors would require spent fuel  
reprocessing and recycling, and the reactors and associated 
fuel cycle facilities would need to operate continuously at  
extremely high levels of performance for many hundreds or 
even thousands of years. Neither government nor industry 
can guarantee that future generations will continue to oper-
ate and replace these facilities indefinitely. The enormous 
capital investment needed today to build such a system would 
only result in minor sustainability benefits over a reasonable 
timeframe. 


Nuclear Proliferation/Terrorism: Historically, fast  
reactors have required plutonium or HEU-based fuels, both 
of which could be readily used in nuclear weapons and there-
fore entail unacceptable risks of nuclear proliferation and 
nuclear terrorism. Some SFR concepts being developed today 
utilize HALEU instead of plutonium and could operate on a 
once-through cycle. These reactors would pose lower prolif-
eration and security risks than would plutonium-fueled fast 
reactors with reprocessing, but they would have many of the 
same safety risks as other SFRs. And, as pointed out, most 
once-through SFRs would actually be less sustainable than 
LWRs and thus unable to realize the SFR’s main benefit.  
For this reason, these once-through SFRs are likely to be 
“gateway” reactors that would eventually transition to SFRs 
with reprocessing and recycling. The only exceptions—if 
technically feasible—are once-through fast reactors operating 
in breed-and-burn mode. However, the only breed-and-burn 
reactor that has undergone significant R&D, TerraPower’s 


“traveling-wave reactor,” was recently suspended after  
more than a decade of work, suggesting that its technical 
challenges proved too great. 


HIGH-TEMPERATURE GAS-COOLED REACTORS 


Safety and Security Risk: HTGRs have some attractive  
safety features but also a number of drawbacks. Their safety 
is rooted in the integrity of TRISO fuel, which has been  
designed to function at the high normal operating temperature 
of an HTGR (up to 800ºC) and can retain radioactive fission 
products up to about 1,600ºC if a loss-of-coolant accident  
occurs. However, if the fuel heats up above that temperature— 
as it could in the Xe-100—its release of fission products speeds 
up significantly. So, while TRISO has some safety benefits,  
the fuel is far from meltdown-proof, as some claim. Indeed,  
a recent TRISO fuel irradiation test in the Advanced Test  
Reactor in Idaho had to be terminated prematurely when the 
fuel began to release fission products at a rate high enough  
to challenge off-site radiation dose limits. 


The performance of TRISO fuel also depends critically 
on the ability to consistently manufacture fuel to exacting 
specifications, which has not been demonstrated. HTGRs are 
also vulnerable to accidents in which air or water leaks into the 
reactor; this is much less of a concern for LWRs. And the mov-
ing fuel in pebble-bed HTGRs introduces novel safety issues. 


Despite these unknowns, HTGRs are being designed 
without the conventional leak-tight containments that LWRs 
have—potentially cancelling out any inherent safety benefits 
provided by the design and fuel. Given the uncertainties, much 
more testing and analysis are necessary to determine conclu-
sively if HTGRs would be significantly safer than LWRs. 


Sustainability: HTGRs are less sustainable than LWRs 
overall. They use uranium no more efficiently due to their use 
of HALEU, and they generate a much larger volume of highly 
radioactive waste. Although pebble-bed HTGRs are some-
what more flexible and uranium-efficient than prismatic-block 
HTGRs, the difference is not enough to overcome the penalty 
from using HALEU fuel.


Nuclear Proliferation/Terrorism: HTGRs raise addi-
tional proliferation issues compared with LWRs. Current HTGR 
designs use HALEU, which poses a greater security risk than 
the LEU grade used by LWRs, and TRISO fuel fabrication  
is more challenging to monitor than LWR fuel fabrication. 
Also, it is difficult to accurately account for nuclear material 
at pebble-bed HTGRs because fuel is continually fed into and 
removed from the reactor as it operates. On the other hand,  
it may be more difficult for a proliferator to reprocess TRISO 
spent fuel than LWR spent fuel to extract fissile material  
because the required chemical processes are less mature. 
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MOLTEN SALT–FUELED REACTORS


Safety and Security Risk: MSR advocates point to the fact 
that this type of reactor cannot melt down—the fuel is already 
molten. However, this simplistic argument belies the fact that 
MSR fuels pose unique safety issues. Not only is the hot liquid 
fuel highly corrosive, but it is also difficult to model its com-
plex behavior as it flows through a reactor system. If cooling 
is interrupted, the fuel can heat up and destroy an MSR in  
a matter of minutes. Perhaps the most serious safety flaw  
is that, in contrast to solid-fueled reactors, MSRs routinely 
release large quantities of gaseous fission products, which 
must be trapped and stored. Some released gases quickly  
decay into troublesome radionuclides such as cesium-137— 
the highly radioactive isotope that caused persistent and  
extensive environmental contamination following the  
Chernobyl and Fukushima nuclear accidents.


Sustainability: A main argument for MSRs is that they 
are more flexible and can operate more sustainably than reac-
tors using solid fuel. In theory, some MSRs would be able to 
use natural resources more efficiently than LWRs and gener-
ate lower amounts of long-lived nuclear waste. However, the 
actual sustainability improvements for a range of thermal  
and fast MSR designs are too small, even with optimistic  
performance assumptions, to justify their high safety and  
security risks. 


Nuclear Proliferation/Terrorism: MSRs present 
unique challenges for nuclear security because it would be 
very difficult to account for nuclear material accurately as  
the liquid fuel flows through the reactor. In addition, some 
designs require on-site, continuously operating fuel repro-
cessing plants that could provide additional pathways for  
diverting or stealing nuclear-weapon-usable materials.


MSRs could also endanger global nuclear security by  
interfering with the worldwide network of radionuclide  
monitors put into place to verify compliance with the Com-
prehensive Nuclear Test Ban Treaty after it enters into force.5 
MSRs release vast quantities of the same radioactive xenon 
isotopes that are signatures of clandestine nuclear explo-
sions—an issue that MSR developers do not appear to have 
addressed. It is unclear whether it would be feasible or  
affordable to trap and store these isotopes at MSRs to the  
degree necessary to avoid degrading the effectiveness of  
the monitoring system to detect treaty violations.


Safely Commercializing NLWRs:  
Timelines and Costs


Can NLWRs be deployed quickly enough to play a significant 
role in reducing carbon emissions and avoiding the worst  
effects of climate change? The 2018 special report of the  


UN’s Intergovernmental Panel on Climate Change identified 
85 energy supply pathways to 2050 capable of achieving the 
Paris Agreement target of limiting global mean temperature 
rise to 1.5°C. The median capacity of nuclear power in 2050 
across those pathways is about 150 percent over the 2020 level. 
Taking into account planned retirements, this corresponds  
to the equivalent of at least two dozen 1,000 MWe reactors  
coming online globally each year between now and 2050— 
five times the recent global rate of new LWR construction.  
If the world must wait decades for NLWRs to be commercially 
available, they would have to be built even faster to fill the  
gap by 2050.


Some developers of NLWRs say that they will be able to 
meet this challenge by deploying their reactors commercially 
as soon as the late 2020s. However, such aggressive timelines 
are inconsistent with the recent experience of new reactors 
such as the Westinghouse AP1000, an evolutionary LWR.  
Although the AP1000 has some novel features, its designers 
leveraged many decades of LWR operating data. Even so,  
it took more than 30 years of research, development, and  
construction before the first AP1000—the Sanmen Unit 1  
reactor in China—began to produce power in 2018.


How, then, could less-mature NLWR reactors be com-
mercialized so much faster than the AP1000? At a minimum, 
commercial deployment in the 2020s would require bypass-
ing two developmental stages that are critical for assuring 
safety and reliability: the demonstration of prototype reactors 
at reduced scale and at full scale. Prototype reactors are typi-
cally needed for demonstrating performance and conducting 
safety and fuel testing to address knowledge gaps in new  
reactor designs. Prototypes also may have additional safety 
features and instrumentation not included in the basic  
design, as well as limits on operation that would not apply  
to commercial units.


By a 2017 report, the DOE asserted that SFRs and HTGRs 
were mature enough for commercial demonstrations without 
the need for additional prototype testing. For either of these 
types, the DOE estimated it would cost approximately $4 bil- 
lion and take 13 to 15 years to complete a first commercial 


Commercial deployment 
in the 2020s would require 
bypassing prototype 
stages that are critical 
for assuring safety and 
reliability.
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demonstration unit, assuming that reactor construction and 
startup testing take seven years. After five years of operating 
the demonstration unit, additional commercial units could 
follow in the mid-2030s. 


In contrast, for MSRs and other lower-maturity designs, 
the DOE report judged that both reduced-scale and full-scale 
prototypes (which the report referred to as “engineering”  
and “performance” demonstrations, respectively) would be 
needed before a commercial demonstration reactor could be 
built. These additional stages could add $2 billion to $4 bil-
lion to the cost and 20 years to the development timeline.  
The sub-sequent commercial demonstration would not begin 
until 2040; reactors would not be available for sale until the  
mid-2040s or even the 2050s. 


In May 2020, after receiving $160 million in initial con-
gressional funding for the new Advanced Reactor Demonstra-
tion Program (ARDP), the DOE issued a solicitation for two 
“advanced” commercial demonstration reactors. In October 
2020, the DOE chose SFR and HTGR designs—as one might 
expect given its 2017 technology assessment. The DOE esti-
mates that these projects will cost up to $3.2 billion each 
(with the vendors contributing 50 percent) for the reactors 
and their supporting fuel facilities. The department is requir-
ing that the reactors be operational within seven years, a 
timeline—including NRC licensing, construction, fuel pro-
duction, and startup testing—that it acknowledges is very 
aggressive. 


However, even if this deadline can be met and the reac-
tors work reliably, subsequent commercial units likely would 
not be ordered before the early 2030s. Moreover, it is far from 
certain that the two designs the DOE selected for the ARDP 
are mature enough for commercial demonstration. Past dem-
onstrations of both SFRs and HTGRs have encountered safety 
and reliability problems. Additionally, for both reactor types, 
the DOE has chosen designs that differ significantly from  
past demonstration reactors. 


In the 1990s, the NRC concluded that it would require 
information from representative prototype testing prior  
to licensing either of these reactor types—but no prototypes 
were ever built. More recently, in a letter to the NRC, the 
agency’s independent Advisory Committee on Reactor Safe-
guards reaffirmed the importance of prototypes in new reactor 
development. Nevertheless, the NRC—a far weaker regulator 
today—has apparently changed its position and may proceed 
with licensing the ARDP demonstration reactors without  
requiring prototype testing first. But by skipping prototype 
testing and proceeding directly to commercial units, these 
projects may run not only the risk of experincing unantici-
pated reliability problems, but also the risk of suffering serious 
accidents that could endanger public health and safety.


An additional challenge for NLWR demonstrations  
and subsequent commercial deployment is the availability  
of fuels for those reactors, which would differ significantly 
from the fuel that today’s LWRs use. Even a single small  
reactor could require a few tons of HALEU per year—far 
more than the 900 kilograms per year projected to be avail-
able over the next several years from a DOE-funded pilot  
enrichment plant that Centrus Energy Corporation is build-
ing in Piketon, Ohio. It is far from clear whether that pilot 
will succeed and can be scaled up in time to support the two 
NLWR demonstrations by 2027, not to mention the numerous 
other HALEU-fueled reactor projects that have been 
proposed.


The Future of the LWR


Those who argue that nuclear power’s progress depends on 
developing NLWRs have not made a persuasive case that the 
LWR has no future. LWR technology can realize nearly all  
the technological innovations attributed to NLWR designs, 
including passive safety features, the potential for modular 
construction, the use of advanced fuels, non-electric applica-
tions, greater plant autonomy to minimize labor costs, and 
underground siting. Although the LWR has its issues, NLWR 
designs clearly confront a different but no less formidable  
set of safety, security, and proliferation challenges.


A further consideration is how long it will take for new 
reactor types to achieve reliable performance once deployed. 
It took three decades for plant operators and researchers to 
increase the average capacity factor of the US fleet of LWRs 
from 50 to 90 percent. The relatively low state of maturity  
of NLWR technologies does not support the notion that these 
reactors will be able to achieve a similar level of performance 
in significantly less time. 


Conclusions of the Assessment 


The non-light-water nuclear reactor landscape is vast and 
complex, and it is beyond the scope of this report to survey 
the entire field in depth. Nevertheless, enough is clear even  
at this stage to draw some general conclusions regarding  
the safety and security of NLWRs and their prospects  
for rapid deployment. 


Based on the available evidence, the NLWR designs  
currently under consideration (except possibly once-through, 
breed-and-burn reactors) do not offer obvious improvements 
over LWRs significant enough to justify their many risks.  
Regulators and other policymakers would be wise to look 
more closely at the nuclear power programs under way  
to make sure they prioritize safety and security. Future 
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appropriations for NLWR technology research, development,  
and deployment should be guided by realistic assessments  
of the likely societal benefits that would result from the  
investment of billions of taxpayer dollars. 


Little evidence supports claims that NLWRs will be sig-
nificantly safer than today’s LWRs. While some NLWR 
designs offer some safety advantages, all have novel  
characteristics that could render them less safe.


All NLWR designs introduce new safety issues that will re-
quire substantial analysis and testing to fully understand and 
address—and it may not be possible to resolve them fully. To 
determine whether any NLWR concept will be significantly 
safer than LWRs, the reactor must achieve an advanced stage 
of technical maturity, undergo complete comprehensive  
safety testing and analysis, and acquire significant operating 
experience under realistic conditions.


Some NLWRs have the potential for greater sustainability 
than LWRs, but the improvements appear to be too small 
to justify their proliferation and safety risks. 


Although some NLWR systems could use uranium more  
efficiently and generate smaller quantities of long-lived TRU 
isotopes in nuclear waste, for most designs these benefits 
could be achieved only by repeatedly reprocessing spent fuel 
to separate out these isotopes and recycle them in new fuel—
and that presents unacceptable proliferation and security risks. 
In addition, reprocessing plants and other associated fuel cy-
cle facilities are costly to build and operate, and they increase 
the environmental and safety impacts compared with the 
LWR once-through cycle. Moreover, the sustainability in-
creases in practice would not be significant in a reasonably 
foreseeable time frame. 


Once-through, breed-and-burn reactors have the poten-
tial to use uranium more efficiently without reprocessing, 
but many technical challenges remain.


One type of NLWR system that could in principle be more 
sustainable than the LWR without increasing proliferation 
and terrorism risks is the once-through, breed-and-burn  
reactor. Concepts such as TerraPower’s traveling-wave reac-
tor could enable the use of depleted uranium waste stockpiles 
as fuel, which would increase the efficiency of uranium use. 
Although there is no economic motivation to develop more 
uranium-efficient reactors at a time when uranium is cheap 
and abundant, reducing uranium mining may be beneficial  
for other reasons, and such reactors may be useful for the  
future. However, many technical challenges would have to  
be overcome to achieve breed-and-burn operation, including 
the development of very-high-burnup fuels. The fact that 
TerraPower suspended its project after more than a decade  
of development to pursue a more conventional and far less 
uranium-efficient SFR, the Natrium, suggests that these  
challenges have proven too great.


High-assay low enriched uranium (HALEU) fuel, which  
is needed for many NLWR designs, poses higher  
nuclear proliferation and nuclear terrorism risks than 
the lower-assay LEU used by the operating LWR fleet.


Many NLWR designs require uranium enriched to higher  
levels than the 5 percent U-235 typical of LWR fuel. Although 
uranium enriched to between 10 and 20 percent U-235 (de-
fined here as HALEU) is considered impractical for direct  
use in nuclear weapons, it is more attractive for weapons use—
and requires more stringent security—than the lower-assay 
enriched uranium in current LWRs. 


Most NLWR designs 
under consideration 
do not offer obvious 
improvements over LWRs 
significant enough to 
justify their many risks.


The claim that any nuclear reactor system can “burn”  
or “consume” nuclear waste is a misleading oversimplifi-
cation. Reactors can actually use only a fraction of spent 
nuclear fuel as new fuel, and separating that fraction  
increases the risks of nuclear proliferation and terrorism. 


No nuclear reactor can use spent nuclear fuel directly as fresh 
fuel. Instead, spent fuel has to be “reprocessed”—chemically 
treated to extract plutonium and other TRU elements, which 
must then be refabricated into new fuel. This introduces a 
grave danger: plutonium and other TRU elements can be used 
in nuclear weapons. Reprocessing and recycling render these 
materials vulnerable to diversion or theft and increases the 
risks of nuclear proliferation and terrorism—risks that are 
costly to address and that technical and institutional measures 
cannot fully mitigate. Any fuel cycle that requires reprocess-
ing poses inherently greater proliferation and terrorism risks 
than the “once-through” cycle with direct disposal of spent 
fuel in a geologic repository.
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The significant time and resources needed to safely  
commercialize any NLWR design should not be 
underestimated.


It will likely take decades and many billions of dollars to develop 
and commercially deploy any NLWR design, together with its 
associated fuel cycle facilities and other support activities. 
Such development programs would come with a significant 
risk of delay or failure and require long-term stewardship and 
funding commitments. And even if a commercially workable 
design were demonstrated, it would take many more years 
after that to deploy a large number of units and operate  
them safely and reliably. 


Vendors that claim their NLWRs could be commercial-
ized much more quickly typically assume that their designs 
will not require full-scale performance demonstrations and 
extensive safety testing, which could add well over a decade 
to the development timeline. However, current designs for 
sodium-cooled fast reactors and high-temperature gas-cooled 
reactors differ enough from past reactor demonstrations that 
they cannot afford to bypass additional full-scale prototype 
testing before licensing and commercial deployment. Molten 
salt–fueled reactors have only had small-scale demonstrations 
and thus are even less mature. NLWRs deployed commercial-
ly at premature stages of development run a high risk  
of poor performance and unexpected safety problems. 


Recommendations


The DOE should suspend the advanced reactor demon-
stration program pending a finding by the NRC whether 
it will require full-scale prototype testing before licens-
ing the two chosen designs as commercial power reactors.


The DOE has selected two NLWR designs, the Natrium SFR 
and the Xe-100 pebble-bed HTGR, for demonstration of full-
scale commercial operation by 2027. However, the NRC has 
yet to evaluate whether these designs are mature enough that 
it can license them without first obtaining data from full-scale 
prototype plants to demonstrate novel safety features, vali-
date computer codes, and qualify new types of fuel in repre-
sentative environments. Without such an evaluation, the  
NRC will likely lack the information necessary to ensure  
safe, secure operation of these reactors. The DOE should  
suspend the Advanced Reactor Demonstration Program until 
the NRC—in consultation with the agency’s Advisory Com-
mittee on Reactor Safeguards and external experts—has  
determined whether prototypes will be needed first. 


Congress should require that an independent, trans- 
parent, peer-review panel direct all DOE R&D on new  
nuclear concepts, including the construction of  
additional test or demonstration reactors. 


Given the long time and high cost required to commercialize 
NLWR designs, the DOE should provide funding for NLWR 
R&D judiciously and only for reactor concepts that offer  
a strong possibility of significantly increasing safety and  
security—and do not increase proliferation risks. Moreover, 
unlike the process for selecting the two reactor designs for 
the Advanced Reactor Demonstration Program, decision- 
making should be transparent.6 Congress should require  
that the DOE convene an independent, public commission  
to thoroughly review the technical merits of all NLWR  
designs proposed for development and demonstration, 
including those already selected for the ARDP. The com- 
mission, whose members should represent a broad range  
of expertise and perspectives, would recommend funding 
only for designs that are highly likely to be commercialized 
successfully while achieving clearly greater safety and  
security than current-generation LWRs. 


The DOE and other agencies should thoroughly assess 
the implications for proliferation and nuclear terrorism 
of the greatly expanded production, processing, and 
transport of the high-assay low-enriched uranium 
(HALEU) required to support the widespread deploy-
ment of NLWRs.


Large-scale deployment of NLWRs that use HALEU fuel  
will require establishing a new industrial infrastructure for 
producing and transporting the material. The DOE is actively 
promoting the development of HALEU-fueled reactor designs 
for export. Given that HALEU is a material of higher security 
concern than lower-assay LEU, Congress should require that 
the DOE immediately assess the proliferation and nuclear 
terrorism implications of transitioning to the widespread use 
of HALEU worldwide. This assessment should also address 
the resource requirements for the security and safeguards 
measures needed to ensure that such a transition can occur 
without an unacceptable increase in risk.


The United States should make all new reactors and  
associated fuel facilities eligible for IAEA safeguards  
and provide that agency with the necessary resources  
for carrying out verification activities.


The IAEA, which is responsible for verifying that civilian  
nuclear facilities around the world are not being misused  
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ENDNOTES
1   This report focuses on NLWRs rather than LWR designs that differ from the 


operating fleet, such as the NuScale small modular reactor design now under 
review by the NRC. UCS previously evaluated issues related to small modular 
LWRs in its 2013 report Small Isn’t Always Beautiful. This report also does not 
discuss nuclear fusion reactors; despite some recent progress, these likely remain 
even further away from commercialization than the early-stage fission reactor 
concepts.


2   Some sources define HALEU as LEU enriched from 5 percent to less than  
20 percent uranium-235. However, this range does not align with the nuclear 
security risk of different grades of LEU. This report adopts the definition of 
HALEU used by the uranium enrichment consortium URENCO.


3   In any event, NLWRs do not have a monopoly on non-electric applications. 
Current-generation LWRs as well as small modular LWRs are being piloted  
for non-electricity applications such as producing hydrogen. At least one type  
of novel LWR, the super-critical LWR, would be capable of producing high- 
temperature steam, but it is not currently under development.


4   One way to do that would be for the United States to designate all new reactors 
and fuel cycle facilities as eligible for IAEA safeguards. This would give the 
agency an opportunity to develop verification approaches for new facility 
types—if such approaches are feasible.


5  The treaty names 44 countries that must sign and ratify it before it enters  
into force. To date, eight of these countries have not ratified and/or signed the 
treaty—including the United States, which has signed but not ratified it.


6   Although the DOE has said that an external review of its selections took place,  
it has not publicly released the reviewers’ names and affiliations—nor has it 
publicly documented their findings.


to produce materials for nuclear weapons, has limited or no ex-
perience in safeguarding many types of NLWRs and their associ-
ated fuel cycle facilities. NLWR projects being considered for 
deployment in the United States, such as the Natrium SFR and 
the Xe-100 pebble-bed HTGR, would provide ideal test beds for 
the IAEA to develop safeguards approaches. However, as a  
nuclear-weapon state, the United States is not obligated to give 
the IAEA access to its nuclear facilities. To set a good example 
and advance the cause of nonproliferation, the United States 
should immediately provide the IAEA with permission and 
funding to apply safeguards on all new US nuclear facilities,  
beginning at the design phase. This would help to identify safe-
guard challenges early and give the IAEA experience in verify-
ing similar facilities if they are deployed in other countries.


The DOE and Congress should consider focusing nuclear 
energy R&D on improving the safety and security of LWRs, 
rather than on commercializing immature NLWR designs. 


LWR technology benefits from a vast trove of information result-
ing from many decades of acquiring experimental data, analysis, 
and operating experience—far more than that available for any 
NLWR. This gives the LWR a significant advantage over other 
nuclear technologies. The DOE and Congress should do a more 
thorough evaluation of the benefits of focusing R&D funding on 
addressing the outstanding safety, security, and cost issues of 


LWRs rather than attempting to commercialize less mature  
reactor concepts. If the objective is to expand nuclear power   
to help deal with the climate crisis over the next few decades, 
improving LWRs could be a less risky bet.








SERIES TITLE OPTIONAL


“Advanced” Isn’t  
Always Better
Assessing the Safety, Security, and Environmental  
Impacts of Non-Light-Water Nuclear Reactors











“Advanced” Isn’t  
Always Better
Assessing the Safety, Security, and Environmental  
Impacts of Non-Light-Water Nuclear Reactors


Edwin Lyman


March 2021







ii union of concerned scientists


© 2021 Union of Concerned Scientists
All Rights Reserved


Edwin Lyman is the director of nuclear 
power safety in the UCS Climate and  
Energy Program. 


The Union of Concerned Scientists puts 
rigorous, independent science to work to 
solve our planet’s most pressing problems. 
Joining with people across the country, 
we combine technical analysis and  
effective advocacy to create innovative, 
practical solutions for a healthy, safe,  
and sustainable future.


This report is available online (in PDF 
format) at www.ucsusa.org/resources/
advanced-isnt-always-better and https://
doi.org/10.47923/2021.14000


Designed by:
David Gerratt, Acton, MA
www.NonprofitDesign.com


Cover photo: Argonne National  
Laboratory/Creative Commons  
(Flickr)


Printed on recycled paper.







iii“Advanced” Isn’t Always Better


[ contents ]


 vi Figures, Tables, and Boxes


 vii Acknowledgments


  executive summary


   2 Key Questions for Assessing NLWR Technologies


 2 Non-Light Water Reactor Technologies


 4 Evaluation Criteria


 5 Assessments of NLWR Types


 8 Safely Commercializing NLWRs: Timelines and Costs


 9 The Future of the LWR


 9 Conclusions of the Assessment


 11 Recommendations


 12 Endnotes


  chapter 1 


 13 Nuclear Power: Present and Future


 13 Slower Growth, Cost and Safety Concerns


 14 Can Non-Light-Water Reactors Revive Nuclear Power’s Prospects?


 15 A Note on Terminology


 15 The Need to Fully Vet Claims About NLWRs


 16 NLWRs: Past and Present


 19 A Host of Challenges Even for More Mature NLWR Designs


 22 Nuclear Power Growth and Climate Change Mitigation


 22 Is Development of NLWRs Essential for Nuclear Power’s Future?


  chapter 2 
 24 Nuclear Power Basics


 24 Nuclear Chain Reactions in the Reactor Core


 25 The Components of Nuclear Fuels


 28 Thermal and Fast Reactors







iv union of concerned scientists


 29 Fuel Burnup and Refueling


 30 Reactor Safety Considerations


  chapter 3 


 32 Nuclear Power Sustainability


 32 Two Primary Goals for Increasing Sustainability


 33 The Challenging and Conflicting Goals of Sustainability


 34 High-Level Waste Reduction


 39 Uranium Utilization Efficiency


  chapter 4 
 43 Nuclear Proliferation and Terrorism Risks of Nuclear Power


 44 International Standards for Detecting Diversion of Nuclear Materials  
  and Protecting Them from Theft


 46 NLWRs: Enrichment Issues


 47 Nuclear Terrorism and Proliferation Concerns of HALEU


 49 Reprocessing and NLWRs


  chapter 5 
 55 Liquid Sodium–Cooled Fast Reactors


 55 History and Current Status


 57 Fast Reactors: Cost Considerations


 59 Safety


 66 Sustainability and Proliferation/Terrorism Risk


 66 Sustainability of Once-Through Fast Reactors


 67 Time Scale and Costs


  chapter 6 


 74 High-Temperature Gas–Cooled Reactors


 74 The Technology


 75 History and Current Status


 77 Safety


 81 Sustainability







v“Advanced” Isn’t Always Better


   83 Proliferation/Terrorism Risk


   85 Readiness for Commercial Demonstration and Near-Term Deployment


  chapter 7 


   89 Molten Salt Reactors


   90 History and Current Status


   91 Safety


   94 Sustainability


102 Proliferation/Terrorism Risk


 104 Readiness for Commercial Demonstration and Deployment


  chapter 8 
 107 Breed-and-Burn Reactors


 107 The Rationale for Breed-and-Burn Reactors


 110 Breed-and-Burn Reactor Designs


 112 Sustainability


113 Proliferation/Terrorism Risk


  chapter 9 


 115 Conclusions and Recommendations


115 Conclusions


116 Recommendations


  appendix 
118 Simple Models of Fast Burner/Breeder Cycles


118 How Long Would It Take to Reduce Transuranics by a Factor of 10  
  with a Burner Reactor System?


120 How Long Would It Take for a Fast Breeder Reactor to Extract 100 Times  
  As Much Energy from Uranium Ore as an LWR?


122 Uranium Utilization Efficiency of Burner Reactors vs. Breeder Reactors


122 Waste Reduction Factor of a Breeder Reactor


124 Endnotes


126 References







vi union of concerned scientists


[ figures, tables, and boxes ]


figures


 119 Figure A.1. Heavy Metal Mass Flow for Startup and Transition Core  
  for a Fast Burner Reactor 


119 Figure A-2. Annual Heavy Metal Mass Flow at Equilibrium for a  
  Fast Burner Reactor 


121 Figure A-3. Production of Initial Core and First Reload for a Fast  
  Breeder Reactor


121 Figure A-4. Annual Heavy Metal Mass Flow at Equilibrium for  
  a Fast Breeder Reactor 


tables


    4 Table ES-1. Current Status of US NLWR Projects


    6 Table ES-2. How NLWRs Compare with LWRs on Safety,  
  Sustainability, and Proliferation Risk


  17 Table 1. Past and Present Demonstration Reactors Worldwide


boxes


 19 Box 1. Stages of Advanced Reactor Development


 26 Box 2. Reactor Stability: Controlling the Chain Reaction


 37 Box 3. Reprocessing and Recycling: Turning Spent Fuel into Fresh Fuel


 38 Box 4. What Level of Transuranic Reduction in Radioactive Waste Would  
  Make a Real Difference?


 50 Box 5. The Ups and Downs of US Reprocessing Policy


 61 Box 6. Reactivity Effects in Fast Reactors


 71 Box 7. The Pyroprocessing Files


 95 Box 8. Protactinium and the Thorium Fuel Cycle


 99 Box 9. Transatomic Power: A Cautionary Tale







vii“Advanced” Isn’t Always Better


This report was made possible with the support of the John D. and Catherine 
T. MacArthur Foundation and UCS members. 
  The author would like to thank the many UCS staff members, past and present, 
who provided invaluable input into this report: Angela Anderson, Rachel Cleetus, 
Rob Cowin, Peter Frumhoff, Lisbeth Gronlund, Kathleen Rest, and Steve Clemmer. 
He would like to thank Steve Fetter, Richard Garwin, Scott Kemp, and Frank von 
Hippel for reviewing the report and providing useful comments. He is very grateful 
to Cynthia DeRocco and Bryan Wadsworth for overseeing the report’s production, 
and to Hannah Poor and Sital Sathia for their invaluable assistance. Finally, he 
would like to thank Karin Matchett, Marc S. Miller, and Heather Tuttle for their 
excellent editing and David Gerratt for his deft layout and design.
  Organizational affiliations are listed for identification purposes only. The  
opinions expressed herein do not necessarily reflect those of the organizations  
that funded the work or the individuals who reviewed it. The Union of Concerned 
Scientists bears sole responsibility for the report’s contents.


[ acknowledgments ]











1“Advanced” Isn’t Always Better


Executive Summary


The future of nuclear power is uncertain. Because nuclear 
power is a low-carbon way to generate electricity, there is 
considerable interest in expanding its role to help mitigate 
the threat of climate change. However, the technology has 
fundamental safety and security disadvantages compared 
with other low-carbon sources. Nuclear reactors and their 
associated facilities for fuel production and waste handling 
are vulnerable to catastrophic accidents and sabotage, and 
they can be misused to produce materials for nuclear weapons. 
The nuclear industry, policymakers, and regulators must  
address these shortcomings fully if the global use of nuclear 
power is to increase without posing unacceptable risks to 
public health, the environment, and international peace  
and security. 


Despite renewed enthusiasm for nuclear power in many 
quarters, its recent growth has been far slower than antici-
pated 10 years ago. No doubt, the March 2011 Fukushima  
Daiichi accident in Japan, which resulted in three reactor 
meltdowns and widespread radiological contamination of the 
environment, has contributed to nuclear power’s stagnation. 
Even more significant has been the high cost of building new 
reactors relative to other sources of electricity—primarily  
natural gas but also, increasingly, renewable energy sources 
such as wind and solar. The current rate of construction of 
new nuclear plants around the world barely outpaces the  
retirements of operating plants that reach the ends of  
their lifetimes or are no longer economic.


In the United States, new nuclear plants have proven 
prohibitively expensive and slow to build, discouraging  
private investment and contributing to public skepticism.  
In the 2000s, amid industry hopes of a nuclear renaissance, 


the Nuclear Regulatory Commission (NRC) received applica-
tions to build more than two dozen new reactors. All were 
evolutionary versions of the light-water reactor (LWR), the 
type that comprises almost all operating reactors in the Unit-
ed States and most other countries with nuclear power. Com-
panies such as Westinghouse, which developed the AP1000, 
promised these LWR variants could be built more quickly and 
cheaply while enhancing safety. But prospective purchasers 
cancelled nearly all of those proposals even before ground 
was broken, and the utilities that started building two AP1000 
reactors at the V.C. Summer plant in South Carolina aban-
doned the project after it experienced significant cost over-
runs and delays. Only one project remains—two AP1000  
units at the Alvin W. Vogtle plant in Georgia—but its cost  
has doubled, and construction is taking more than twice  
as long as originally estimated.


Almost all nuclear power reactors operating and under 
construction today are LWRs, so called because they use  
ordinary water (H2O) to cool their hot, highly radioactive 
cores. Some observers believe that the LWR, the industry 
workhorse, has inherent flaws that are inhibiting nuclear 
power’s growth. In addition to its high cost and long   
construction time, critics point to—among other things— 
the LWR’s susceptibility to severe accidents (such as the 
meltdowns at Fukushima), their inefficient use of uranium, 
and the long-lived nuclear wastes they generate.


In response, the US Department of Energy’s national  
laboratories, universities, and numerous private vendors—
from large established companies to small startups—are  
pursuing the development of reactors that differ funda- 
mentally from LWRs. These non-light-water reactors  







2 union of concerned scientists


(NLWRs) are cooled not by water  but by other substances, 
such as liquid sodium, helium gas, or even molten salts.1


NLWRs are sometimes referred to as “advanced reac-
tors.” However, that is a misnomer for most designs being 
pursued today, which largely descend from those proposed 
many decades ago. At least one NLWR concept, the liquid 
metal–cooled fast reactor, even predates the LWR. Neverthe-
less, NLWR designers claim such reactors have innovative 
features that could disrupt the nuclear power industry and 
solve its problems. They state variously that their designs 
could lower costs, be built quickly, reduce the accumula- 
tion of nuclear waste, use uranium more efficiently, improve 
safety, and reduce the risk of nuclear proliferation. More  
specifically, they cite the advantages of features such as  
passive shutdown and cooling, the ability to consume or  
recycle nuclear waste, and the provision of high-temperature 
process heat for industrial applications such as hydrogen  
production. And some NLWR vendors claim that they  
can demonstrate, license, and deploy their designs within  
a decade or two.


Are these claims justified? How can we identify genuine 
innovations and recognize those that are likely unattain- 
able? As with any technology, an independent reality check  
is needed. From self-driving cars to cheap flights to Mars,  
the Silicon Valley–style disruptive technology model of rapid,  
revolutionary progress is not always readily adaptable to  
other engineering disciplines. And nuclear energy, which  
requires painstaking, time-consuming, and resource-intensive 
research and development (R&D), is proving to be one of  
the harder technologies to disrupt. 


In part, the nuclear industry’s push to commercialize 
NLWRs is driven by its desire to show the public and policy-
makers that there is a high-tech alternative to the static, 
LWR-dominated status quo: a new generation of “advanced” 
reactors. But a fundamental question remains: Is different  
actually better? The short answer is no. Nearly all of the  
NLWRs currently on the drawing board fail to provide  
significant enough improvements over LWRs to justify  
their considerable risks.


Key Questions for Assessing NLWR 
Technologies


It is critical that policymakers, regulators, and private  
investors fully vet the claims that the developers of NLWRs  
are making and accurately assess the prospects for both  
successful development and safe, secure, and cost-effective 
deployment. Given the urgency of the climate crisis, rigorous 
evaluation of these technologies will help our nation and  
others avoid wasting time or resources in the pursuit of  


high-risk concepts that would be only slightly better— 
or perhaps worse—than LWRs.


Key questions to consider are the following: 


•   What are the benefits and risks of NLWRs and their  
fuel cycles compared with those of LWRs?


•   Do the likely overall benefits of NLWRs outweigh  
the risks and justify the substantial public and private 
investments needed to commercialize them?


•   Can NLWRs be safely and securely commercialized  
in time to contribute significantly to averting the  
climate crisis?


To help inform policy decisions on these questions, the Union 
of Concerned Scientists (UCS) has evaluated certain claims 
about the principal types of NLWRs. In particular, this report 
compares several classes of NLWRs to LWRs with regard to 
safety and security, the risks of nuclear proliferation and nuclear 
terrorism, and “sustainability”—a term that in this context 
includes the often-claimed ability of some NLWRs to “recycle” 
nuclear waste and use mined uranium more efficiently. The 
report also considers the potential for certain NLWRs to  
operate in a once-through, “breed-and-burn” mode that 
would, in theory, make them more uranium-efficient without 
the need to recycle nuclear waste—a dangerous process that 
has significant nuclear proliferation and terrorism risks.


Non-Light-Water Reactor Technologies 


UCS considered these principal classes of NLWRs:
Sodium-cooled fast reactors (SFRs): These reactors 


are known as “fast reactors” because, unlike LWRs or other 
reactors that use lower-energy (or “thermal”) neutrons, the 
liquid sodium coolant does not moderate (slow down) the 
high-energy (or “fast”) neutrons produced when nuclear fuel 
undergoes fission. The characteristics and design features of 
these reactors differ significantly from those of LWRs, stem-
ming from the properties of fast neutrons and the chemical 
nature of liquid sodium.


Given the urgency of the 
climate crisis, rigorous
evaluation is needed to 
avoid wasting time or 
resources in the pursuit of 
high-risk energy concepts.
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High-temperature gas–cooled reactors (HTGRs): 
These reactors are cooled by a pressurized gas such as helium 
and operate at temperatures up to 800ºC, compared with 
around 300ºC for LWRs. HTGR designers developed a  
special fuel called TRISO (tristructural isotropic) to with-
stand this high operating temperature. HTGRs typically con-
tain graphite as a moderator to slow down neutrons. There 
are two main variants of HTGR. A prismatic-block HTGR 
uses conventional nuclear fuel elements that are stationary;  
in a pebble-bed HTGR, moving fuel elements circulate  
continuously through the reactor core. 


Molten salt–fueled reactors (MSRs): In contrast to 
conventional reactors that use fuel in a solid form, these use 
liquid fuel dissolved in a molten salt at a temperature of at 
least 650ºC. The fuel, which is pumped through the reactor, 
also serves as the coolant. MSRs can be either thermal reac-
tors that use a moderator such as graphite or fast reactors 
without a moderator. All MSRs chemically treat the fuel to 
varying extents while the reactor operates to remove radio-
active isotopes that affect reactor performance. Therefore,   
unlike other reactors, MSRs generally require on-site  
chemical plants to process their fuel. MSRs also need elab-
orate systems to capture and treat large volumes of highly 
radioactive gaseous byproducts.


THE FUELS FOR NON-LIGHT-WATER REACTORS 


Today’s LWRs use uranium-based nuclear fuel containing  
less than 5 percent of the isotope uranium-235. This fuel  
is produced from natural (mined) uranium, which has a  
uranium-235 content of less than 1 percent, in a complex in-
dustrial process called uranium enrichment. Fuel enriched to  
less than 20 percent U-235 is called “low-enriched uranium” 
(LEU). Experts consider it a far less attractive material for 
nuclear weapons development than “highly enriched uranium” 
(HEU), with a U-235 content of at least 20 percent.


The fuel for most NLWRs differs from that of LWRs. 
Some proposed NLWRs would use LEU enriched to between 
10 and 20 percent uranium-235; this is known as “high-assay 
low enriched uranium” (HALEU).2 While HALEU is consid-
ered impractical for direct use in a nuclear weapon, it is more 
attractive for nuclear weapons development than the LEU 
used in LWRs. Other types of NLWRs would use plutonium 
separated from spent nuclear fuel through a chemical process 
called reprocessing. Still others would utilize the isotope  
uranium-233 obtained by irradiating the element thorium. 
Both plutonium and uranium-233 are highly attractive for  
use in nuclear weapons.


Typically, the chemical forms of NLWR fuels also differ 
from those of conventional LWR fuel, which is a ceramic  


material composed of uranium oxide. Fast reactors can use 
oxides, but they can also use fuels made of metal alloys or 
chemical compounds such as nitrides. The TRISO fuel in  
HTGRs consists of tiny kernels of uranium oxide (or other 
uranium compounds) surrounded by several layers of carbon-
based materials. MSR fuels are complex mixtures of fluoride 
or chloride salt compounds.


The deployment of NLWRs also would require new  
industrial facilities and other infrastructure to produce and 
transport their different types of fuel, as well as to manage 
spent fuel and other nuclear wastes. These facilities may use 
new technologies that themselves would require significant 
R&D. They also may present different risks related to safety, 
security, and nuclear proliferation than do LWR fuel cycle 
facilities—important considerations for evaluating the  
whole system.


NON-LIGHT-WATER REACTORS: PAST AND PRESENT 


In the mid-20th century, the Atomic Energy Commission 
(AEC)—the predecessor of today’s Department of Energy 
(DOE) and the NRC—devoted considerable time and resources 
to developing a variety of NLWR technologies, supporting 
demonstration plants at various scales at sites around the 
United States. Owners of several of these reactors abandoned 
them after the reactors experienced operational problems 
(for example, the Fort St. Vrain HTGR in Colorado) or even 
serious accidents (the Fermi-1 SFR in Michigan). 


Despite these negative experiences, the DOE continued 
R&D on various types of NLWR and their fuel cycles. In the 
1990s, the DOE initiated the Generation IV program, with  
the goal of “developing and demonstrating advanced nuclear 
energy systems that meet future needs for safe, sustainable, 
environmentally responsible, economical, proliferation- 
resistant, and physically secure energy.” Although Generation 
IV identified six families of advanced reactor technology, the 
DOE has given most of its subsequent support to SFRs and 
HTGRs.


Today, a number of NLWR projects at various stages  
of development are under way, funded by both public and  
private sources (Table ES-1, p. 4). With support from Congress, 
the DOE is pursuing several new NLWR test and demonstra-
tion reactors. It is proceeding with the design and construc-
tion of the Versatile Test Reactor (VTR), an SFR that it hopes 
to begin operating in the 2026–2031 timeframe. The VTR 
would not generate electricity but would be used to test fuels 
and materials for developing other reactors. In October 2020,  
the DOE selected two NLWR designs for demonstrating  
commercial power generation by 2027: the Xe-100, a small 
pebble-bed HTGR that would generate about 76 megawatts  
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of electricity (MWe), and the 345 MWe Natrium, an SFR  
that is essentially a larger version of the VTR with a power 
production unit. The DOE is also providing funding for two 
smaller-scale projects to demonstrate molten salt technologies. 
In addition, the DOE, the Department of Defense (DOD), and 
a private company, Oklo, Inc., are pursuing demonstrations  
of so-called micro-reactors—very small NLWRs with capaci-
ties from 1 MWe to 20 MWe—and project that these will  
begin operating in the next few years. A number of  univer-
sities also have expressed interest in building small NLWRs 
for research.


Congress would need to provide sufficient and sustained 
funding for any of these projects to come to fruition. This is 
far from assured—for example, funding for the VTR to date 
has fallen far short of what the DOE has requested, all but 
guaranteeing the project will be delayed.


THE GOALS OF NEW NUCLEAR REACTOR DEVELOPMENT


If nuclear power is to play an expanded global role to help 
mitigate climate change, new reactor designs should be  
demonstrably safer and more secure—and more economical—
than the existing reactor fleet. Today’s LWRs remain far too 
vulnerable to Fukushima-like accidents, and the uranium  


enrichment plants that provide their LEU fuel can be misused 
to produce HEU for nuclear weapons. However, developing 
new designs that are clearly superior to LWRs overall is a  
formidable challenge, as improvements in one respect can 
create or exacerbate problems in others. For example, increas-
ing the physical size of a reactor core while keeping its power 
generation rate constant could make the reactor easier to  
cool in an accident, but it could also increase cost. 


Moreover, the problems of nuclear power cannot be  
fixed through better reactor design alone. Also critical is the 
regulatory framework governing the licensing, construction, 
and operation of nuclear plants and their associated fuel cycle 
infrastructure. Inadequate licensing standards and oversight 
activities can compromise the safety of improved designs.  
A key consideration is the extent to which regulators require 
extra levels of safety—known as “defense-in-depth”—to  
compensate for uncertainties in new reactor designs for 
which there is little or no operating experience.


Evaluation Criteria


UCS has considered three broad criteria for assessing the  
relative merits of NLWRs and LWRs: safety and security,  


Reactor Type Power Level Developer Funding
NRC Licensing 


Status
Planned  


Startup Date


Sodium-Cooled Fast Reactors


Versatile Test Reactor 300 MWtha DOE DOE Not NRC licensed 2026–2031


Natrium 840 MWth/345 MWe TerraPower-GE 
Hitachi


50–50 cost share 
with /ARDPb


Preapplication 2025–2027


Aurora Powerhousec 4 MWth/1.5 MWe Oklo, Inc. Mostly private; 
some DOE  


subsidy


Combined operating license 
accepted for technical 


review June 2020


Early 2020s


High-Temperature Gas–Cooled Reactors


Xe-100 4 x 200 MWth  
(76–80 MWe)


X-Energy 50-50 cost share 
with ARDP


Preapplication 2025–2027


Molten Salt–Fueled Reactors


IMSR 440 MWth/  
up to 195 MWe


Terrestrial  
Energy


Private Preapplication
—


Hermes reduced-
scale test reactord


Full-scale Kairos  
reactor 320 MWth/ 
140 MWe; reduced 
scale > 50 MWth


Kairos Power 80 percent 
ARDP; 20 percent 


private


Preapplication 2027


TABLE ES-1. Current Status of US NLWR Projects


a  MWth: megawatts of thermal energy. MWe: megawatts of electricity. 
b ARDP: DOE Advanced Reactor Demonstration Program 
c The Aurora is potassium-cooled, with liquid sodium bonding contained in the fuel rods.  
d The Hermes is not molten salt–fueled but uses TRISO fuel and a molten-salt coolant.
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sustainability, and risks associated with nuclear proliferation 
and nuclear terrorism.


One characteristic that UCS did not consider here is  
the ability of reactors to provide high-temperature process 
heat for industrial applications—sometimes cited as a major 
advantage of NLWRs. However, potential industrial users 
have demonstrated little interest in these applications to date, 
and will likely continue to be wary of co-locating nuclear 
power plants at their facilities until outstanding safety, security, 
and reliability issues are fully addressed. It is also doubtful 
that industrial users would want to assume the cost and  
responsibility of managing the reactors’ nuclear wastes. Con-
sequently, UCS regards the generation of high-temperature 
process heat as a secondary objective that would first require 
significant improvements in nuclear safety and security.3


Safety and security risk is the vulnerability of reactors 
and fuel cycle facilities to severe accidents or terrorist attacks 
that result in significant releases of radioactivity to the envi-
ronment. Routine radioactive emissions are also a consider-
ation for some designs. The UCS assessment primarily used 
qualitative judgments to compare the safety of reactor types, 
because quantitative safety studies for NLWRs with the same 
degree of accuracy and rigor as for LWRs are not yet available. 
Far fewer data are available to validate safety studies of NLWRs 
than of LWRs, which have accumulated a vast amount of  
operating data. 


Sustainability, in this context, refers to the amount of 
nuclear waste generated by reactors and fuel facilities that 
requires secure, long-term disposal, as well as to the efficiency 
of using natural (mined) uranium and thorium. Sustainability 
criteria can be quantified but typically have large uncertainties. 
To account for those uncertainties, this report considers that 
sustainability parameters, such as the amount of heat-bearing 
transuranic (TRU) elements requiring long-term geologic 
disposal, would have to improve by a factor of 10 or more  
to be significant.


Nuclear proliferation and nuclear terrorism risk  
is the danger that nations or terrorist groups could illicitly 
obtain nuclear-weapon-usable materials from reactors or  
fuel cycle facilities. LWRs operating on a once-through fuel 
cycle present relatively low proliferation and terrorism risks.  
However, any nuclear fuel cycle that utilizes reprocessing  
and recycling of spent fuel poses significantly greater nuclear 
proliferation and terrorism risks than do LWRs without  
reprocessing, because it provides far greater opportunities  
for diversion or theft of plutonium and other nuclear-weapon-
usable materials. International safeguards and security  
measures for reactors and fuel cycles with reprocessing are 
costly and cumbersome, and they cannot fully compensate  
for the increased vulnerability resulting from separating 


weapon-usable materials. Also using HALEU instead of  
less-enriched forms of LEU would increase proliferation  
and terrorism risks, although to a far lesser extent than  
using plutonium or uranium-233.


Nuclear proliferation is not a risk in the United States 
simply because it already possesses nuclear weapons and  
is designated as a nuclear-weapon state under the Nuclear 
Non-Proliferation Treaty. As such, it is not obligated to sub-
mit its nuclear facilities and materials for verification by the 
International Atomic Energy Agency (IAEA), although it  
can do so voluntarily. However, US reactor development does 
have implications for proliferation, both because US vendors 
seek to export new reactors to other countries and because 
other countries are likely to emulate the US program. The 
United States has the responsibility to set a good inter- 
national example by ensuring its own nuclear enterprise 
meets the highest nonproliferation standards.4


Not all these criteria are of equal weight. UCS maintains 
that increasing safety and reducing the risk of proliferation 
and terrorism should take priority over increasing sustain-
ability for new reactor development at the present time.  
Given that uranium is now cheap and abundant, there is  
no urgent need to develop reactors that use less. Even so, 
there would be benefits from reducing the need for uranium 
mining, which is hazardous to workers and the environment 
and historically has had a severe impact on disadvantaged 
communities. Developing more efficient reactors may become 
more useful if the cost of mined uranium increases signifi-
cantly, whether due to resource depletion or strengthened 
protections for occupational health and the environment.   
 UCS also did not consider the potential for NLWRs to be 
more economical than LWRs. Although economics is a critical 
consideration and is interrelated with the criteria listed 
above, such an evaluation would depend on many open and 
highly uncertain issues, such as final design details, future 
regulatory requirements, and supply chain availability.


Assessments of NLWR Types


UCS has reviewed hundreds of documents in the available 
literature to assess the comparative risks and benefits  
of the three major categories of NLWR with respect  
to the three evaluation criteria (Table ES-2, p. 6).


SODIUM-COOLED FAST REACTORS


Safety and Security Risk: SFRs have numerous safety prob-
lems that are not issues for LWRs. Sodium coolant can burn  
if exposed to air or water, and an SFR can experience rapid 
power increases that may be hard to control. It is even possible 
that an SFR core could explode like a small nuclear bomb under 
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severe accident conditions. Of particular concern is the poten-
tial for a runaway power excursion: if the fuel overheats and 
the sodium coolant boils, an SFR’s power will typically  
increase rapidly rather than decrease, resulting in a positive 
feedback loop that could cause core damage if not quickly 
controlled. 


Chernobyl Unit 4 in the former Soviet Union, although 
not a fast reactor, had a similar design flaw—known as a  
“positive void coefficient.” It was a major reason for the  
reactor’s catastrophic explosion in 1986. A positive void  
coefficient is decidedly not a passive safety feature—and it 
cannot be fully eliminated by design in commercial-scale 
SFRs. To mitigate these and other risks, fast reactors should 
have additional engineered safety systems that LWRs do  
not need, which increases capital cost.


Sustainability: Because of the properties of fast neutrons, 
fast reactors do offer, in theory, the potential to be more sus-
tainable than LWRs by either using uranium more efficiently 
or reducing the quantity of TRU elements present in the reac-
tor and its fuel cycle. This is the only clear advantage of fast 
reactors compared with LWRs. However, once-through fast 
reactors such as the Natrium being developed by TerraPower, 
a company founded and supported by Bill Gates, would be 
less uranium-efficient than LWRs. To significantly increase 
sustainability, most fast reactors would require spent fuel  
reprocessing and recycling, and the reactors and associated 
fuel cycle facilities would need to operate continuously at  
extremely high levels of  performance for many hundreds or 
even thousands of years. Neither government nor industry can 
guarantee that future generations will continue to operate 


TABLE ES-2. How NLWRs Compare with LWRs on Safety, Sustainability, and Proliferation Risk


 


 NLWR Types  Safety


Sustainability


Nuclear 
Proliferation/


Terrorism


Long-Lived 
Waste 


Generation
Resource 
Efficiency


Sodium-Cooled Fast Reactors


Conventional burner or breeder 
(Plutonium/TRU, with reprocessing)


– – – ++ + – – –


Conventional: Natrium  
(HALEU, once-through)


– – – – – – – – –


Breed-and-burn mode  
(HALEU, once-through)


– – – – – + + +


High-Temperature Gas–Cooled Reactors


Prismatic-block  
(HALEU, once-through)


N – – –


Pebble-bed: Xe-100 
(HALEU, once-through)


N – – – –


Molten Salt–Fueled Reactors


Thermal: IMSR/TAP  
(LEU <5% U-235)


– – – + – –


Thermal: Thorcon  
(HALEU/Thorium/U-233)


– – – – + – –


Thermal: Molten Salt Breeder 
(HALEU/Thorium/U-233)


– – – ++ ++ – – –


Molten Salt Fast Reactor  
(TRU/Thorium/U-233)


– – – +++ ++ – – –


Significantly Worse Moderately Worse Slightly Worse Not Enough Information


Slightly Better Moderately Better Significantly Better
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and replace these facilities indefinitely. The enormous capital 
investment needed today to build such a system would only 
result in minor sustainability benefits over a reasonable 
timeframe. 


Nuclear Proliferation/Terrorism: Historically, fast  
reactors have required plutonium or HEU-based fuels, both 
of which could be readily used in nuclear weapons and there-
fore entail unacceptable risks of nuclear proliferation and 
nuclear terrorism. Some SFR concepts being developed today 
utilize HALEU instead of plutonium and could operate on a 
once-through cycle. These reactors would pose lower prolif-
eration and security risks than would plutonium-fueled fast 
reactors with reprocessing, but they would have many of the 
same safety risks as other SFRs. And, as pointed out, most 
once-through SFRs would actually be less sustainable than 
LWRs and thus unable to realize the SFR’s main benefit.  
For this reason, these once-through SFRs are likely to be 
“gateway” reactors that would eventually transition to SFRs 
with reprocessing and recycling. The only exceptions—if 
technically feasible—are once-through fast reactors operating 
in breed-and-burn mode. However, the only breed-and-burn 
reactor that has undergone significant R&D, TerraPower’s 
“traveling-wave reactor,” was recently suspended after  
more than a decade of work, suggesting that its technical 
challenges proved too great. 


HIGH-TEMPERATURE GAS-COOLED REACTORS 


Safety and Security Risk: HTGRs have some attractive  
safety features but also a number of drawbacks. Their safety 
is rooted in the integrity of TRISO fuel, which has been  
designed to function at the high normal operating temperature 
of an HTGR (up to 800ºC) and can retain radioactive fission 
products up to about 1,600ºC if a loss-of-coolant accident  
occurs. However, if the fuel heats up above that temperature— 
as it could in the Xe-100—its release of fission products speeds 
up significantly. So, while TRISO has some safety benefits,  
the fuel is far from meltdown-proof, as some claim. Indeed, a 
recent TRISO fuel irradiation test in the Advanced Test Reac-
tor in Idaho had to be terminated prematurely when the fuel 
began to release fission products at a rate high enough to 
challenge off-site radiation dose limits. 


The performance of TRISO fuel also depends critically 
on the ability to consistently manufacture fuel to exacting 
specifications, which has not been demonstrated. HTGRs are 
also vulnerable to accidents in which air or water leaks into the 
reactor; this is much less of a concern for LWRs. And the mov-
ing fuel in pebble-bed HTGRs introduces novel safety issues. 


Despite these unknowns, HTGRs are being designed 
without the conventional leak-tight containments that LWRs 
have—potentially cancelling out any inherent safety benefits 


provided by the design and fuel. Given the uncertainties, much 
more testing and analysis are necessary to determine conclu-
sively if HTGRs would be significantly safer than LWRs. 


Sustainability: HTGRs are less sustainable than LWRs 
overall. They use uranium no more efficiently due to their use 
of HALEU, and they generate a much larger volume of highly 
radioactive waste. Although pebble-bed HTGRs are some-
what more flexible and uranium-efficient than prismatic-block 
HTGRs, the difference is not enough to overcome the penalty 
from using HALEU fuel.


Nuclear Proliferation/Terrorism: HTGRs raise addi-
tional proliferation issues compared with LWRs. Current HTGR 
designs use HALEU, which poses a greater security risk than 
the LEU grade used by LWRs, and TRISO fuel fabrication  
is more challenging to monitor than LWR fuel fabrication. 
Also, it is difficult to accurately account for nuclear material 
at pebble-bed HTGRs because fuel is continually fed into and 
removed from the reactor as it operates. On the other hand,  
it may be more difficult for a proliferator to reprocess TRISO 
spent fuel than LWR spent fuel to extract fissile material  
because the required chemical processes are less mature. 


MOLTEN SALT–FUELED REACTORS


Safety and Security Risk: MSR advocates point to the fact 
that this type of reactor cannot melt down—the fuel is already 
molten. However, this simplistic argument belies the fact that 
MSR fuels pose unique safety issues. Not only is the hot liquid 
fuel highly corrosive, but it is also difficult to model its com-
plex behavior as it flows through a reactor system. If cooling 
is interrupted, the fuel can heat up and destroy an MSR in  
a matter of minutes. Perhaps the most serious safety flaw  
is that, in contrast to solid-fueled reactors, MSRs routinely 
release large quantities of gaseous fission products, which 
must be trapped and stored. Some released gases quickly  
decay into troublesome radionuclides such as cesium-137— 
the highly radioactive isotope that caused persistent and  
extensive environmental contamination following the  
Chernobyl and Fukushima nuclear accidents.


Sustainability: A main argument for MSRs is that they 
are more flexible and can operate more sustainably than reac-
tors using solid fuel. In theory, some MSRs would be able to 
use natural resources more efficiently than LWRs and gener-
ate lower amounts of long-lived nuclear waste. However, the 
actual sustainability improvements for a range of thermal  
and fast MSR designs are too small, even with optimistic  
performance assumptions, to justify their high safety and  
security risks. 


Nuclear Proliferation/Terrorism: MSRs present 
unique challenges for nuclear security because it would be 
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very difficult to account for nuclear material accurately as  
the liquid fuel flows through the reactor. In addition, some 
designs require on-site, continuously operating fuel repro-
cessing plants that could provide additional pathways for  
diverting or stealing nuclear-weapon-usable materials.


MSRs could also endanger global nuclear security by  
interfering with the worldwide network of radionuclide  
monitors put into place to verify compliance with the Com-
prehensive Nuclear Test Ban Treaty after it enters into force.5 
MSRs release vast quantities of the same radioactive xenon 
isotopes that are signatures of clandestine nuclear explo-
sions—an issue that MSR developers do not appear to have 
addressed. It is unclear whether it would be feasible or  
affordable to trap and store these isotopes at MSRs to the  
degree necessary to avoid degrading the effectiveness of  
the monitoring system to detect treaty violations.


Safely Commercializing NLWRs:  
Timelines and Costs


Can NLWRs be deployed quickly enough to play a significant 
role in reducing carbon emissions and avoiding the worst  
effects of climate change? The 2018 special report of the  
UN’s Intergovernmental Panel on Climate Change identified 
85 energy supply pathways to 2050 capable of achieving the 
Paris Agreement target of limiting global mean temperature 
rise to 1.5°C. The median capacity of nuclear power in 2050 
across those pathways is about 150 percent over the 2020 level. 
Taking into account planned retirements, this corresponds  
to the equivalent of at least two dozen 1,000 MWe reactors  
coming online globally each year between now and 2050— 
five times the recent global rate of new LWR construction.  
If the world must wait decades for NLWRs to be commercially 
available, they would have to be built even faster to fill the  
gap by 2050.


Some developers of NLWRs say that they will be able to 
meet this challenge by deploying their reactors commercially 
as soon as the late 2020s. However, such aggressive timelines 
are inconsistent with the recent experience of new reactors 
such as the Westinghouse AP1000, an evolutionary LWR.  
Although the AP1000 has some novel features, its designers 
leveraged many decades of LWR operating data. Even so,  
it took more than 30 years of research, development, and con-
struction before the first AP1000—the Sanmen Unit 1 reactor 
in China—began to produce power in 2018.


How, then, could less-mature NLWR reactors be com-
mercialized so much faster than the AP1000? At a minimum, 
commercial deployment in the 2020s would require bypass-
ing two developmental stages that are critical for assuring 
safety and reliability: the demonstration of prototype reactors 


at reduced scale and at full scale. Prototype reactors are typi-
cally needed for demonstrating performance and conducting 
safety and fuel testing to address knowledge gaps in new  
reactor designs. Prototypes also may have additional safety 
features and instrumentation not included in the basic  
design, as well as limits on operation that would not apply  
to commercial units.


By a 2017 report, the DOE asserted that SFRs and HTGRs 
were mature enough for commercial demonstrations without 
the need for additional prototype testing. For either of these 
types, the DOE estimated it would cost approximately $4 bil- 
lion and take 13 to 15 years to complete a first commercial 
demonstration unit, assuming that reactor construction and 
startup testing take seven years. After five years of operating 
the demonstration unit, additional commercial units could 
follow in the mid-2030s. 


In contrast, for MSRs and other lower-maturity designs, 
the DOE report judged that both reduced-scale and full-scale 
prototypes (which the report referred to as “engineering”  
and “performance” demonstrations, respectively) would be 
needed before a commercial demonstration reactor could be 
built. These additional stages could add $2 billion to $4 bil-
lion to the cost and 20 years to the development timeline.  
The subsequent commercial demonstration would not begin 
until 2040; reactors would not be available for sale until the  
mid-2040s or even the 2050s. 


In May 2020, after receiving $160 million in initial con-
gressional funding for the new Advanced Reactor Demonstra-
tion Program (ARDP), the DOE issued a solicitation for two 
“advanced” commercial demonstration reactors. In October 
2020, the DOE chose SFR and HTGR designs—as one might 
expect given its 2017 technology assessment. The DOE esti-
mates that these projects will cost up to $3.2 billion each 
(with the vendors contributing 50 percent) for the reactors 
and their supporting fuel facilities. The department is requir-
ing that the reactors be operational within seven years, a 
timeline—including NRC licensing, construction, fuel pro-
duction, and startup testing—that it acknowledges is very 
aggressive. 


Commercial deployment 
in the 2020s would require 
bypassing prototype 
stages that are critical 
for assuring safety and 
reliability.
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However, even if this deadline can be met and the reac-
tors work reliably, subsequent commercial units likely would 
not be ordered before the early 2030s. Moreover, it is far from 
certain that the two designs the DOE selected for the ARDP 
are mature enough for commercial demonstration. Past dem-
onstrations of both SFRs and HTGRs have encountered safety 
and reliability problems. Additionally, for both reactor types, 
the DOE has chosen designs that differ significantly from  
past demonstration reactors. 


In the 1990s, the NRC concluded that it would require 
information from representative prototype testing prior  
to licensing either of these reactor types—but no prototypes 
were ever built. More recently, in a letter to the NRC, the 
agency’s independent Advisory Committee on Reactor  
Safeguards reaffirmed the importance of prototypes in new 
reactor development. Nevertheless, the NRC—a far weaker 
regulator today—has apparently changed its position and  
may proceed with licensing the ARDP demonstration reac-
tors without requiring prototype testing first. But by skipping  
prototype testing and proceeding directly to commercial 
units, these projects may run not only the risk of experi- 
encing unanticipated reliability problems, but also the risk  
of suffering serious accidents that could endanger public 
health and safety.


An additional challenge for NLWR demonstrations  
and subsequent commercial deployment is the availability  
of fuels for those reactors, which would differ significantly 
from the fuel that today’s LWRs use. Even a single small  
reactor could require a few tons of HALEU per year—far 
more than the 900 kilograms per year projected to be avail-
able over the next several years from a DOE-funded pilot  
enrichment plant that Centrus Energy Corporation is build-
ing in Piketon, Ohio. It is far from clear whether that pilot 
will succeed and can be scaled up in time to support the  
two NLWR demonstrations by 2027, not to mention the  
numerous other HALEU-fueled reactor projects that  
have been proposed.


The Future of the LWR


Those who argue that nuclear power’s progress depends on 
developing NLWRs have not made a persuasive case that the 
LWR has no future. LWR technology can realize nearly all  
the technological innovations attributed to NLWR designs, 
including passive safety features, the potential for modular 
construction, the use of advanced fuels, non-electric applica-
tions, greater plant autonomy to minimize labor costs, and 
underground siting. Although the LWR has its issues, NLWR 
designs clearly confront a different but no less formidable  
set of safety, security, and proliferation challenges.


A further consideration is how long it will take for new 
reactor types to achieve reliable performance once deployed. 
It took three decades for plant operators and researchers to 
increase the average capacity factor of the US fleet of LWRs 
from 50 to 90 percent. The relatively low state of maturity  
of NLWR technologies does not support the notion that these 
reactors will be able to achieve a similar level of performance 
in significantly less time. 


Conclusions of the Assessment 


The non-light-water nuclear reactor landscape is vast and 
complex, and it is beyond the scope of this report to survey 
the entire field in depth. Nevertheless, enough is clear even  
at this stage to draw some general conclusions regarding  
the safety and security of NLWRs and their prospects  
for rapid deployment. 


Based on the available evidence, the NLWR designs  
currently under consideration (except possibly once-through, 
breed-and-burn reactors) do not offer obvious improvements 
over LWRs significant enough to justify their many risks.  
Regulators and other policymakers would be wise to look 
more closely at the nuclear power programs under way to 
make sure they prioritize safety and security. Future appro-
priations for NLWR technology research, development,  
and deployment should be guided by realistic assessments  
of the likely societal benefits that would result from the  
investment of billions of taxpayer dollars. 


Little evidence supports claims that NLWRs will be  
significantly safer than today’s LWRs. While some NLWR 
designs offer some safety advantages, all have novel  
characteristics that could render them less safe.


All NLWR designs introduce new safety issues that will  
require substantial analysis and testing to fully understand 
and address—and it may not be possible to resolve them fully. 
To determine whether any NLWR concept will be significantly 
safer than LWRs, the reactor must achieve an advanced stage 
of technical maturity, undergo complete comprehensive  
safety testing and analysis, and acquire significant operating 
experience under realistic conditions.


The claim that any nuclear reactor system can “burn”  
or “consume” nuclear waste is a misleading oversimplifi-
cation. Reactors can actually use only a fraction of spent 
nuclear fuel as new fuel, and separating that fraction  
increases the risks of nuclear proliferation and terrorism. 


No nuclear reactor can use spent nuclear fuel directly as fresh 
fuel. Instead, spent fuel has to be “reprocessed”—chemically 
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Most NLWR designs 
under consideration 
do not offer obvious 
improvements over LWRs 
significant enough to 
justify their many risks.


treated to extract plutonium and other TRU elements, which 
must then be refabricated into new fuel. This introduces a 
grave danger: plutonium and other TRU elements can be used 
in nuclear weapons. Reprocessing and recycling render these 
materials vulnerable to diversion or theft and increases the 
risks of nuclear proliferation and terrorism—risks that are 
costly to address and that technical and institutional measures 
cannot fully mitigate. Any fuel cycle that requires reprocess-
ing poses inherently greater proliferation and terrorism risks 
than the “once-through” cycle with direct disposal of spent 
fuel in a geologic repository.


uranium-efficient reactors at a time when uranium is cheap 
and abundant, reducing uranium mining may be beneficial  
for other reasons, and such reactors may be useful for the  
future. However, many technical challenges would have to  
be overcome to achieve breed-and-burn operation, including 
the development of very-high-burnup fuels. The fact that 
TerraPower suspended its project after more than a decade  
of development to pursue a more conventional and far less 
uranium-efficient SFR, the Natrium, suggests that these  
challenges have proven too great.


High-assay low enriched uranium (HALEU) fuel,  
which is needed for many NLWR designs, poses higher  
nuclear proliferation and nuclear terrorism risks than 
the lower-assay LEU used by the operating LWR fleet.


Many NLWR designs require uranium enriched to higher  
levels than the 5 percent U-235 typical of LWR fuel. Although 
uranium enriched to between 10 and 20 percent U-235  
(defined here as HALEU) is considered impractical for direct  
use in nuclear weapons, it is more attractive for weapons use—
and requires more stringent security—than the lower-assay 
enriched uranium in current LWRs. 


The significant time and resources needed to safely  
commercialize any NLWR design should not be 
underestimated.


It will likely take decades and many billions of dollars to develop 
and commercially deploy any NLWR design, together with its 
associated fuel cycle facilities and other support activities. 
Such development programs would come with a significant 
risk of delay or failure and require long-term stewardship and 
funding commitments. And even if a commercially workable 
design were demonstrated, it would take many more years 
after that to deploy a large number of units and operate  
them safely and reliably. 


Vendors that claim their NLWRs could be commercial-
ized much more quickly typically assume that their designs 
will not require full-scale performance demonstrations and 
extensive safety testing, which could add well over a decade 
to the development timeline. However, current designs for 
sodium-cooled fast reactors and high-temperature gas-cooled 
reactors differ enough from past reactor demonstrations that 
they cannot afford to bypass additional full-scale prototype 
testing before licensing and commercial deployment. Molten 
salt–fueled reactors have only had small-scale demonstrations 
and thus are even less mature. NLWRs deployed commer-
cially at premature stages of development run a high risk  
of poor performance and unexpected safety problems. 


Some NLWRs have the potential for greater sustainabil-
ity than LWRs, but the improvements appear to be too 
small to justify their proliferation and safety risks. 


Although some NLWR systems could use uranium more  
efficiently and generate smaller quantities of long-lived TRU 
isotopes in nuclear waste, for most designs these benefits 
could be achieved only by repeatedly reprocessing spent fuel 
to separate out these isotopes and recycle them in new fuel—
and that presents unacceptable proliferation and security  
risks. In addition, reprocessing plants and other associated 
fuel cycle facilities are costly to build and operate, and they 
increase the environmental and safety impacts compared 
with the LWR once-through cycle. Moreover, the sustain-
ability increases in practice would not be significant in  
a reasonably foreseeable time frame. 


Once-through, breed-and-burn reactors have the poten-
tial to use uranium more efficiently without reprocessing, 
but many technical challenges remain.


One type of NLWR system that could in principle be more 
sustainable than the LWR without increasing proliferation 
and terrorism risks is the once-through, breed-and-burn  
reactor. Concepts such as TerraPower’s traveling-wave reac-
tor could enable the use of depleted uranium waste stockpiles 
as fuel, which would increase the efficiency of uranium use. 
Although there is no economic motivation to develop more 
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Recommendations


The DOE should suspend the advanced reactor demon-
stration program pending a finding by the NRC whether 
it will require full-scale prototype testing before licens-
ing the two chosen designs as commercial power reactors.


The DOE has selected two NLWR designs, the Natrium SFR 
and the Xe-100 pebble-bed HTGR, for demonstration of full-
scale commercial operation by 2027. However, the NRC has 
yet to evaluate whether these designs are mature enough that 
it can license them without first obtaining data from full-scale 
prototype plants to demonstrate novel safety features, vali-
date computer codes, and qualify new types of fuel in repre-
sentative environments. Without such an evaluation, the  
NRC will likely lack the information necessary to ensure  
safe, secure operation of these reactors. The DOE should  
suspend the Advanced Reactor Demonstration Program until 
the NRC—in consultation with the agency’s Advisory Com-
mittee on Reactor Safeguards and external experts—has  
determined whether prototypes will be needed first. 


Congress should require that an independent, trans- 
parent, peer-review panel direct all DOE R&D on new  
nuclear concepts, including the construction of  
additional test or demonstration reactors. 


Given the long time and high cost required to commercialize 
NLWR designs, the DOE should provide funding for NLWR 
R&D judiciously and only for reactor concepts that offer  
a strong possibility of significantly increasing safety and  
security—and do not increase proliferation risks. Moreover, 
unlike the process for selecting the two reactor designs for 
the Advanced Reactor Demonstration Program, decision-
making should be transparent.6 Congress should require  
that the DOE convene an independent, public commission  
to thoroughly review the technical merits of all NLWR  
designs proposed for development and demonstration, 
including those already selected for the ARDP. The com- 
mission, whose members should represent a broad range  
of expertise and perspectives, would recommend funding 
only for designs that are highly likely to be commercialized 
successfully while achieving clearly greater safety and  
security than current-generation LWRs. 


The DOE and other agencies should thoroughly assess 
the implications for proliferation and nuclear terrorism 
of the greatly expanded production, processing, and 
transport of the high-assay low-enriched uranium 
(HALEU) required to support the widespread deploy-
ment of NLWRs.


Large-scale deployment of NLWRs that use HALEU fuel  
will require establishing a new industrial infrastructure for 
producing and transporting the material. The DOE is actively 
promoting the development of HALEU-fueled reactor designs 
for export. Given that HALEU is a material of higher security 
concern than lower-assay LEU, Congress should require that 
the DOE immediately assess the proliferation and nuclear 
terrorism implications of transitioning to the widespread use 
of HALEU worldwide. This assessment should also address 
the resource requirements for the security and safeguards 
measures needed to ensure that such a transition can occur 
without an unacceptable increase in risk.


Congress should require  
that the DOE convene  
an independent, public 
commission to thoroughly 
review the technical merits 
of all NLWR designs 
proposed for development 
and demonstration.


The United States should make all new reactors and  
associated fuel facilities eligible for IAEA safeguards  
and provide that agency with the necessary resources  
for carrying out verification activities.


The IAEA, which is responsible for verifying that civilian  
nuclear facilities around the world are not being misused  
to produce materials for nuclear weapons, has limited or no 
experience in safeguarding many types of NLWRs and their 
associated fuel cycle facilities. NLWR projects being consid-
ered for deployment in the United States, such as the Natrium 
SFR and the Xe-100 pebble-bed HTGR, would provide ideal 
test beds for the IAEA to develop safeguards approaches.  
However, as a nuclear-weapon state, the United States is not 
obligated to give the IAEA access to its nuclear facilities. To 
set a good example and advance the cause of nonproliferation, 
the United States should immediately provide the IAEA with 
permission and funding to apply safeguards on all new US 
nuclear facilities, beginning at the design phase. This would 
help to identify safeguard challenges early and give the IAEA 
experience in verifying similar facilities if they are deployed 
in other countries.
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The DOE and Congress should consider focusing nuclear 
energy R&D on improving the safety and security of 
LWRs, rather than on commercializing immature NLWR 
designs. 


LWR technology benefits from a vast trove of information 
resulting from many decades of acquiring experimental data, 
analysis, and operating experience—far more than that avail-
able for any NLWR. This gives the LWR a significant advan-
tage over other nuclear technologies. The DOE and Congress 
should do a more thorough evaluation of the benefits of  
focusing R&D funding on addressing the outstanding safety, 
security, and cost issues of LWRs rather than attempting to 
commercialize less mature reactor concepts. If the objective 
is to expand nuclear power to help deal with the climate   
crisis over the next few decades, improving LWRs could  
be a less risky bet.


EXECUTIVE SUMMARY ENDNOTES


1  This report focuses on non-LWRs rather than LWR designs that differ from 
the operating fleet, such as the NuScale small modular reactor (SMR) design 
now under review by the Nuclear Regulatory Commission. UCS previously 
evaluated issues related to small modular LWRs in its 2013 report Small 
Isn’t Always Beautiful. This report also does not discuss nuclear fusion  
reactors; despite some recent progress, these likely remain even further  
away from commercialization than the early-stage fission reactor concepts. 


2  Some sources define HALEU as LEU enriched from 5 percent to less than  
20 percent uranium-235. However, this range does not align with the nuclear 
security risk of different grades of LEU. This report adopts the definition  
of HALEU used by the uranium enrichment consortium URENCO.


3  In any event, non-LWRs do not have a monopoly on non-electric applications. 
Current-generation LWRs as well as small modular LWRs are being piloted 
for non-electricity applications such as producing hydrogen. At least one type 
of novel LWR, the super-critical LWR, would be capable of producing high-
temperature steam, but it is not currently under development. 


4  One way to do that would be for the United States to designate all new  
reactors and fuel cycle facilities as eligible for IAEA safeguards. This would 
give the agency an opportunity to develop verification approaches for new 
facility types—if such approaches are feasible. 


5  The treaty names 44 countries that must sign and ratify it before it enters 
into force. To date, eight of these countries have not ratified and/or signed 
the treaty—including the United States, which has signed but not ratified it. 


6  Although the DOE has said that an external review of its selections took 
place, it has not publicly released the reviewers’ names and affiliations— 
nor has it publicly documented their findings. 
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Nuclear Power: Present and Future


[ chapter 1 ]


The future of nuclear power is uncertain, both in the United 
States and worldwide. Because nuclear power is a low-carbon 
way to generate electricity, there is considerable interest in 
expanding its role to help mitigate the threat of climate change. 
However, the technology has fundamental safety and security 
disadvantages compared with other low-carbon sources. The 
nuclear industry, policymakers, and regulators must address 
these shortcomings fully if the global use of nuclear power is 
to increase around the world without posing unacceptable 
risks to public health, the environment, and international 
peace and security. 


Almost all nuclear power reactors operating today  
are light-water reactors (LWRs), so called because they use 
ordinary water (H2O) as a coolant.1 Of the approximately  
50 power reactors under construction around the world, all 
but a few are water-cooled. Most new projects are conven-
tionally sized large reactors with power production capacities 
of at least 3400 megawatts of thermal energy (MWth), equiv-
alent to about 1,100 megawatts of electricity (MWe).


Slower Growth, Cost and Safety Concerns


Despite renewed enthusiasm for nuclear power in many 
quarters, its recent growth has been far slower than antici-
pated ten years ago amid continuing debate over its risks, 
costs, and benefits (Schneider et al. 2020). At the end of 2010, 
there were 441 operating nuclear power reactors worldwide, 
with a total electrical power capacity of 375 gigawatts of  
electricity (GWe) (IAEA 2011). At the end of 2019, there were 
443 operating reactors—only two more than in 2010—with a 
total generating capacity of 392 GWe (IAEA 2020). In 2019, 
these reactors generated 2,657 terawatt-hours of electricity, 


or 10.4 percent of total electricity generation. This actually 
represented a decrease of over 20 percent in the share of the 
global electricity demand met by nuclear energy compared  
to 2010 (IAEA 2020). 


There are a number of reasons why global nuclear power 
capacity and its share of electricity demand has not increased 
over the last decade, despite prior expectations of a so-called 
nuclear renaissance. The Fukushima Daiichi triple nuclear 
reactor meltdown in Japan in 2011 no doubt played a role in 
slowing down nuclear power expansion in some countries. 
The accident contaminated a wide area with long-lived radio-
activity and led to a prolonged shutdown of Japan’s other  
nuclear plants. Japan’s nuclear sector may not return to its 
level prior to the accident for decades, if ever. The accident 
caused some countries, such as China, to temporarily pause 
nuclear plant construction, and even prompted some others, 
such as Switzerland, to decide to phase out nuclear power 
entirely. 


However, the Fukushima accident has not proven to  
be a decisive consideration for most other countries’ energy 
programs. A more significant factor affecting nuclear energy’s 
prospects is its high cost today relative to other sources of 
electricity—primarily natural gas but also, increasingly,  
renewable energy sources such as wind and solar. 


NEW NUCLEAR: PROHIBITIVELY EXPENSIVE


In the United States, new nuclear plant projects have proved 
to be prohibitively expensive and have lengthy construction 
times, discouraging private investment. The only reactors  
being built in the United States today, two 1100 MWe West-
inghouse AP1000 units at the Vogtle plant in Georgia, are  
now projected to cost nearly $14 billion each and will take 
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 at least a decade to complete—twice the cost and more than 
twice as long as original estimates (Nuclear Engineering  
International 2020). (This estimate predated the 2020 coro-
navirus pandemic, which has caused further delays.) Similar 
problems have plagued the 1600 MWe reactors of Areva’s 
EPR design being built at Olkiluoto in Finland, Flamanville  
in France, and Hinkley Point in the United Kingdom. In the 
United States, even some nuclear plants already operating are 
costlier to run than natural gas plants and new wind and solar 
projects, and are being retired before they reach the end of 
their service lives (Clemmer et al. 2018).  


Most reactors under construction today are in countries 
that provide substantial government support, such as China, 
and are less susceptible to market pressures. Even for such 
countries, however, cost is still a factor. Government treasuries 
are not unlimited, and nuclear power subsidies must compete 
with other uses of public funds. For example, China’s nuclear 
power growth has slowed, and its total nuclear capacity at  
the end of 2020, around 50 GWe, fell short of its aggressive 
target of 58 GWe. 


Assuming that market conditions do not change signifi-
cantly, the future of nuclear energy around the world over the 
next few decades will depend in large part on national decisions 
about the role nuclear power should play in addressing climate 
change and the extent to which governments should under-
write them. In its 2020 annual report, the International 
Atomic Energy Agency (IAEA) estimated that by 2050, the 
change in world nuclear-energy generating capacity could 
range from an increase of 82 percent for its “high case” pro-
jection to a decrease of seven percent in the “low case” (IAEA 
2020). The IAEA’s high case corresponds to an average annual 
increase of around 10 GWe per year (about 10 conventionally 
sized reactors)—lower than past projections but still higher 
than recent annual growth.2 However, since 2014, an average 
of fewer than five new reactor construction projects have 
started up per year (IAEA 2020). 


Most of the IAEA’s projected growth in nuclear power 
capacity is in developing countries, with stagnant or declining 
capacity in industrialized nations. In the United States, the 
Energy Information Administration’s Annual Energy Outlook 
2021 projects nuclear power capacity to decline from the 2019 
level of 98 GWe to about 75 GWe by 2050 under a reference 
case with no change in current energy policies, and to about 
42 GWe by 2050 under a low natural gas–price case (EIA 2021). 


Therefore, without national policies to limit carbon emis-
sions, nuclear power will likely remain at a competitive disad-
vantage as long as fossil fuel prices remain low. Mechanisms 
for internalizing the social cost of carbon, such as a carbon 
tax, could help level the playing field for low-carbon energy 
sources. But it is not clear that nuclear power would thrive 


even with a high price on carbon, which would also benefit 
other low-carbon electricity sources that have fewer safety 
and security problems. Other government actions likely 
would be necessary for nuclear power to expand enough to 
make a significant contribution to reducing carbon emissions 
in the next few decades and help mitigate the most severe 
impacts of climate change. These actions include substantial, 
long-term investments in the supporting infrastructure, 
strong safety requirements, and credible plans for disposal  
of long-lived nuclear wastes. 


However, some observers believe that the technology 
itself is the problem and that more radical fixes are needed 
(Soltoff 2020). They argue that the large LWR, the nuclear 
industry’s workhorse, has inherent flaws that inhibit nuclear 
power’s growth. In addition to these reactors’ high costs and 
long construction times, they point to (among other things) 
LWRs’ susceptibility to severe core-melt accidents such as 
occurred at Fukushima, their inefficient use of uranium,  
and the long-lived nuclear wastes they generate.


No matter what the root causes, the poor image projected 
by troubled LWR construction projects such as Vogtle and 
Olkiluoto has no doubt contributed to a credibility problem 
for an industry that promotes nuclear power as the world’s 
best hope for mitigating climate change based on assertions 
that it is affordable and can be quickly deployed on a large 
scale (WNA, n.d.). One response to public skepticism about 
the current state of nuclear power is for developers to pursue 
different types of reactors—some radically different—that 
they promise will be safer, cheaper, and quicker to build.  
But a fundamental question about these alternative designs 
remains: Is different actually better? This report aims to  
shed light on that question. 


Can Non-Light-Water Reactors Revive  
Nuclear Power’s Prospects?


There are three main strategies for shifting the current  
nuclear power paradigm, with the aim of mitigating the  
technology’s safety, sustainability, and cost problems.


The first approach is to develop new types of large LWRs 
that would be safer while also being cheaper to build and  
operate. This is the path that Westinghouse and Areva respec-
tively pursued—arguably unsuccessfully—with their AP1000 
and EPR designs. In parallel, new types of “accident tolerant” 
fuels for LWRs that in principle could reduce the risk of melt-
down are being developed in several countries, including the 
United States. However, data remains sparse, and early results 
have not been promising (Khatib-Rahbar et al. 2020). 


The second approach is to go small. Some observers  
believe the future lies in small, “modular” reactors with  
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capacities of 300 MWe or less, known as SMRs. Small  
modular LWRs could be somewhat safer than large LWRs  
by virtue of their size and lower rate of heat production,  
but they would produce more expensive electricity without 
employing measures to significantly cut capital and operating 
costs per megawatt (Lyman 2013). These reactor modules 
could be mass-produced in a factory and deployed as needed 
to meet electricity demand growth, either singly or in 
groups—features that proponents argue could lower con-
struction and financing costs. A number of small modular 
LWRs, such as the 77 MWe NuScale reactor, are currently  
in development. While these designs have some novel  
features, they are essentially evolutionary variants of  
current LWRs. 
 The third is to go in a new direction and develop reactors 
that are not cooled by water but by other substances, such  
as liquid sodium, helium gas, or even molten salts. Such reac-
tors, known as non-light-water reactors (NLWRs), would  
differ from LWRs in many fundamental aspects. Numerous 
vendors, both established companies and small startups,  
are pursuing development of NLWR technologies.3 
 In general, either LWRs or NLWRs can be SMRs.  
Proposed NLWRs range from units as large as today’s oper-
ating reactors to “micro-reactors” with capacities of less  
than 10 MWe. Some NLWR designs have capacities of  
300 MWe or less and therefore qualify as SMRs, but others  
do not, as they must be a certain minimum size to work 
effectively.
 NLWR developers state variously that their designs have 
the potential to lower cost, reduce the accumulation of nuclear 
waste, use uranium more efficiently, improve safety, and reduce 
the risk of nuclear proliferation (see, for example, Back 2017). 
More specifically, they cite features such as modular con-
struction, passive safety, underground siting, and—for some 
designs—the ability to provide high-temperature process heat 
for manufacturing. Some vendors promise that their designs 
can be demonstrated, licensed, and deployed on a large scale 
within a decade or two.


Are these claims justified? How can one identify genuine 
innovations amongst the hype? As with any new technology, 
an independent reality check is needed. From self-driving 
cars to finger-prick blood tests to cheap flights to Mars, the 
Silicon Valley-style disruptive digital technology model has 
not always proven readily adaptable to other engineering  
disciplines. And nuclear energy, which requires pains- 
taking, time-consuming, and resource-intensive research 
and development, is proving to be one of the harder tech- 
nologies to disrupt.


A Note on Terminology


Reactor concepts that differ from conventional LWRs are  
often referred to as “advanced” reactors, although this  
definition is not universally used from one government agency 
to another or even from one piece of federal legislation to  
another. Most recently, Congress defined an advanced reactor 
as “any light water or non-light-water fission reactor with 
significant improvements compared to the current generation 
of operational reactors” (Energy and Water Development  
and Related Agencies Appropriations Act of 2020, Pub. L.  
No. 116-94, 133 Stat. 2535 (2019)). 


To avoid confusion, this report will not use the term  
“advanced reactor.” The present report focuses on on  
non-light-water reactors (NLWRs) (see endnote 1). 


The Need to Fully Vet Claims About NLWRs


If nuclear power is to succeed in the future, it is critical that 
government policymakers and private investors fully vet the 
claims new reactor developers are making and accurately  
assess their prospects for successful development and safe, 
secure, and cost-effective deployment. Given the urgency of 
the climate crisis, these technologies need to be rigorously 
evaluated to avoid wasting time and resources on concepts 
that are high-risk but would offer only low potential benefits 
in practice. Weeding out such technologies would help  
researchers focus on other approaches to climate mitiga- 
tion that are less risky and more beneficial.


Key questions that policymakers should consider are  
the following: 


• Do NLWRs offer significant benefits over LWRs?


• How do the safety, proliferation, and environmental  
risks of NLWRs compare to those of LWRs?


• Do the potential benefits of NLWRs outweigh the risks 
and justify the substantial public and private investment 
needed to commercialize them?


• Can NLWRs be safely and securely commercialized  
in time to contribute significantly to averting the  
climate crisis?


The purpose of this report is to help inform policy decisions 
on these questions by critically evaluating certain claims  
being made about each of the principal classes of NLWRs: 
liquid metal–cooled fast reactors, high-temperature gas–
cooled reactors, and molten salt–fueled reactors.4 In particu-
lar, it compares NLWRs to LWRs in terms of safety, security, 
nuclear proliferation risk, and sustainability—the latter  
including the often-claimed ability of these reactors to  
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“recycle” nuclear waste to reduce the amount requiring  
long-term geological isolation. The report also considers 
“breed-and-burn” reactors, which, in theory, could use  
uranium fuel much more efficiently without the need  
to recycle their spent fuel. 


Each NLWR design has both advantages and disadvan-
tages compared to LWRs. New nuclear reactor types that of-
fer significant safety, security, or economic benefits compared 
to LWRs would be welcome—as long as improvements in  
one area did not cause greater problems in others. But this is 
where the design challenges lie. For example, increasing the 
size of a reactor core while keeping its power capacity fixed 
could make the core easier to cool in an accident but might 
also increase cost.


There is certainly room for innovation in nuclear  
technology. For example, advances in materials science can 
increase the durability of reactor structures and fuels. Faster 
computation can improve the modeling of reactor operation. 
More efficient cooling system designs can reduce or remove 
the need for large volumes of water to generate steam—an 
important consideration in light of increasing surface water 
temperatures and increasing water scarcity resulting from 
climate change. And changing objectives—for instance, the 
need to prevent hydrogen explosions such as those that  
destroyed three reactor buildings at Fukushima—can  
stimulate new approaches to solving old problems. 


However, a quicker payoff is more likely to be achieved 
by focusing research on improving well-established reactor 
technologies than by pursuing the development of speculative 
designs that have hit roadblocks in the past and have had little 
or no operating experience as a result. It took three decades 
for plant operators and researchers to increase the average 
capacity factor of the US fleet of LWRs from 50 percent to  
90 percent by correcting problems that affect reliability, such 
as coolant-material interactions. The relatively low state of 
maturity of NLWR technologies does not support the notion 
that these reactors will be able to achieve a similar level  
of performance in significantly less time. 


NLWRs: Past and Present


Another reason to avoid the term “advanced reactor” is that  
it is a misnomer for most of the designs being pursued today, 
which are based on decades-old concepts. As an Oak Ridge 
National Laboratory scientist put it succinctly in a January 
2019 presentation, “today’s ‘advanced reactors’ closely resem-
ble their 1950s–1970s predecessors in: core configuration;  
materials in structure, core, and fuel; approach to [fuel]  
qualification; and control systems” (Terrani 2019).


 Much of the creativity in nuclear plant design dates back 
to the 1940s, the early years of the nuclear power era, when 
Manhattan Project scientists and engineers engaged in wide-
ranging brainstorming to explore the full potential of the new 
nuclear technology. One “advanced” reactor design, the liquid 
metal–cooled fast-neutron reactor, even predates the forerunner 
of today’s LWR. For decades in the mid-20th century, the 
Atomic Energy Commission (the predecessor of today’s  
Department of Energy and Nuclear Regulatory Commission) 
devoted considerable time and resources to developing a  
variety of LWR and NLWR technologies, demonstrating many 
designs at various scales at sites around the United States.  
A number of other countries also built and operated NLWRs 
(see Table 1, p. 17).
 Most of the prototype reactors encountered operational 
problems, and some even experienced serious accidents. To 
be sure, LWRs experienced accidents as well—most notably 
the Three Mile Island meltdown in 1979. However, over time 
the LWR became predominant. To some extent, this was  
because the LWR, the design chosen originally by the Navy  
in the 1950s for submarine propulsion, received much more 
funding than other designs. But several of the LWR’s rivals 
were abandoned after experiencing engineering challenges 
that proved too difficult to overcome. 
 Utilities that gambled on NLWRs ultimately lost their 
bets. A consortium led by Detroit Edison built a small sodium-
cooled fast reactor in Michigan, called Fermi-1. Soon after 
reaching full power, the reactor partially melted down in 
1966, and did not restart until 1970, only to be shut down for 
good in 1972. The Fort St. Vrain reactor, a high-temperature 
gas–cooled reactor built by the Public Service Company of 
Colorado, operated for only a decade, with an average capac-
ity factor of only 14 percent, before being shut in 1989. It is 
reasonable to surmise that LWRs emerged as the industry 
standard because they simply proved better suited to meet 
the needs of utilities and consumers.


CURRENT DEPARTMENT OF ENERGY WORK ON NLWRS


Given the problems with current-generation LWRs, the de-
velopment of new nuclear technologies that can significantly 
increase safety and security while being more cost-effective  
is a worthwhile goal. However, it is not clear that current  
nuclear energy programs are being designed to make this  
objective a priority. 


The US government has continued to conduct research 
and development on various types of NLWRs and their fuel 
cycles.5 When it was created in 1977, the Department of  
Energy (DOE) inherited the former Atomic Energy Commis-
sion’s nuclear power portfolio, and the DOE has continued  
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Step in  
Deployment 
Path


Light-Water 
Reactor  


(example)
Sodium-Cooled  


Fast Reactor
High-Temperature  


Gas–Cooled Reactor
Molten Salt–Fueled 


Reactor


US US Intl US Intl US Intl
R&D for  
scientific  
feasibility


SPERT


BORAX


PBF


SEFOR  
(20 MWth) 


TREAT


CABRIa None None None None


Engineering 
Demonstration


S1W EBWR EBR-I  
(1.4 MWth)


EBR-II  
(20 MWe)


Dounreay 
(14 MWe)


Rhapsodie   
(40 MWth)


Peach  
Bottom 
(40 MWe)


DRAGON 
(20 MWth)


HTR-10a 
(10 MWth)


HTTRa 
(30 MWth)


AVR 
(15 MWe)


Aircraft  
Reactor  
Experiment  
(2.5 MWth)


MSRE  
(7.4 MWth)


None


Performance 
Demonstration


USS Nautilus


Shippingport


Fermi-1  
(69 MWe)


FFTF  
(400 MWth)


CEFRa 
(65 MWth)


Phénix 
(233 MWe)


Monju 
(300 MWe)


BN-300 
(300 MWe)


BN-600a 
(600 MWe)


PFR 
(250 MWe)


FSV 
(842 MWth)b


THTR 
(750 MWth)b


None None


Commercial 
Demonstration


Yankee Rowe  
(485–600 
MWth)


None Superphénix  
(3000 MWth)


BN-800a 
(800 MWe)


None None None None


TABLE 1. Past and Present Demonstration Reactors Worldwide


a Reactor is still operational as of Februrary 2021.
b FSV and THTR were commercial demonstrations of large HTGRs; however, for modular HTGRs under consideration today, they serve the role of a performance  
 demonstration.


SOURCE: ADAPTED FROM PETTI ET AL. 2017. 


to pursue multiple NLWR designs. In the 1990s, it initiated 
the Generation IV program, with the goal of “developing  
and demonstrating advanced nuclear energy systems that 
meet future needs for safe, sustainable, environmentally  
responsible, economical, proliferation-resistant, and   
physically secure energy” (INL 2005). 


Under Generation IV, the DOE identified six families  
of reactor technologies including five NLWRs and one LWR: 
the sodium-cooled fast reactor, lead-cooled fast reactor, mol-
ten salt reactor, gas-cooled fast reactor, supercritical LWR,  
and very high temperature gas–cooled reactor. The DOE’s 


funding priorities have varied over the years depending on 
congressional mandates and internal competition, but most 
support has gone to the development of sodium-cooled  
fast reactors and high-temperature gas–cooled reactors. 
Around 2008 the DOE resumed funding molten salt reactor 
development, after a hiatus of several decades.  
 More recently, with strong support from Congress,  
the DOE has expanded its NLWR activities and is pursuing 
several new reactor projects. It is proceeding with the design 
and construction of a sodium-cooled fast reactor called the 
Versatile Test Reactor (VTR), which it hopes to begin  
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operating by 2026–2031. The VTR would not generate electri-
cal power but would be used to test nuclear fuels and materi-
als for development of other reactors. The DOE has also 
selected designs for two NLWRs—a high-temperature gas–
cooled reactor and a second sodium-cooled fast reactor— 
with the intent of demonstrating them for commercial power 
production by 2027. And the DOE and the Department of De-
fense are both pursuing demonstrations of so-called micro-reac-
tors—that is, NLWRs with capacities from 1 to 20 MWe—also 
within the next few years. However, Congress will need to 
provide sufficient and sustained funding for any of these proj-
ects to come to fruition. Appropriated funding for the VTR to 
date has already fallen far short of the amount that the DOE 
has requested to support its current schedule. 


THE OBJECTIVES OF ADVANCED REACTOR DEVELOPMENT


In the FY 2020 Energy and Water Development Appropria-
tions Act, Congress defined an advanced reactor as 


 any light water or non-light-water fission reactor with 
significant improvements compared to the current gen-
eration of operational reactors. Significant improvements 
may include inherent safety features, lower waste yields, 
greater fuel utilization, superior reliability, resistance to 
proliferation, increased thermal efficiency, and the ability 
to integrate into electric and nonelectric applications 
(Energy and Water Development and Related Agencies 
Appropriations Act of 2020, Pub. L. No. 116-94, 133 Stat. 
2535 (2019)).


Some of these goals—namely, increasing safety and reliabil-
ity—are worthwhile. Others, such as greater fuel utilization, 
are less compelling, given the abundance of natural uranium 
for fuel (discussed below). One problem with the above statu-
tory definition of an advanced reactor is that new reactor  
designs may have significant improvements in one or more 
categories but also significant disadvantages in others— 
drawbacks that may outweigh the benefits. It is important 
that policymakers consider the full spectrum of positive and 
negative attributes of new designs to identify reactors with 
the highest potential for significant improvements overall 
compared to current technologies. Otherwise, the deploy-
ment of a new type of reactor may create more problems  
than it solves.
 Unfortunately, in its 2017 assessment of NLWRs, the 
DOE did not consider the full range of objectives for develop-
ing these technologies, but chose to focus on only two. The 
first is to “deploy a high-temperature process heat applica-
tion” for industrial activities such as synfuels production,  
and the second is to “extend natural resource utilization and 


reduce the burden of nuclear waste for future generations” 
(Petti et al. 2017). Notably, the report did not stress the im-
portance of other considerations, including safety, security, 
proliferation resistance, or economics. 
 How important are the two performance objectives  
that DOE considered in its assessment for advancing nuclear 
power?


PROCESS HEAT


The goal of developing nuclear reactors to provide industrial 
process heat does not appear to be driven by demand from 
the industrial sector. Although the nuclear industry has been 
pushing the idea of developing high-coolant-temperature  
reactors for non-nuclear process heat applications for decades, 
there is little evidence that the industries that would utilize 
such heat are themselves interested in using nuclear power. 
And it is unclear why these other industries would want to 
incur the additional risks of operating nuclear reactors in 
proximity to chemical plants. 
 A 2004 report by the Nuclear Energy Agency stated  
that “the reality does not match the potential,” and posed the 
question “if nuclear energy has so high potential in the non-
electricity product market, why has its deployment been  
so limited? Can one expect some dramatic changes in this 
market situation?” (NEA 2004). Virtually the same question 
was asked nine year later, in a 2013 joint NEA/IAEA work-
shop (Paillère 2013). And in 2018, the IAEA reported that  
experts at a meeting on the subject agreed that “for these . . . 
products to enter the commercial market on a large scale,  
several challenges and barriers have to be overcome,” includ-
ing economics, low public acceptance, and technical and  
regulatory issues (Dyck 2018). Apparently there remains  
little interest in these applications by potential users.
 Nevertheless, industrial processes are a significant  
contributor to carbon emissions, and the economics of nuclear 
process heat would improve with a price on carbon.6 


SUSTAINABILITY


The importance of the second objective cited in the DOE’s 
2017 assessment, often referred to as sustainability, is also 
questionable. 
 There are two primary aspects to improving sustain- 
ability relative to current-generation LWRs. The first is in-
creasing the efficiency of use of natural resources (e.g., mined 
uranium), and the second is reducing the quantity of long-
lived, heat-generating radionuclides contained in radioactive 
waste and that need to be disposed of in a geologic repository 
(primarily plutonium and other transuranic elements). 
 Some advanced reactor developers have taken this  
concern about sustainability to an extreme, invoking mislead-
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ing—but very compelling—messages about the ability of their 
designs to “consume,” “burn,” or “recycle” spent fuel from 
LWRs. For example, Jacob DeWitte, co-founder of Oklo, Inc., 
testified before Congress that his fast reactor concept “can 
consume the used fuel from today’s reactors” (DeWitte 2016). 
According to the GE-Hitachi website, the PRISM (Power  
Reactor Innovative Small Module) fast reactor and its associ-
ated reprocessing facility would “recycle all the uranium and 
transuranics . . . contained within used nuclear fuel” (GEH 
2021). General Atomics states that its high-temperature gas–
cooled fast reactor is capable of turning our waste stockpile 
into an important energy resource (GA 2019). And until short-
ly before it shut down in 2018, the company Transatomic 
Power claimed, erroneously, that waste from conventional 
nuclear reactors could be used as the fuel for its MSR.
 The reality is much more complicated. First, these  
statements greatly exaggerate the actual capabilities of these 
reactors to achieve these goals. Second, for any reactor con-
cept it is critical to understand that “burning” spent fuel first 
entails reprocessing to separate out and re-use plutonium  
and other weapon-usable materials. Reprocessing makes 
these materials more accessible for use in nuclear weapons  
by states or terrorists, as explained below.
 In theory, some NLWRs could make more efficient use  
of uranium or waste repository capacity. Indeed, greater  
sustainability is one of the only clear advantages that certain 
NLWRs, such as fast reactors, could offer over LWRs.  How-
ever, for such reactors and their fuel cycles, it has not been 
established that the real-world benefits would be large 
enough to justify their proliferation and safety risks, not  
to mention their enormous development costs.
 The possible exceptions are once-through “breed-and-
burn” reactors, which have the potential to use uranium more 
efficiently than LWRs without reprocessing and recycling 
spent fuel. If these reactors could be successfully developed, 
they would remove one of the major incentives cited by  
advocates for reprocessing—and avoid the associated risks. 
However, these concepts are proving difficult to realize, and 
they have safety problems and other challenges. It is not  
clear whether such designs will be feasible. 


REDUCING NUCLEAR PROLIFERATION AND NUCLEAR  
TERRORISM RISKS: A FUNDAMENTAL OBJECTIVE


The failure to consider other important criteria, such as safe-
ty and nuclear proliferation, was a significant shortcoming  
of the DOE’s 2017 study. In particular, the assessment was 
skewed by its lack of attention to proliferation and terrorism 
risks, which are critical issues for evaluating alternative reac-
tors and fuel cycles. Fuel cycles that involve reprocessing  
and recycle of nuclear-weapon-usable materials may offer 


increased sustainability compared to LWRs operating on a 
once-through cycle without reprocessing, but they will pose 
greater security risks —risks that design and operational  
features cannot fully mitigate.
 Therefore, when assessing the overall benefits of NLWRs 
and their fuel cycles, it is important to demonstrate meaning-
ful overall benefits in safety, security, and cost-effectiveness, 
and that do not involve reprocessing.


A Host of Challenges Even for More Mature 
NLWR Designs


How much time would it take to commercialize a novel 
NLWR concept? Some NLWR developers say that they will be 
able to deploy their reactors commercially as soon as the late 
2020s. However, such timelines are not likely to be realistic, 
and could only be met by bypassing many of the developmen-
tal stages necessary for ensuring safe and secure operation.
 The DOE has identified four stages to fully develop a  
reactor design that has not been built before (Box 1) (Petti et 
al. 2017). The pathway includes construction and operation  
of one reduced-scale and two full-scale prototype reactors 


• Research and development to prove scientific feasi-
bility of key features associated with fuel, coolant, and 
geometrical configuration. Irradiation test reactor 
services are particularly important in this phase, 
although they can be beneficial at each step (e.g., to 
explore additional fuel/material options).  


• Engineering demonstration at reduced scale for 
proof of concept for designs that have never been built. 
The goal at this demonstration level is to test the 
viability of the integrated system. Historically, these 
have been small reactors (less than 50 MWe). 


• Performance demonstration(s) to establish that 
scale-up of the system works and to gain operating 
experience to validate the integral behavior of the 
system (including the fuel cycle in some cases), 
resulting in proof of performance. 


• Commercial demonstrations that will be replicated 
for subsequent commercial offerings if the system 
works as designed. 


BOX 1.


Stages of Advanced  
Reactor Development 


SOURCE: PETTI ET AL. 2017
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(which the DOE refers to as “demonstration” reactors).  
Carrying out this program in its entirety could take several 
decades and cost many billions of dollars. 
 Prototype testing is needed, among other things, to  
confirm that reactor systems will work as intended, to dem-
onstrate reliability of the reactor as a whole, to qualify reactor 
fuels, and to assess the effectiveness of new safety features.  
In the United States, the Nuclear Regulatory Commission 
(NRC) generally requires prototype testing for licensing  
designs that differ significantly from LWRs, unless the agency 
determines that such testing is not needed because sufficient 
data exists from test programs, analyses, and past experience. 
If a reactor applicant chooses to test a prototype, the NRC 
may impose additional safety requirements to protect public 
health and safety that would not apply to a commercial 
reactor. 
 A key consideration in estimating the commercialization 
timeline for designs that have had some previous research 
and development is their technical maturity—in particular, 
whether sufficient historical data exists to validate design  
features and analysis methods and enable developers to leap-
frog over one or more stages, such as engineering or perfor-
mance demonstrations (see Box 1, p. 18). 
 In a 2017 study, the DOE estimated the time and resources 
needed to commercialize different types of NLWRs (Petti et al. 
2017). The DOE judged that two NLWR categories—sodium-
cooled fast reactors and high-temperature gas–cooled reac-
tors—were sufficiently mature that they did not require 
additional engineering or performance demonstrations  
before proceeding to commercial demonstration. Based on 
vendor-supplied data, the DOE estimated that it would cost 
approximately $4 billion and take 13 to 15 years to begin oper-
ating the first commercial demonstration unit of either type, 
assuming that many aspects of the project could proceed in 
parallel, such as technology development, design, and licens-
ing. Reactor construction and startup testing was assumed to 
take seven years of the 13- to 15-year period. After five years of 
operation of the commercial demonstration unit, additional 
commercial deployments could follow in the “2030 time-
frame” (Petti et al. 2017). 
 In contrast, for lower-maturity designs such as molten 
salt–cooled reactors, the DOE report concluded that both  
engineering and performance demonstration reactors would 
be needed—stages that could cost an additional $2 billion to 
$4 billion and add 20 years to the timeline. The subsequent 
commercial demonstration reactor would also cost billions  
of dollars and would not begin until 2040, and the model 
would not be available for sale until the mid-2040s or  
even the 2050s. 


 Although these timelines are long and the costs are  
high, they are likely too optimistic, and inconsistent with the 
recent experience of new reactors such as the Westinghouse 
AP1000, an evolutionary LWR. Although the AP1000 has 
some novel features, it is fundamentally based on mature 
LWR technology. Therefore, Westinghouse was able to lever-
age many decades of LWR operating data, and the company 
did not build a prototype reactor before licensing and selling 
commercial units. Even so, it took more than 30 years of  
research, development, and construction before the world’s  
first AP1000 unit—Sanmen-1 in China—began to produce 
power in 2018. The first US AP1000 unit, the Vogtle-3 reactor 
in Georgia, is taking even longer, and is not slated to begin 
operation before November 2021.
 Congressional supporters of new nuclear reactor devel-
opment are determined to speed up the process. In 2020, 
Congress created the Advanced Reactor Demonstration  
Program (ARDP) within the DOE to accelerate commercial-
ization of new reactor types at different stages of maturity. 
The ARDP has provided initial cost-shared awards to indus-
try to build two commercial demonstration “advanced”  
reactors in only five to seven years, or by 2027 at the latest—
far less time than the DOE’s earlier estimate of at least 13 to 15 
years for the more mature designs. The ARDP currently caps 
the total DOE contribution at $1.6 billion per design for both 
the reactors and supporting fuel production facilities (for a 
total of up $3.2 billion each, with the vendors contributing  
50 percent). The ARDP is also providing an additional fund-
ing stream for development of less mature designs, such as 
molten salt reactors, with the expectation they will have an 
operational reactor within 10 to 12 years—again, far short  
of the 25–30 years that the DOE previously estimated.  
(All future ARDP funding is subject to congressional 
appropriations.)
 In October 2020, the DOE, consistent with its 2017  
assessment of which NLWR types are most mature, chose  
the Natrium, a 345 MWe (or 840 MWth) sodium-cooled fast 
reactor being developed by TerraPower, and the (approximately) 
76 MWe Xe-100, a high-temperature gas–cooled reactor being 
developed by X-Energy, for the ARDP commercial demon-
strations. (The Xe-100 will be deployed in a four-pack for a 
total of about 300 MWe.) Because these reactors will generate 
commercial power, the Atomic Energy Act requires that they 
be licensed by the NRC.
 In parallel with these projects, the DOE is also planning 
to build the Versatile Test Reactor (VTR), a 300 MWth sodium-
cooled fast reactor based on the same fundamental design as 
the Natrium. Unlike the Natrium, however, the VTR would 
not generate electrical power but would be used to test  
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materials and fuels for other fast reactor designs—and would  
not require NRC licensing. 
 Even the DOE admits that the ARDP timeline—which 
falls short of its earlier, 13- to 15-year projection for commer-
cialization of mature NLWR designs—is very ambitious. And 
the agency’s experience to date with the VTR should sound  
a cautionary note regarding schedule and cost predictions  
for NLWR development. In 2019, the DOE projected that  
the VTR could be built and started up by 2025 and cost up  
to $4.5 billion. However, the agency soon admitted that con-
struction may take until 2031 and could cost up to $5.8 billion. 
Even this is probably an underestimate, given the DOE’s poor 
track record for making large capital project schedule  
and cost projections. 
 Moreover, it is not clear that even the longer, 13- to  
15-year development timeline is realistic for the Natrium and 
Xe-100 designs that the DOE chose for the ARDP. As dis-
cussed in chapters 5 and 6, past sodium-cooled fast reactor 
and high-temperature gas–cooled reactor demonstrations 
have had safety and reliability problems. In addition, both  
of these designs differ significantly from those earlier demon-
stration reactors in ways that are important to safety. The 
safety of these commercial demonstration reactors could  
well be in question if they are built and operated without  
prior prototype testing under controlled conditions.
 In the 1990s the NRC concluded, after reviewing avail-
able data from prior demonstrations, that it would require 
representative prototype testing before licensing either a so-
dium-cooled fast reactor or a high-temperature gas–cooled 
reactor. However, the NRC is a less safety-focused agency  
today and may relax its requirements. Nevertheless, to license 
the two ARDP reactors, the NRC will need to soon determine 
whether prototype testing will be necessary—a decision that 
could significantly affect project costs and schedules. The 
NRC has encouraged NLWR applicants to develop regulatory 
plans prior to licensing to engage the agency as early as pos-
sible regarding their intentions regarding prototype testing 
(NRC 2017), but there is no indication that the prospective 
applicants have submitted such plans yet to the NRC. Thus, 
there is considerable uncertainty whether the ARDP goal  
of commercial reactor operation by 2027 is compatible with 
the NRC’s obligation to ensure protection of public health 
and safety.


COSTLY AND LENGTHY DEVELOPMENT  
OF FUEL INFRASTRUCTURE 


In addition to the development of reactor technology, the 
commercialization of a new nuclear plant design requires  
development of the associated fuel cycle infrastructure, 


which would also be a costly and lengthy undertaking. New 
facilities will be needed to fabricate novel types of nuclear 
fuel for the reactors and to manage their spent fuel, and the 
current system for nuclear fuel and waste transportation 
would need to be modified to handle materials with  
different characteristics.
 Indeed, perhaps the biggest challenge for near-term 
NLWR demonstrations and subsequent commercial deploy-
ment is the availability of fuels for those reactors, which 
would be significantly different from the fuel used by LWRs 
today. In particular, many proposed reactors, including both 
the Natrium and Xe-100 demonstration reactors, would need 
large quantities of uranium enriched to higher levels— 
so-called high-assay low-enriched uranium (HALEU). 
HALEU is a material that is in very short supply and not  
commercially available. Even a single small reactor could  
require tons of HALEU per year (see chapter 4), far more 
than the current available supply. The Nuclear Energy  
Institute has estimated that it would take a minimum  
of seven to nine years to establish a domestic fuel-cycle  
infrastructure to support a significant level of HALEU pro-
duction, assuming full funding is available (NEI 2018). 
 However, this funding assumption is questionable. The 
only operating US enrichment plant, URENCO-USA in New 
Mexico, has expressed willingness to produce HALEU but 
has not made any commitment to proceed in the absence of a 
strong market signal that demand will materialize. The com-
pany has called for “sustained and dedicated” government 
funding for such a program and has proposed that the DOE 
become a wholesale buyer of HALEU, at least for the initial 
output (Fletcher 2020). However, the only near-term pros-
pect for production of HALEU is a three-year pilot centrifuge 
enrichment demonstration project the DOE has sponsored at 
the Centrus Energy Corporation facility in Piketon, Ohio, but 
that will produce, at most, a few hundred kilograms by June 
2022. Centrus estimates that the facility could eventually pro-
duce up to around 900 kilograms of HALEU per year—not 
nearly enough for the demonstration reactors (Dyke 2020).7


 As new types of fuels are developed and produced, they 
must undergo rigorous qualification programs before they can 
be safely used in reactors—also a time-consuming and costly 
process. The former director of the DOE’s high-temperature 
gas–cooled reactor fuel development program, Dr. David  
Petti, has been candid about the considerable time and  
resources needed to fully qualify new types of fuel, which  
is a painstaking and slow process that can involve trial and 
error. The process, in which fuel samples are irradiated under 
representative conditions, cooled, analyzed in detail, and sub-
ject to transient testing to simulate accidents, may need to be 
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repeated several times. Once a fuel form has been established, 
it would take between 15 and 25 years to complete the devel-
opment process, with the lower bound unrealistically assum-
ing a program with no resource constraints and in which 
everything proceeds as expected (Petti 2016).


SUSTAINED GOVERNMENT FUNDING REQUIRED


The various cost and time projections for commercializing 
NLWRs may differ in the details, but they all illustrate the 
significant technical challenges encountered in developing a 
new reactor design and its associated fuel cycle. Even Terra-
Power—likely the best funded reactor startup— was apparently 
unwilling to spend the many billions of dollars needed to 
commercialize its concepts on its own, and did not move  
forward with a demonstration reactor until it had secured 
government funding through the ARDP.
 Thus, to commercialize any NLWR design, the ARDP 
example shows that government will likely need to provide 
substantial and sustained funding—not only for fundamental 
research, development, and demonstration, but perhaps even 
for the deployment of the first commercial units. As a 2014 
DOE study concluded, “the market disincentives and barriers 
to commercial implementation of nearly all the promising 
[NLWR] options are expected to be very significant, such that 
federal government intervention . . . will likely be required for 
full-scale implementation of a new fuel cycle . . .” (Wigeland  
et al. 2014). 
 Although new nuclear technologies may not be attractive 
to investors looking for short-term returns, they may have 
longer-term societal benefits. For instance, NLWRs that are 
more costly than LWRs but use uranium more efficiently 
might help ensure future resource availability. However, they 
would not be a good choice for a utility as long as there is a 
cheap and plentiful fuel supply—as is the case now and for  
the foreseeable future. Similarly, utilities would have no 
incentives to choose a safer reactor that would cost more  
and exceed regulatory requirements.


 Thus, government support for NLWR development 
could be justifiable—but only for designs with a high likelihood 
of significantly advancing nuclear power technology in mul-
tiple areas. Developing reactors and fuel cycles that would 
only offer marginal improvements over LWRs, or that would 
increase safety, security, or proliferation risks, are not wise 
uses of taxpayer funds.


Nuclear Power Growth and Climate  
Change Mitigation


The timeline for commercialization of NLWRs is a key factor 
in determining whether such reactors could be deployed 


quickly enough and at a large enough scale to make a signifi-
cant contribution to reduction of carbon emissions by 2050, 
which is critical to mitigate the worst effects of climate 
change. The 2018 special report of the Intergovernmental 
Panel on Climate Change (IPCC) evaluated 85 primary energy 
supply scenarios to 2050 that would limit global mean tem-
perature rise to 1.5°C (Rogelj et al. 2018). In these scenarios, 
the amount of nuclear power production in 2050 ranges from 
as little as two-thirds smaller than the 2017 level to nearly  
13 times greater, with a median nuclear generation over all 
scenarios of about 2.5 times the 2017 level (Rogelj et al. 2018). 
This range reflects “both uncertainties in technological  
development and strategic mitigation portfolio choices”  
(Rogelj et al. 2018). 


 To achieve the IPCC report’s median projected increase 
of 150 percent in nuclear energy generation by 2050, nearly 
600 GWe, or more than 500 large reactors, would have to be 
built worldwide—plus several hundred more that would be 
needed to replace reactors that will have reached the end of 
their operating lives. This would require that an average of  
at least two dozen reactors come on line each year between 
now and 2050. To put this in perspective, as mentioned above, 
the current rate of new reactor construction projects is below 
five new reactors per year—or only 20 percent of the rate  
corresponding to the IPCC’s median projection. 


The IPCC report’s median increase in nuclear power  
deployment would thus be very challenging to achieve even 
with currently available LWRs. If the world must wait several 
decades for less mature NLWRs to become commercially 
available, it is hard to see how such reactors could be deployed 
quickly enough to play a significant role in limiting the worst 
impacts of climate change—even if they eventually turned  
out to be faster to build.


Is Development of NLWRs Essential  
for Nuclear Power’s Future?


As discussed above, while some observers argue that the  
future of nuclear power depends on development of NLWR 
designs, they have not made the case that the LWR has no 
future. Nearly all of the technological advances attributed to 
NLWR designs by the DOE and others (Petti et al. 2017) could 
also be realized in LWRs, including passive safety features, 
the potential for modular construction, the use of advanced 
fuels, greater plant autonomy to minimize labor costs, and 
underground siting. Indeed, some of these features have  
been incorporated into new LWR designs, such as the AP1000 
and NuScale small modular reactor, although for economic 
reasons those reactors have other characteristics that may 
render them less safe than current-generation LWRs. What  
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is needed is a focused effort to develop LWRs that are  
genuinely safer and more economical at the same time.


There is also some potential for new types of LWRs to 
achieve one or both of the DOE’s two strategic performance 
goals discussed above. The supercritical LWR, which is a 
Generation IV LWR with a coolant temperature of 500ºC, 
could provide high-temperature process heat. And there are 
approaches for modestly increasing the sustainability of LWRs. 
Although significant research and development would be 
needed to achieve these goals safely and economically, com-
mercializing NLWRs would introduce a no less difficult set  
of challenges. And thousands of reactor-years of operating 
experience gives the LWR an inherent advantage over even 
the more mature NLWR reactor concepts.


This report compares several classes of NLWRs to LWRs 
with regard to safety and security, the risks of nuclear prolif-
eration and nuclear terrorism, and sustainability. Overall,  
the report finds little evidence that any of the NLWR designs 
currently under consideration, with the possible exception  
of once-through breed-and-burn reactors, would offer  
improvements over LWRs great enough to justify the  
expense, time, and risk necessary to commercialize and  
deploy them. Hence, one of this report’s main conclusions  
is the bulk of nuclear energy-related research and develop-
ment funding, both public and private, should be focused on 
improving the overall safety, security, efficiency, and cost- 
effectiveness of LWRs and the once-through fuel cycle. 
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Nuclear Power Basics


[ chapter 2 ]


Many of the issues discussed in this report are technical and 
assume a familiarity with basic nuclear power concepts and 
terminology. This chapter provides background information 
that may be useful for understanding the technical analysis 
that follows. 
 The main objective of a nuclear fission power plant is  
to convert the energy released by the fission (the splitting)  
of atomic nuclei into electricity in a stable, reliable, and safe 
manner. (This report does not address nuclear fusion, another 
type of nuclear reaction that in principle could be used to 
generate electricity.) Nuclear fission reactions in a power  
reactor core generate heat, which is transferred to a system 
that converts it into electricity. Typically, a coolant, such as 
water, is circulated through the hot reactor core, and the 
heated coolant is then circulated through a power conversion 
system. For instance, heated coolant can be used to produce 
steam, which is then used to drive a turbine to produce 
electricity. 
 Given the laws of thermodynamics, not all of the heat 
generated by the reactor can be converted into electricity.  
A light-water reactor (LWR) that produces 3,300 MW of  
thermal energy (MWth) would generate about 1000 MW of 
electricity (MWe). The remaining heat energy is discharged 
to the environment as waste heat. Thus, less than one-third  
of an LWR’s heat energy can be utilized to produce electricity. 
This fraction, known as the thermal efficiency, generally  
increases as the coolant temperature increases.


Nuclear Chain Reactions in the Reactor Core 


When the nuclei of certain elements in the reactor fuel (called 
fissionable materials) are struck by neutrons, there is a chance 


that they can undergo fission, releasing energy as well as addi-
tional neutrons. (Fissionable nuclei can undergo fission spon-
taneously; the likelihood of this occurring, which depends on 
the nature of the isotope, is always much lower than the like-
lihood of fission when struck by a neutron.) These neutrons 
can then strike other nuclei and potentially cause them to fis-
sion as well. A chain reaction can begin when at least one new 
neutron produced from fission is able to cause a second fission. 


In any real-world reactor, some neutrons will be absorbed 
by fuel or other reactor materials, or even escape from the 
core, before they can induce a fission. When the average num-
ber of neutrons produced by fission is just enough to allow  
a self-sustaining chain reaction to occur, taking into account 
neutron losses from the system, then the reactor is said to  
be “critical.” The power output of the reactor depends on the 
rate at which fission occurs, which in turn is related to the  
net number of neutrons in the core.


The likelihood that a neutron will interact with a nucleus 
generally increases as the neutron’s speed decreases. Some 
nuclear reactors include materials called moderators that 
slow down fission neutrons, which can make it easier for  
fission to occur.


A fundamental aspect of any nuclear reactor is the  
arrangement of nuclear fuel, coolant, control rods, and (if 
needed) moderator materials in the core of the nuclear reac-
tor so that the fuel can achieve a self-sustaining and stable 
neutron chain reaction. The coolant serves another critical 
function in addition to transferring the heat generated by the 
fissioning atoms, namely, ensuring that the temperature of the 
nuclear fuel remains at a safe level. If cooling is insufficient, 
the fuel can overheat, become damaged, and eventually melt, 
releasing highly radioactive materials into the environment. 
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The measure of how far the system is at any given  
moment from being exactly critical is its reactivity. A critical 
reactor has a reactivity of zero. If the reactor produces fewer 
neutrons than are lost, the reactor is subcritical, the reactivity 
is negative, and the power output will decrease. Conversely,  
if a reactor produces more neutrons than it loses, the reactor 
is supercritical, the reactivity is positive, and the power out-
put will increase. If a reactor becomes supercritical, operators 
can insert control rods into the reactor to absorb neutrons 
and return it to a critical state. Conversely, if the reactor is 
subcritical, operators can withdraw the control rods. Control-
ling the chain reaction is essential to the safe operation of  
the reactor (see Box 2, p. 26).


The Components of Nuclear Fuels


To sustain a chain reaction and generate power, a nuclear  
fission reactor must be loaded with nuclear fuel appropriate 
for that reactor type. Nuclear fuels are composed of radio-
active isotopes and other elements needed to make them 
chemically and mechanically stable under the harsh   
conditions of a reactor core.


FISSIONABLE, FISSILE, AND FERTILE ISOTOPES


A given element will always have the same number of pro-
tons, which is the atomic number of the element. For example, 
uranium (U) has an atomic number of 92. However, the  
number of neutrons can vary, and variants of an element with 
different numbers of neutrons are called isotopes. The differ-
ent isotopes of an element are identified by their total number 
of protons and neutrons. Some of the important isotopes  
of uranium are U-235 and U-238.


Fissionable isotopes are those capable of being split 
when struck by a neutron. Some fissionable isotopes are also 
fissile: they can be fissioned by neutrons of any energy, includ-
ing low-energy (“thermal”) neutrons. Other fissionable iso-
topes can only undergo fission if struck by a neutron with an 
energy above some minimum value; however, when struck  
by low-energy neutrons, they can be transmuted into fissile 
isotopes such as plutonium-239. These are called fertile  
isotopes. There is also a chance that a fissile nucleus will not 
fission when struck by a neutron, but instead will capture it 
and transmute into a heavier isotope. The relative likelihood 
that a neutron will fission a nucleus versus be absorbed by 
it is the fission-to-capture ratio.


The term “fissile material” is commonly used to denote 
nuclear materials that can be used to make nuclear weapons. 
Confusingly, this has a different meaning than “fissile isotope.” 
In fact, some fissile materials are mixtures of fissile and fertile 
isotopes. “Nuclear explosive material” or simply “weapon-


usable material” are preferable, more precise terms for  
nuclear materials that can be used directly to make nuclear 
weapons.


FISSION PRODUCTS


When a nucleus undergoes fission, in addition to releasing 
neutrons and energy, it splits into other nuclei called “fission 
products,” some of which are intensely radioactive. An oper-
ating reactor core will contain hundreds of different fission 
product isotopes with a wide range of different half-lives— 
the period of time after which half of a given quantity of  
radioactive material will have changed into other isotopes, 
known as “decay products.” Two key fission products impor-
tant to nuclear safety include iodine-131, with a half-life of 
eight days, and cesium-137, with a half-life of 30 years. The 
presence of cesium-137 is one of the main reasons why spent 
reactor fuel emits a very hazardous radiation field and must 
be handled remotely for many decades after discharge.


THE ELEMENTS IN NUCLEAR FUEL


Depending on the reactor design, various combinations of 
isotopes of uranium, plutonium, thorium, or other elements 
(neptunium, americium, curium) can be used in nuclear  
fuel. These elements are known as actinides.


URANIUM (U)


Uranium (U) is the element most commonly used for nuclear 
reactor fuel; it is categorized by the relative amounts of the 
isotopes U-235 and U-238 it contains. 


Natural uranium. Natural uranium ore is primarily com-
posed of two isotopes of uranium: approximately 99.3 percent 
U-238 (fertile) and 0.7 percent U-235 (fissile). Some types of 
reactors can use natural uranium as fuel, but they require 
moderators other than ordinary water, such as graphite. 


Enriched uranium. Most nuclear power reactors  
operating today must use enriched uranium, a fuel with  
a higher concentration of U-235 than natural uranium.  
Uranium enrichment is a complex and expensive process. 
(Although civil enrichment facilities are configured for  
optimal production of low-enriched uranium for reactor  
fuel, they pose nuclear proliferation risks because they can  
be readily modified to enrich uranium to the higher levels 
needed for use in nuclear weapons.) 


The various grades of enriched uranium include the 
following:


Low-enriched uranium. Low-enriched uranium (LEU) 
is enriched to a U-235 concentration greater than 0.7 percent 
(the concentration in natural uranium) and below 20 percent. 
LWRs, which use ordinary water as a coolant and moderator, 


continued on p. 27
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The stability of a reactor’s power output is a critical aspect  
of nuclear safety. When a reactor operates, small changes in  
its state occur constantly, which can affect the rate of nuclear 
fission and hence the amount of power produced. A well-
designed reactor will respond to those changes in a slow and 
predictable manner, providing ample time for operators to  
take corrective actions. 
 The reactivity feedbacks of a reactor are measures of how it 
will respond to a change in operating conditions—ranging from 
small fluctuations in temperature to major events such as a 
loss of cooling due to a pipe break. Will the disturbance cause 
the fission rate and power level to decrease or increase—and 
how quickly?


COEFFICIENTS OF REACTIVITY


The overall reactivity of a reactor—and its response to changing 
conditions and consequent stability—will depend on numerous 
factors, including its physical size, the temperature of the 
coolant, the fuel, the moderator (if there is one), and reactor 
structural elements. The effects of these various factors are 
described by coefficients of reactivity. A positive coefficient 
indicates that an increase in a parameter (such as temperature) 
will increase the reactivity—thus creating a positive feedback 
loop where the reactor power will increase, further increasing 
the temperature—a potentially unstable condition.
 The inherent stability—and therefore safety—of a reactor 
depends on how the reactivity of the system will respond to 
changes without intervention by the operator or the activation 
of automatic control systems that will not always work.
 Some of the important coefficients are: 


• The moderator temperature coefficient of reactivity, 
which indicates how the reactor will respond to a change  
in temperature of the moderator, if one is present.


• The coolant temperature coefficient of reactivity,  
which indicates how the reactor will respond to a change 
 in temperature of the coolant. In an LWR, the coolant—
light water—is also the moderator.


• The fuel temperature coefficient of reactivity, which 
indicates how the reactor will respond to a change in the 
temperature of the fuel. This coefficient is referred to as 
“prompt” because the fuel temperature responds almost 
immediately to an increase in power, whereas the coolant 


BOX 2.


Reactor Stability: Controlling the Chain Reaction
and moderator temperatures take a few seconds to adjust. 
Thus, a negative fuel temperature coefficient is a critical 
component of the reactor’s overall inherent reactivity 
feedback. 


 An important phenomenon that affects the fuel tempera-
ture coefficient is known as the Doppler effect. As the fuel 
temperature increases, non-fissile nuclei such as U-238  
in the fuel absorb more neutrons but do not fission, thus 
slowing down the fission process. This feedback is nearly 
instantaneous, because it is a response to the heating of  
the fuel itself. The magnitude of the effect depends on the 
properties of the fuel and the neutron speeds within the 
reactor.


• The void coefficient of reactivity, which indicates how 
the reactor will respond to changes in the number and size 
of bubbles, or voids, that appear or expand in the coolant  
as it heats up. These voids are regions where the density  
of the coolant—and therefore its neutron-moderating and 
-absorbing effects—is greatly reduced.


A reactor with all negative coefficients will experience only a 
minimal rise in power production and temperature if a change 
in operating conditions causes an unplanned increase in reac-
tivity and therefore the rate of fission. This behavior enhances 
the reactor’s stability. For reactors with a mix of positive and 
negative coefficients, the situation is more complicated, and 
the overall reactivity of the reactor is calculated using infor-
mation from computer modeling and experiments. These  
calculations sometimes have large uncertainties, making  
it difficult to accurately assess the reactor’s stability.


REACTOR STABILITY THROUGH DELAYED NEUTRONS


Another important factor in determining reactor stability is 
the presence of “delayed” neutrons. Most of the neutrons in a 
reactor are prompt, or generated immediately after fission, but 
a small fraction are delayed—emitted by certain fission prod-
ucts up to nearly a minute after fission occurs. These delayed 
neutrons increase the time scale over which reactivity changes 
in response to perturbations of the system. Reactors with a 
larger fraction of delayed neutrons are more stable, responding 
more slowly to reactivity perturbations and providing more 
time for control of the chain reaction.
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use LEU fuel, typically with enrichments of 3 to 5 percent 
U-235. Because it is impractical or even impossible to use 
LEU directly in a nuclear weapon, depending on the enrich-
ment, it poses far lower nuclear proliferation and nuclear  
terrorism risks than highly enriched uranium. 


Highly enriched uranium. Highly enriched uranium 
(HEU) is enriched to a U-235 concentration of 20 percent  
or more. While some power reactors historically have used 
HEU fuel, such use has been discouraged in recent decades 
because of its proliferation potential. HEU at any enrichment 
can be used to make nuclear weapons, with more material 
required for lower enrichment levels. However, HEU used  
in nuclear weapons is typically enriched to 90 percent  
U-235 or greater. 


High-assay low-enriched uranium. High-assay LEU 
(HALEU) is a sub-category of LEU with a U-235 enrichment 
at or above 10 percent and below 20 percent.8 HALEU of  
various enrichments would be needed for some NLWR reac-
tor designs. Although HALEU is a type of LEU, it poses great-
er proliferation and security risks than the lower-assay LEU 
used in LWRs. Some experts have said that HALEU can be 
used to make nuclear weapons, although with much greater 
difficulty than with HEU (Mark 1984). In accordance with 
this higher risk, HALEU requires greater security than  
LEU with enrichments below 10 percent.


LEU+. LEU+ is LEU with an enrichment greater than  
5 percent but less than 10 percent. This enrichment range  
is being considered for use in certain types of new fuels for 
LWRs. It is classified as having the same security risk as  
LEU with enrichments of 5 percent or below.


Depleted uranium. Depleted uranium (DU) has a  
U-235 content of 0.3 percent or below. It is a byproduct of  
the uranium enrichment process. It cannot be used by itself 
as nuclear reactor fuel and is generally considered a waste 
product.
 The amount of effort needed to enrich a given quantity 
of uranium to a specified U-235 concentration is called  
separative work, measured in separative work units (SWU). 
For example, starting with natural uranium, it takes roughly 
30 times as much SWU to produce 1 kilogram of 90 percent– 
enriched HEU than the same quantity of 4.5 percent–enriched 
LEU. However, if one starts with 4.5 percent LEU, it would 
only take about one-third as much SWU to produce 1 kg of  
90 percent HEU than if one started with natural uranium. 


PLUTONIUM (PU)


Plutonium does not exist naturally but is produced in nuclear 
reactors when uranium fuel is irradiated. When the fertile 
isotope U-238 captures a neutron, it undergoes two radioactive 


decays and is transmuted to Pu-239. (Further neutron capture 
will produce higher isotopes of plutonium.) Plutonium, like 
HEU, is a nuclear explosive material. In contrast to uranium, 
all isotopic combinations of plutonium can be used to build 
nuclear weapons (except for pure Pu-238, which generates 
decay heat at a high rate, making it impractical in a weapon). 
Plutonium can also be used as fresh fuel for reactors, but  
such fuel poses greater proliferation and terrorism risks  
than LEU fuel.


LWR spent fuel contains about 1 percent Pu by weight. 
To extract and concentrate plutonium for reactor fuel or for 
weapons, spent fuel must be reprocessed. The plutonium in 
LWR spent fuel is diluted and embedded in large, heavy, and 
highly radioactive spent fuel assemblies, making recovery dif-
ficult. Therefore, reprocessing is a complex and challenging 
process. From a chemistry perspective, reprocessing is some-
what easier than uranium enrichment because it involves 
separating different elements rather than different isotopes  
of the same element. However, since spent fuel is highly  
radioactive, it can only be reprocessed in heavily shielded  
facilities utilizing remote-handling equipment. But if the  
end product—plutonium—is successfully separated, it is not 
highly radioactive, and a weapon’s worth of material—less 
than  10 kilograms—can be easily carried by a single person. 
 For this reason, nuclear fuel cycles that separate pluto-
nium for reuse as reactor fuel have inherent security and  
proliferation risks because they greatly increase the vulner-
ability of plutonium to theft or diversion. (Such fuel cycles are 
referred to as closed, whereas those that dispose of the spent 
fuel directly are considered open.)


OTHER TRANSURANIC ELEMENTS (TRU)


In the same way that plutonium-239 is produced when  
U-238 absorbs a neutron, successive neutron capture will  
produce elements with higher atomic numbers than that of 
uranium, which is 92. Such elements are referred to as trans-
uranic elements (TRU). Plutonium, with an atomic number  
of 94, is a transuranic element. Other transuranic elements, 
also referred to as minor actinides, are neptunium (Np),  
americium (Am), and curium (Cm), with atomic numbers  
of 93, 95, and 96, respectively. 


Several Np, Am, and Cm isotopes can be used as fuel  
for nuclear weapons, although doing so is generally more 
technically difficult than using plutonium.


Transuranic elements other than plutonium are not  
useful as fuel in LWRs because they have a greater tendency 
to absorb thermal neutrons and transmute into heavier iso-
topes than undergo fission and release energy. However, they 
can more effectively be fissioned by fast neutrons and can  
be used as fuel for fast reactors. 


continued from p. 25
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As with plutonium, in order to use Np, Am, or Cm for reactor 
fuel or for nuclear weapons, they first must be separated from 
spent fuel by reprocessing. However, since they are present  
in LWR spent fuel at lower concentrations than that of pluto-
nium, they are more difficult to recover. More spent fuel 
would have to be reprocessed to obtain quantities useful  
for either of those purposes.


THORIUM


Thorium (Th), with an atomic number of 90, is an actinide 
element like uranium. It is believed to be at least three times 
more abundant than uranium in the Earth’s crust, although 
that estimate has recently been questioned (NEA 2015).  
Natural thorium is almost entirely composed of the isotope 
Th-232, which is not fissile but is fertile. Natural thorium  
cannot be enriched like natural uranium; therefore, in order 
to use thorium as reactor fuel, it must be mixed with fissile 
isotopes such as U-235 or U-233.
 When fertile Th-232 is irradiated, it can capture a  
neutron and transmute into the fissile isotope U-233 through 
the intermediate product protactinium-233 (Pa-233), which 
has a half-life of 27 days. Thus Th-232 can be converted to a 
usable fuel isotope in a similar manner to the transmutation 
of U-238 to Pu-239, although the half-life of the intermediate 
decay product poses an additional complication, as discussed 
in chapter 7.


REACTOR FUEL MATERIALS


The fuel into which fissionable materials are incorporated 
must be physically and chemically suitable for the harsh con-
ditions of reactor operation. The conventional fuel for LWRs 
is a uranium oxide ceramic, formed into pellets and stacked in 
long, thin metal tubes known as cladding. These fuel rods are 
bundled into assemblies. The cladding material is typically  
an alloy containing the metal zirconium known as Zircaloy.


To use plutonium or other TRU in reactor fuel, they  
must be blended with uranium prior to being formed into  
fuel pellets (or whatever form the fuel takes). One example  
is mixed-oxide fuel for LWRs, a blend of plutonium and  
uranium oxides. Mixed-oxide fuel is a less attractive fuel  
for LWRs than LEU fuel because it is more expensive and  
requires more stringent security measures.


Besides oxides, various types of reactors can use metal, 
carbide, or nitride fuels. Some types of reactors can even use 
liquid fuels, such as molten salts. The design of such reactors 
is quite different from those using solid fuels, as discussed 
below.


Thermal and Fast Reactors


Nuclear reactors have two main variants: thermal reactors 
and fast reactors. These terms refer to the average speed  
of the neutrons in the reactor. The major difference is that 
thermal reactors have moderator materials that significantly 
slow down the neutrons, whereas fast reactors do not. Reac-
tors that use coolants other than water can be either fast  
or thermal reactors, depending on the properties of the  
coolant and other design features.
 Thermal reactors use a moderator such as “light” (or  
ordinary) water (which also serves as the coolant) because 
fuel nuclei have a much higher chance of interacting with 
slower neutrons and undergoing fission than with faster  
ones. Because the probability that these isotopes will fission 
is greater in thermal reactors, the fuel can have a relatively 
low concentration of fissile material, such as the LEU fuel 
enriched to 3 to 5 percent that is used in LWRs.
 To compensate for a lower probability of fission, fast  
reactors must use fuel with a higher concentration of fissile 
material—historically either HEU or a mixture of uranium 
and at least 12 to 15 percent plutonium. Such reactors pose 
security concerns because HEU and plutonium can be used 
directly to make nuclear weapons. As discussed in chapter 4, 
the fresh fuel must therefore be stringently secured. Because 
of the security risks of plutonium and HEU, some proposed 
fast reactors are being designed to use HALEU, although, as 
discussed above, HALEU fuel also requires greater security 
than the LEU fuel that LWRs use.


BREEDING


Given fast reactors’ need for fuels that require greater— 
and more costly—security than LWR fuel, why would anyone 
build one? The historical motivation is that a fast reactor, in 
theory, can “breed”—that is, it can generate as much or even 
more fissile fuel than it consumes.


As scientists learned early in the development of nuclear 
power, when isotopes are fissioned by fast neutrons, they  
release greater numbers of neutrons on average than when 
fissioned by thermal neutrons. These extra neutrons are not 
needed to maintain the nuclear chain reaction that keeps  
the reactor operating. Instead, they can be used to convert 
fertile U-238 into fissile Pu-239. 


In most thermal reactors, not enough extra neutrons  
are generated to breed new fuel. (One exception is the thori-
um-fueled MSR, discussed in chapter 7). In contrast, in a fast 
reactor there are enough excess neutrons to breed plutonium. 
The extra plutonium can then be used to refuel the reactor 
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and even provide fuel for a new reactor, if enough is bred. 
Typically, the reactor core includes both “driver” fuel con-
taining plutonium and “blanket” fuel containing U-238 (in the 
form of natural or depleted uranium). The driver fuel is the 
main source of heat that can be used to generate electricity, 
while most of the breeding occurs in the blanket fuel.


In conventional fast reactors, for the plutonium in the 
blankets to be used as new fuel, the blankets must be repro-
cessed to extract the plutonium from the remaining U-238. 
The residual plutonium in the spent driver fuel—which is  
significant—is also recovered by reprocessing. The recovered 
plutonium and U-238 can then be used in fresh driver and 
blanket fuel.


The potential for nuclear reactors to generate their own 
fuel was initially seen as an essential feature in the early days 
after the Manhattan Project, when uranium was thought  
to be scarce—and what was available was reserved for the  
nuclear weapons program. However, that rationale is much 
less compelling today now that uranium has proven to be  
an abundant natural resource.


BURNING


Another way that fast and thermal neutrons differ is their 
propensity to induce fission when striking certain isotopes, 
rather than to simply be absorbed. As discussed above, suc-
cessive neutron capture will produce TRU isotopes in a reac-
tor core. If TRU isotopes such as Pu-240 or americium-241 
are struck by a thermal neutron, they have a high probability 
of absorbing the neutron and transmuting into a heavier  
isotope. However, if they are struck by fast neutrons, they  
are more likely to fission. Fast reactors can therefore use TRU 
isotopes as fuel far more effectively than thermal reactors. 
Since many of these TRU isotopes are long-lived and generate 
significant decay heat, they could potentially cause problems 
for nuclear waste disposal. Thus the ability of fast reactors  
to more efficiently fission TRU isotopes is often cited as an 
advantage over thermal reactors. Some observers refer to this 
as nuclear waste “burning,” even though the TRU elements 
are only a small component of the total mass of nuclear  
waste. This is discussed in more detail in chapter 3.


Fuel Burnup and Refueling


As noted above, fresh LWR fuel is typically composed of  
low-enriched uranium oxide, containing 3 to 5 percent U-235, 
with the balance being primarily the isotope U-238. As the 
fuel is irradiated in the reactor, it undergoes both changes  
in radionuclide composition and changes in its physical  
and chemical form. 


In LWRs, which have a thermal neutron spectrum,  
fission is much more likely to occur in U-235 than in U-238, 
and most of the energy production is due to fission of U-235. 
While U-238 is much more likely to absorb a neutron than 
fission in a thermal reactor, when it does so it can be trans-
muted to Pu-239, which is more likely to fission than absorb  
a neutron.


Thus, as the fuel is irradiated, energy is released by  
fission of both U-235 and Pu-239. The initial amount of U-235 
is depleted as it undergoes fission. This is compensated for  
to some extent by conversion of U-238 to Pu-239. Eventually, 
however, the amount of U-235 plus Pu-239 becomes too low 
to sustain the nuclear chain reaction and the fuel becomes 
spent (no longer usable). For this reason, nuclear fuel can 
only be used for a limited time before it must be discharged 
from a reactor core and replaced with fresh fuel. 


A second limiting factor for how long nuclear fuel can be 
used is the degradation of fuel matrix and cladding materials 
as they are subject to high heat, chemical interactions, expo-
sure to radiation, and pressure from fission product gases. 
Eventually, the fuel becomes so degraded that it cannot  
safely remain in the reactor without risk of rupture.


The “fuel burnup” is a measure of the amount of heat 
(usually expressed in terms of megawatt-days of thermal  
energy, or MWd—the “thermal” is implied) generated by the 
irradiation of one metric ton of heavy metal (MTHM) in the 
fresh fuel—that is, the initial quantity of uranium and other 
“heavy” fissionable materials such as plutonium. The burnup 
depends on both the power density—how much of the reac-
tor’s power is generated by a given quantity of fuel—and  
the length of time that the fuel remains in the reactor core.


If a metric ton of uranium could be fissioned complete-
ly—that is, 100 percent burnup—it would release about 
970,000 MWd of thermal energy. However, it is not possible 
to achieve such a high burnup in a realistic reactor system.  
A typical average discharge burnup for LWR fuel is 50,000 
MWd/MTHM, which corresponds to fission of around 5 per-
cent (50,000/970,000) of the initial uranium content. Spent 
fuel discharged from an LWR at this burnup contains less 
than one weight percent U-235 (compared to 4 to 5 percent  
in the initial fuel), and just over one weight percent total   
plutonium. The spent fuel also contains about 0.1 weight  
percent of other TRU, such as americium-241. Fission prod-
ucts make up about 5 percent by weight. The balance, around 
93 weight percent, is almost entirely U-238.  


The length of time between reactor refueling outages is 
related to the peak allowable burnup of the fuel. Typically, a 
reactor core will have several batches of fuel that were loaded 
in the reactor at different times. During refueling, the oldest 
fuel is removed, and the remaining fuel is shuffled to ensure 
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that the core generates power evenly and that safety margins 
are maintained. Generally, irradiating fuel to higher burnup 
enables the fuel to remain in the reactor longer and allows  
for less frequent refueling.


Reactor Safety Considerations


Nuclear power plants generate high rates of heat and produce 
large quantities of highly radioactive materials—a potentially 
dangerous combination. If a reactor core generates heat at a 
higher rate than the coolant system is able to remove it, the 
fuel and reactor structures can be damaged and a catastrophic 
release of radioactivity can occur. 


TYPES OF ACCIDENTS


The terms “design-basis” accidents and “beyond-design- 
basis” accidents are commonly used. Design-basis accidents 
are those that are taken into account in the design of the reac-
tor. Safety systems are provided to protect against design- 
basis accidents and prevent them from causing large releases 
of radioactivity. Historically, “beyond-design-basis” (also 
called “severe”) accidents have been considered to be less 
probable than design-basis accidents, although they can  
and have occurred. Beyond-design-basis accidents can  
overwhelm safety systems, leading to a core melt and  
large radioactivity release. 


Most initiating events that can trigger beyond-design-
basis accidents and core meltdowns at nuclear reactors can  
be classified in three types: (1) a rapid increase in the rate  
of nuclear fission (that is, an increase in reactivity) and an 
uncontrollable increase in power; (2) a loss of coolant due to 
leakage or inadequate coolant flow, causing the reactor fuel  
to overheat; and (3) a loss of the ability to remove heat from 
the reactor system (such as the total loss of electric power—
i.e., a station blackout), which could also lead to core melt.


The three most serious nuclear power plant accidents—
all of which could be considered “beyond-design-basis”— 
illustrate these three categories. The Chernobyl Unit 4 ex-
plosion in 1986 in the former Soviet Union was initiated by  
a rapid increase in reactivity. The Three Mile Island Unit 1 
meltdown in 1979 in Pennsylvania was a loss-of-coolant  
accident caused by a stuck-open valve. And the Fukushima 
Daiichi accident in 2011 in Japan, which caused three reac-
tors to melt down and release radioactivity, resulted from a 
loss of heat removal triggered by a loss of the electrical power 
needed to operate coolant pumps and other safety systems. 


Accident initiators can be further classified into two 
types: internal events that stem from problems occurring 
within the nuclear plant, and external events that are  


triggered by natural disasters and other types of incidents 
originating outside the plant. The Chernobyl and Three Mile 
Island accidents were caused by internal events (including 
operator errors), whereas the total loss of electrical power  
at Fukushima had an external cause—a severe earthquake 
that took down power lines and site flooding from subsequent 
tsunamis that damaged electrical generating and distribution 
equipment. Intentional acts—known as acts of “radiological 
sabotage”—can also be accident triggers, by initiating con-
ditions similar to internal and/or external events. Indeed, 
knowledgeable saboteurs could quickly induce conditions 
resulting in core damage and radiological releases that  
would be highly unlikely to occur solely by chance.


SAFETY SYSTEMS


Current-generation reactors typically have multiple backup 
safety systems to protect the reactor in the event of an acci-
dent. They also have several physical barriers to prevent the 
escape of radioactivity into the environment in the event that 
the fuel is damaged, including a metal vessel surrounding  
the fuel and a leak-tight containment structure made of steel 
and concrete. Another layer of safety consists of pre-planned 
actions to protect the public, such as evacuation or sheltering, 
within an emergency planning zone around the reactor. In 
addition, the United States and some other countries require 
that nuclear plants have armed security personnel to protect 
against radiological sabotage. These diverse and redundant 
safety and security measures are referred to as 
“defense-in-depth.”


However, accidents or acts of sabotage can be severe 
enough to disable multiple safety systems, making core melt 
inevitable. When that occurs, the nuclear fuel heats up to  
a temperature at which is begins to degrade and eventually 
melt, releasing radioactive fission products into the coolant 
system. The excess heat also increases the temperature  
and pressure within the reactor and containment structure. 
Eventually, the hot molten core will slump to the floor of the 
reactor vessel and melt its way through into the containment 
structure. The increases in temperature and pressure, as  
well as explosions of combustible gases such as hydrogen,  
can cause the containment to fail, releasing radioactivity  
into the environment.


How severe such a release could be for public health and 
the environment is largely determined by the “source term”—
the types of isotopes that are released, their quantities, their 
chemical forms, and other factors relevant to how the materi-
als are released and dispersed. In addition, prevailing weather 
conditions and the population distribution in the vicinity of 
the reactor are important factors.
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With the wide range of variables involved, it is difficult  
to develop a simple way to compare the overall safety of  
different reactor types. To rigorously determine whether  
any advanced reactor would be safer overall than current-
generation LWRs, one would need to sum up the risk of a 
large radiological release over all potential severe accident 
sequences, including waste storage accidents, and compare  
it to the risk associated with a current-generation LWR.  
This would require a comprehensive probabilistic risk  
assessment, validated with data from operating experience. 


While probabilistic risk assessments for LWRs have operating 
experience to draw upon for validation, achieving the same 
level of validation remains far in the future for any NLWR 
design. And even the best risk assessments have large uncer-
tainties associated with unknowns such as the risks of cata-
strophic external events, human errors, and sabotage. Thus, 
qualitative safety measures such as defense-in-depth, which 
are needed to compensate for such uncertainties, need to be 
given great weight in comparative assessments.
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Nuclear Power Sustainability


[ chapter 3 ]


The operating light-water reactor (LWR) fleet uses mined 
uranium for fuel and generates highly radioactive nuclear 
wastes. Both the front and the back ends of this fuel cycle 
have the potential for significant health and environmental 
impacts if not rigorously managed.


Two Primary Goals for Increasing  
Sustainability


One of the primary goals cited by NLWR developers is to  
reduce these impacts by increasing the “sustainability” of  
nuclear power—or, as the Department of Energy (DOE) puts 
it, to “extend natural resource utilization” and “reduce the 
burden of nuclear waste for future generations” (Petti et al. 
2017). In other words, for a nuclear reactor to be more sus-
tainable than an LWR, it should (1) use natural uranium more 
efficiently than LWRs, and (2) generate less nuclear waste 
requiring long-term disposal—or even use fuel obtained by  
reprocessing and “recycling” the mountain of highly radio-
active nuclear waste that LWRs have already produced,  
more than 80,000 metric tons and counting in the United 
States today. 
 However, although these goals certainly sound worth-
while, it is not clear whether achieving them is practical or 
even necessary for the future of nuclear power. Two funda-
mental questions need to be addressed. First, to what extent 
would any NLWR and its associated fuel cycle be significantly 
more sustainable in practice than the LWR once-through cy-
cle? And second, would those benefits be significant enough 
to justify the substantial investment required to develop and 
deploy such a reactor at a large scale? These highly complex 


questions depend on many variables and are very sensitive  
to model assumptions. While it is beyond the scope of this 
report to fully answer these questions, this chapter discusses 
key issues that must be considered.


REDUCED LEVELS OF LONG-LIVED RADIOACTIVE WASTE


Spent fuel from LWRs contains highly radioactive, long- 
lived isotopes that must be isolated from the environment for 
hundreds of thousands of years to protect public health and 
the environment. The only way this can plausibly be achieved 
it to dispose of the waste in a robust underground facility 
known as a geologic repository. However, most countries  
with nuclear plants, including the United States, have failed 
to open geologic repositories for spent nuclear fuel. Only  
Finland, with a much smaller amount of nuclear waste  
than the United States, is making steady progress.
 Highly radioactive wastes requiring disposal in a deep 
geologic repository are generated by all reactors and fuel 
cycles. However, some advocates of reprocessing argue that, 
given the political difficulties and technical challenges of  
establishing repositories, geologic disposal space will be 
scarce and valuable in the future and must be conserved by 
reducing nuclear waste volume (Bailly 2014). A new reactor 
design could reduce the future waste burden if it produced 
less long-lived waste than an LWR while generating the  
same amount of electricity. Furthermore, if the reactor could 
efficiently use actinides extracted from existing LWR waste as 
new fuel—often misleadingly referred to as “burning” nuclear 
waste—this approach could reduce the repository space  
needed for the current waste stockpile.
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EFFICIENT USE OF URANIUM


While reducing the amount of uranium used by nuclear  
reactors to generate a given amount of energy could conserve 
uranium resources, uranium is currently not in short supply; 
therefore, there is no economic driver at present for such a 
change. Early in the nuclear era, estimates of worldwide ura-
nium ore were low, and the nuclear power community feared 
that there would not be enough uranium to fuel reactors in 
the future. But these estimates have risen over time, and there 
is little risk that the world will run out of uranium for the 
foreseeable future. 
 The latest assessment of resources by the Nuclear  
Energy Agency and the International Atomic Energy Agency 
in 2020 found that identified recoverable uranium resources 
would be sufficient to fuel the global nuclear reactor fleet  
for more than 135 years at the 2019 rate of consumption ( just  
under 400 gigawatts of electricity) (NEA 2020). Better recov-
ery methods could make available up an additional 40 years’ 
worth of consumption. Thus, even if nuclear energy genera-
tion worldwide were to double over the next few decades—
more than the projected 80 increase in the International 
Atomic Energy Agency’s current “high case” scenario for 
growth by 2050—identified resources would likely be ade-
quate until the end of the century. In addition, sources of ura-
nium that are believed to exist but remain undiscovered are 
estimated to be nearly as great the currently identified re-
sources (NEA 2020). And ultimately, the world’s oceans, 
which contain a vast quantity of uranium at a low concentra-
tion, serve as a backstop to any supply shortage. Although the 
cost of uranium will increase as more readily exploitable re-
sources are depleted, that should be compared to the addi-
tional costs and risks associated with developing and 
operating new reactor types that are more uranium-efficient.
 However, resource depletion is not the only concern  
associated with uranium consumption. Uranium mining is 
dangerous for workers and pollutes soil, air, and groundwater. 
Uranium mining is less widespread in the United States today 
than in the past, but over time it has left thousands of aban-
doned mines and dozens of uranium processing sites that  
require cleanup, many of which are located within the Navajo 
Nation and continue to have a disproportionate impact on the 
Navajo people. Moreover, uranium waste dumps and mines 
emit carcinogenic radon gas decay products that pose health 
risks to both miners and individuals living downwind. More 
modern mining and processing methods, although less dam-
aging than historical practices, can also harm public health 
and the environment if not implemented with the most  
rigorous standards and oversight.


 Reactors that use uranium more efficiently could have 
health and environmental benefits by reducing the need for 
mining. However, the benefits from reducing uranium mining 
activities would have to be balanced against the increased 
environmental risks of more uranium-efficient reactors and 
their fuel cycles. Increasing uranium efficiency usually entails 
reprocessing spent fuel, which generates a number of differ-
ent radioactive waste streams and emits radioactive gases  
into the atmosphere—many with wide-reaching health and 
environmental impacts themselves. 
 To maximize the utilization of natural uranium,   
NLWRs would have to be capable of effectively using depleted 
uranium—the leftover material produced during enrichment—
as fuel. Depleted uranium has a U-235 content of 0.3 percent 
or below. Only a small fraction of mined natural uranium ends 
up in the enriched uranium fuel used in LWRs; the depleted 
uranium “tails” of the process are stored as waste requiring 
disposal. The production of one year’s supply of enriched  
uranium for a typical LWR—20 metric tons—generates about 
180 metric tons of depleted uranium. This material has accu-
mulated as waste in the United States and most other countries 
because it is not economical today to re-enrich it for use as 
LWR fuel. The DOE now holds more than 500,000 metric 
tons of uranium tails in the form of uranium hexafluoride gas, 
requiring hundreds of football fields’ worth of storage space. 
Although this material poses a relatively low radiological  
hazard in storage, it will likely require disposal in a deep  
geologic repository in the long term, but there is no clear  
disposition path at present. 


The Challenging and Conflicting Goals  
of Sustainability


Many NLWR developers argue that their systems will achieve 
breakthroughs in improving nuclear power sustainability.  
A good example is the Argonne National Laboratory, a DOE 
facility, which has been developing sodium-cooled fast reactor 
technology (see chapter 1) and an associated fuel reprocess-
ing system (known as pyroprocessing) for decades. In a 2012 
brochure, ANL claimed that its pyroprocessing technology, 
used in conjunction with fast reactors, would turn nuclear 
waste into a “wonderfuel” (ANL 2012).
 Specifically, Argonne National Laboratory asserts that  
its fast reactor and pyroprocessing system would: 


• “allow 100 times more of the energy in uranium ore  
to be used to produce electricity compared to current 
commercial reactors”


• “ensure almost inexhaustible supplies of low-cost  
uranium resources”
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• “markedly reduce the amount of waste and the time  
it must be isolated—from approximately 300,000 to  
approximately 300 years—by recycling all actinides” 
(ANL 2012)


The first two bullets refer to increasing uranium efficiency 
and the third to reducing the waste disposal burden.
 While this reactor system certainly sounds promising, 
this study finds that these claims are highly misleading.  
First, it is important to note that these two aspects of sustain-
ability—significantly reducing the quantity of TRU elements 
(primarily neptunium, plutonium, americium, and curium) 
contained in nuclear waste and significantly increasing  
uranium utilization efficiency—cannot be simultaneously 
achieved with the same reactor and fuel cycle system. The 
two goals are technically incompatible. This is because a  
nuclear reactor can only extract energy from a fixed amount 
of fissionable material per year, which depends on its power 
level. If the energy is produced by the fission of a TRU  
element that comes from nuclear waste, it cannot be pro-
duced by the fission of new fissionable materials generated 
from depleted uranium.
 To significantly reduce the high-level waste disposal  
burden, the reactor system would be designed to prioritize 
the fission of long-lived TRU isotopes extracted from nuclear 
waste—thus, most of the energy it produces would result from 
TRU fission. That is, the TRU contained in the LWR spent 
fuel stockpile would be the primary makeup source of fission-
able material for fresh fuel. On the other hand, to significantly 
increase the efficiency of uranium utilization, as discussed 
above, a reactor system must produce most of its energy by 
converting the U-238 in the depleted uranium to plutonium 
and then fissioning the plutonium. In this case, the depleted 
uranium stockpile would be the primary source of fresh  
fuel. But because the amount of energy produced per year  
in a reactor is constant, it cannot effectively use the existing 
stockpile of TRU in nuclear waste and the existing stockpile 
of depleted uranium at the same time.
 Moreover, while attaining either sustainability goal indi-
vidually may be achievable on paper, neither can be attained 
in practice over a reasonable time scale, as both would require 
a level of system performance far beyond what nuclear facili-
ties are capable of today or are likely to achieve in the fore-
seeable future. In order to make good decisions regarding the 
development of reactors systems with greater sustainability, it 
is critical that expectations for their real-world performance 
be distinguished from their theoretical performance in an 
ideal world.


High-Level Waste Reduction 


The United States has a nuclear waste problem—as do almost 
all other nations with nuclear power plants. Today, no country 
has a geologic repository ready to accept spent fuel or high-
level waste, and only Finland is constructing one for a nuclear 
power sector much smaller than that of the United States or 
other larger countries. While the United States does operate 
an underground repository—the Waste Isolation Pilot Plant  
in New Mexico—the facility accepts only TRU-containing 
wastes from military activities. It is legally prohibited from 
accepting spent fuel or high-level radioactive waste.
 Decades ago, the United States decided as a matter of 
policy to dispose of its spent fuel and high-level waste in a 
deep underground mined repository. However, for political, 
technical, and legal reasons, it has not yet been able to  
successfully build such a repository. It officially chose Yucca 
Mountain in Nevada as the repository site in 2002, and the 
DOE applied to the Nuclear Regulatory Commission for  
a construction license in 2008. Two years later, the DOE 
withdrew its application, stating that Yucca Mountain was 
not workable. Although early in former President Donald 
Trump’s tenure the DOE attempted to provide funds to  
restart Yucca Mountain project licensing at the Nuclear Regu-
latory Commission, the requests were rebuffed by Congress. 
In its budget request for fiscal year 2021, the DOE did not 
seek funding to move Yucca Mountain forward. 
 Nevertheless, the site remains the only one in the United 
States designated by law for geologic disposal of spent nuclear 
fuel. In order to prevent the disposal burden from being im-
posed on only one state, the law currently limits the capacity 
of Yucca Mountain to 70,000 metric tons heavy metal (MTHM) 
of waste. The US stockpile of waste has already exceeded  
this limit—as of mid-2017, US commercial reactor sites stored 
nearly 80,000 MTHM of spent fuel (GAO 2019). Subsequently, 
the reactor fleet has added about 2,000 MTHM of waste  
per year to this stockpile.
 However, the physical capacity of Yucca Mountain is 
four to nine times greater than maximum amount of waste it 
is legally allowed to store (Maden 2009). If the statutory limit 
were relaxed or eliminated, the United States might not need 
a second repository for centuries. A bill passed by the House 
of Representatives in May 2018 would increase the capacity 
to 110,000 MTHM, and the bill was introduced in both houses 
of Congress in the 2019-2020 session, but no votes were taken 
by either house. 
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CONSUMING NUCLEAR WASTE: THE HOPES AND CLAIMS


Given the lack of progress on spent fuel disposal, the notion 
that “advanced” nuclear reactors could consume existing  
nuclear waste is a very compelling idea to the public and  
to many policymakers. For example, Senator Sheldon White-
house (D-RI), in a floor speech in February 2016, referred to 
“advanced reactors that could actually consume spent fuel 
from conventional reactors and help us draw down our nucle-
ar waste stockpile” as “the Holy Grail” (Whitehouse 2016).
 Senator Whitehouse should not be faulted for his  
enthusiasm—many credible nuclear experts make assertions 
that NLWRs could essentially eliminate nuclear waste. For 
instance, the American Nuclear Society’s statement “Fast  
Reactor Technology: A Path to Long-Term Energy Sustain-
ability” states that for a fuel cycle with fast reactors and  
reprocessing, “virtually all long-lived heavy elements are 
eliminated during fast reactor operation, leaving a small 
amount of fission product waste that requires assured iso-
lation from the environment for less than 500 years” (ANS 
2005). This statement is echoed by a number of NLWR devel-
opers who say that their designs could “consume,” “burn,”  
or “recycle” spent fuel from LWRs. These include not only 
liquid metal–cooled fast reactors, but also gas-cooled reactors 
and molten salt reactors. One example—Argonne National 
Laboratory—has been cited above. Other examples follow.


OKLO, INC.’S FAST MICROREACTOR


Jacob DeWitte, co-founder of Oklo, Inc, testified before  
Congress that the company’s 4 megawatt-thermal fast micro-
reactor, now called the Aurora and under licensing review by 
the NRC, “can consume the used fuel from today’s reactors” 
(DeWitte 2016).


GENERAL ATOMICS’ ENERGY MULTIPLIER MODULE


General Atomics has been developing a high-temperature 
gas–cooled fast reactor—the Energy Multiplier Module (EM2), 
with a power output of 265 megawatts-electric (MWe). Ac-
cording to General Atomics, “deployed in sufficient numbers, 
EM2 is capable of substantially reducing pressures for long-
term storage and turning our waste stockpile into an impor-
tant energy resource” (GA 2019).


SEABORG TECHNOLOGIES’ COMPACT MSR


Seaborg Technologies, a Denmark-based company is devel-
oping a thorium MSR that it has also referred to as a “waste-
burner” (Seaborg Technologies 2015). The company says that 
“realizing the waste burning potential is part of Seaborg’s 
mission to make nuclear truly sustainable” (Seaborg Tech-
nologies n.d.).


TRANSATOMIC POWER’S WASTE-ANNIHILATING MSR


Another MSR startup, Transatomic Power had claimed that 
its reactor could consume nuclear waste as fuel. However, 
after errors were discovered in its analyses, it had to back-
track on the claim and lost credibility before shutting  
down in September 2018 (see chapter 7).


CONSUMING NUCLEAR WASTE: THE REALITY


The story of Transatomic Power is a cautionary tale for other 
NLWR developers who overstate the nuclear waste burning 
capabilities of their reactor systems. Unfortunately, as dis-
cussed below, it is virtually impossible to completely elimi-
nate or even significantly reduce nuclear waste by using it as 
fuel in any real reactor system. Therefore, the United States 
will need a deep geologic repository for nuclear waste regard-
less of the types of reactors it uses in the future.
 What most NLWR developers actually mean by “con-
suming” nuclear waste is using some of the components  
of spent fuel—namely, plutonium and other fissionable TRU 
isotopes—as fresh fuel in their reactors. These isotopes have 
half-lives from hundreds to millions of years. When they  
undergo fission, they primarily yield shorter-lived fission 
products such as cesium-137, with a half-life of 30 years. A 
process that could completely fission these long-lived TRU 
isotopes would greatly reduce the time the remaining waste 
would need to be isolated from the environment—but not 
enough to obviate the need for a geologic repository. For  
example, although cesium-137 would remain dangerous for 
only 300 years, instead of the 240,000 years needed for pluto-
nium-239, geologic disposal would still be necessary, since 
one cannot assume that current institutions will remain  
viable and able to safely manage an interim surface storage 
facility for even that period of time.
 But the long-lived TRU is only part of the problem. LWR 
spent fuel also contains long-lived fission products, such as 
iodine-129 (half-life: 15.7 million years), and technetium-99 
(half-life: 211,000 years) that cannot be fissioned. For decades, 
elaborate schemes have been devised to attempt to separate 
such fission products and transmute them to stable isotopes, 
but none has been implemented. Even if ultimately success-
ful, the cost and difficulty would be formidable (Chiba et al. 
2017). These fission products would also need to be geologi-
cally isolated in a deep underground repository for as long  
as some TRU isotopes.
 And in any event, it would not be practical for any real-
world system to effectively reduce the entire inventory of 
TRU to the extent necessary to eliminate or even greatly  
diminish the need for long-term deep geologic repositories, 
contrary to the American Nuclear Society and Argonne  
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National Laboratory claims cited above. Notably, it is impos-
sible to eliminate all the TRU in spent fuel—some fraction 
will inevitably end up in the waste stream and will require 
hundreds of thousands of years of geologic isolation. Never-
theless, if a system could reduce the quantity of TRU by a  
significant fraction—say, by 99 percent or more—this might 
enable a  repository to meet less stringent safety criteria,  
reducing the cost and increasing the number of technically 
suitable sites. The process would also reduce the decay heat 
of the remaining waste in the long term. Depending on re-
pository characteristics, this long-term heat reduction could 
potentially allow waste to be packed more densely in a reposi-
tory, reducing the disposal space required per unit of electric-
ity generated. (For the Yucca Mountain repository, in order  
to realize this benefit, the shorter-half-life elements cesium-137 
and strontium-90 would also have to extracted from the waste 
and stored above ground for 300 years—a questionable  
assumption, as discussed above.)
 But if the amount of TRU that is ultimately left over is 
too large, then the benefits for repository disposal would not 
be great enough to justify the cost and security risks of repro-
cessing and recycling TRU. As discussed below, although the 
amount of TRU lost to waste streams is a critical factor, one 
also must consider the total TRU amount remaining in the 
system—including the reactor cores, fuel cycle facilities, and 
storage sites. If the system shuts down in the future, all of the 
remaining material would also need to be disposed of in a reposi-
tory. But as shown below, the system would need to operate 
for hundreds or even thousands of years to reduce the total 
TRU inventory significantly. The present generation cannot 
guarantee that future generations will continue to operate, 
repair, and replace these systems for the length of time needed 
to achieve the necessary TRU reduction goal. If a reactor tech-
nology cannot significantly reduce the total TRU inventory  
in the system within a generation or two, future generations 
would still be stuck with a large stockpile of TRU—a situation 
only slightly better than the one that exists now.


INTERGENERATIONAL EQUITY


In addition to being impractical, a nuclear waste management 
strategy obligating future generations to maintain and operate 
a TRU burning system is inconsistent with the “intergenera-
tional equity” principle. According to this principle, “those 
who generate the wastes should take responsibility, and pro-
vide the resources, for the management of these materials in  
a way which will not impose undue burdens on future genera-
tions,” and “a waste management strategy should not be based 
on a presumption of a stable societal structure for the indefi-
nite future, nor of technological advance; rather it should  


aim at bequeathing a passively safe situation which places  
no reliance on active institutional controls” (NEA 1995).
 A robust geologic repository capable of containing waste 
for tens of thousands of years without the need for active  
controls and monitoring (beyond a reasonable period of  
retrievability) is arguably consistent with intergenerational 
equity. But a system requiring hundreds or thousands of years 
of costly and complex human activities to achieve its goals is 
clearly not. Our generation would bequeath to the future the 
obligation of maintaining and operating the system, without 
regard to cost and risk burdens. A TRU-burning system could 
only be consistent with intergenerational equity if it achieved 
its waste reduction goals within a few generations. The analy-
ses discussed below show that even 120 years would not be 
sufficient. 


SPENT FUEL “BURNING” REQUIRES REPROCESSING


It is also critical to realize that the term “waste burning” is an 
oversimplification that fails to convey the difficulty, cost, and 
risks of the industrial processes needed to extract re-usable 
materials from spent fuel and fabricate them into fresh fuel 
(see Box 3, p. 37). 


BURNING THE TRANSURANIC ELEMENTS (TRU)  
IN NUCLEAR WASTE


Although complete destruction of radioactive waste is not 
possible, a key question is whether the TRU in nuclear waste 
can be reduced deeply and rapidly enough to significantly 
reduce the need for deep underground repositories. Typically, 
one of the limiting factors in a geologic repository is the heat 
load of high-level waste, and the precise limits for a given  
repository will depend on its geochemical characteristics and 
design. The TRU is the primary heat source in the waste after 
several hundred years, so a reduction in the TRU content of 
high-level waste is a necessary (but not sufficient) condition 
to pack more waste in a given repository volume. Another 
limiting factor is the long-term environmental contamination 
that will occur when a repository starts leaking radioactive 
material far in the future (because any repository will even-
tually leak over time). If more waste is packed into the same 
repository space, dose rates would increase and potentially 
exceed regulatory limits for public exposure, depending on 
the nature of the repository and many other factors. 
 To address this question, one must define what consti-
tutes a “significant” reduction in TRU by a waste-burning 
system relative to LWRs operating on a once-through cycle. 
Analysts have used different standards over the decades, 
ranging from a reduction in total TRU mass by a factor of 
more than 1000 to as low as a factor of 10 (see Box 4, p. 38).
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By definition, spent fuel is discharged from a nuclear 
reactor when it can no longer be used as fuel in its current 
form. There are several reasons a nuclear fuel rod has  
a limited lifetime when irradiated in a reactor. The con-
centration of fissile material in the fuel decreases while 
the quantity of neutron-absorbing fission products 
increases—to the point when the fuel rod is unable to 
sustain a nuclear chain reaction. Irradiation increases the 
pressure inside the fuel rods (due to the generation of 
gaseous fission products) and decreases the strength of the 
metallic cladding surrounding the fuel rods until the rods 
are at high risk of rupture. A point is reached when it is  
no longer safe or productive to continue to irradiate the  
fuel rod.
 What would it entail to use the spent fuel from LWRs 
as fuel for a new reactor? No reactor concept today can 
safely use spent fuel directly as new fuel. Instead, the 
spent fuel would have to undergo some type of proces-
sing—referred to as reprocessing—before it can be  
turned into fresh fuel. 
 First, mechanical and chemical processing would be 
needed to separate to some degree the fissile components 
of the fuel, such as plutonium and other actinides, from 
other spent fuel constituents. This can be an aqueous 
process, in which the spent fuel is dissolved in an acidic 
solution, or a non-aqueous process, such as conversion  
to metal (reduction) and electrometallurgical treatment 
(pyroprocessing). As discussed in chapter 4, reprocessing 
is costly, requiring the use of shielded facilities and 
remote handling equipment. It is environmentally 
hazardous. And most importantly, it increases the risk  
of nuclear proliferation and makes bomb-usable material 
easier for terrorists to steal.
 After the spent fuel has been reprocessed to remove all 
the unusable or problematic isotopes, fresh fuel will have 
to be fabricated, with the new fuel form determined by 
the requirements of the type of reactor that will use it. 
Whether this process entails the fabrication of solid fuel 
or liquid fuel, it provides opportunities for diversion or 
theft of weapon-usable nuclear materials and therefore 
must be subject to stringent safeguards and security.


BOX 3.


Reprocessing and 
Recycling: Turning Spent 
Fuel into Fresh Fuel 


 Unfortunately, even using the least stringent reduction 
factor of 10, which was adopted by the DOE in a 2009 study,  
it would take a very long time for TRU-burning systems in 
practice to have a meaningful impact on repository require-
ments (see Box 4, p. 38). This general result has been con-
firmed by many studies of fuel cycle systems, including  
a seminal National Academy of Sciences study (NAS 1996).  
In the appendix to this report, simple models are provided  
to illustrate this important finding.


WHAT LEVEL OF WASTE REDUCTION IS POSSIBLE? 


In any real-world spent fuel reprocessing and recycling  
system, there are two primary sources of TRU-containing 
radioactive waste. First, there are process losses. Every time 
spent fuel from a reactor is reprocessed and refabricated into 
new fuel, a certain quantity of plutonium and other TRU end 
up in the waste streams. One can reduce that amount to very 
low levels, but that increases cost. Over time the mass of TRU 
that end up in unrecoverable waste streams can become sig-
nificant, even if the waste from any one cycle is very small. 
 The second source is TRU within the system that remains 
unfissioned for practical reasons. Many analyses of the waste 
reduction benefits of reprocessing and recycling only account 
for the material entering and leaving the system; they ignore 
the nuclear material within the system. This is a huge over-
sight. There will always be TRU within a nuclear power sys-
tem at any one time—in reactor cores, fuel fabrication plants, 
reprocessing plants, and interim storage facilities. However, 
unless one assumes that future generations will continue to 
operate the system (and replace old facilities) forever, eventually 
it will have to shut down, rendering unused fuel materials as 
radioactive wastes requiring geologic disposal. These materials 
need to be counted when estimating the overall reduction  
in TRU that the system can achieve. This observation was  
a key insight of the National Academy of Sciences study on 
sep-arations and transmutation of nuclear wastes (NAS 1996). 
 The National Academy of Sciences evaluated the TRU 
reduction performance of a number of burner reactors and 
associated closed fuel cycles. The study found that if all the 
TRU in both wastes and operating facilities are considered, 
these systems will have to operate for an impractically long 
time—centuries or even millennia—to achieve a 100-fold  
reduction in the total mass of TRU. 
 These results have been confirmed by many other  
detailed systems analyses. A 2009 study by the Electric Power 
Research Institute and Electricité de France assessed the  
impact of phasing in a fast reactor system operating together 
with LWRs (35 percent fast reactors and 65 percent LWRs), 
while keeping the total US nuclear generating capacity  


continued on p. 38
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A comprehensive 1996 report by the National Academy of 
Sciences concluded that in order to “have a significant effect” 
on the total mass of TRU that would require geologic disposal, 
“an entire system of many facilities would be needed in which 
all the components operate with high reliability in a synchro-
nized fashion for many decades or centuries. . . . The magnitude 
of the concerted effort and the institutional complexity . . . are 
comparable to large military initiatives that endure for much 
shorter periods than would be required” (NAS 1996). This 
report estimated in 1996 that the cost of such a system would 
be at least $500 billion (or more than $800 billion in 2020 
dollars).
 How great a reduction in the TRU inventory could justify 
the substantial expense of building and operating such a 
system over the decades or centuries that would be required? 
The National Academy of Sciences study pointed out that 
performance standards “changed markedly in recent years  
and have not been clearly defined,” but that the expectation  
of the DOE Advanced Liquid Metal Reactor Program in the 
early 1990s was a “thousand-fold reduction in the quantity of 
actinide waste going to a geologic repository” (NAS 1996). The 
study itself did not adopt a specific performance standard but 
implied that the authoring committee considered a 100-fold 
reduction as “significant” (NAS 1996).
 In 2005, the DOE adopted the objective of achieving a 
100-fold reduction in the quantity of TRU requiring disposal  
as one of the programmatic goals for its Advanced Fuel Cycle 
Initiative, which sought to develop a spent fuel reprocessing 
and recycling infrastructure in the United States (Piet et al. 
2011). The DOE observed that such a reduction would delay 
the need for a second geologic repository until the end of the 
21st century while allowing for significant nuclear power 
growth. 
 In a more recent evaluation of fuel cycle options, DOE  
scientists used a less stringent criterion—an order of magnitude 
(factor of 10) or more—to define “significant improvements” 
 in nuclear waste management and other nuclear power 
metrics relative to the LWR once-through cycle, including 
repository decay heat load (Wigeland et al. 2009). Their logic 
was that “significant benefits” should be those “resulting in  
an improvement that is clearly larger than the uncertainties . . . 
typically an order of magnitude or greater” (Wigeland et  
al. 2010).


BOX 4.


What Level of Transuranic Reduction in Radioactive 
Waste Would Make a Real Difference?


 While it is difficult to define an objective standard because 
these assessments are so complex and uncertain, the present 
report will reference the DOE factor of 10 as the standard for  
a significant reduction in TRU. However, this standard is ques-
tionable, given that the analyses used to calculate the actual 
TRU reduction in a given system have large uncertainties and 
are highly sensitive to various assumptions. For example, one 
study finds that the estimated increase in Yucca Mountain 
repository capacity gained from reprocessing and TRU recy-
cling (which is a function of the TRU reduction factor) would 
decrease by a factor of 50 as the assumed separation efficiency 
of TRU and fission products from waste decreases from 99.99 
percent to a more realistic 99.0 percent (Wigeland et al. 2006). 
Thus, it is not apparent that a calculated improvement of a 
factor of 10 would be “clearly larger than the uncertainties.” 
 Moreover, it is not clear that a TRU reduction factor of   
100 or even 1000 would be sufficient to meet waste disposal 
objectives. The original goal of the DOE’s Advanced Liquid 
Metal Reactor Program was to reduce the quantity of TRU 
elements in a repository to below the release limits stipulated 
by 40 CFR 191, the Environmental Protection Agency rule  
for geologic repositories (other than Yucca Mountain), which 
would require a reduction in plutonium-239 by a factor of 
more than 3000 (NAS 1996). In the realm of hazardous waste 
disposal, the standard for effective destruction of toxics is 
even higher. For example, a factor of one million (a 99.9999 
percent reduction) is used by the Environmental Protection 
Agency as a standard for the destruction of dioxin, a long-lived 
and highly hazardous substance. No TRU reduction scheme  
is capable of achieving such a dramatic goal, no matter how 
long the system is operated.
 Lastly, transmutation is not the only means of achieving  
an increase in the capacity of a repository. For example, it has 
been estimated that the long-term decay heat reduction from  
a 1000-fold reduction in the TRU mass in high-level waste 
would allow only a five-fold increase in Yucca Mountain 
capacity unless cesium-137 and strontium-90 are removed  
for above-ground storage (Wigeland et al. 2006). Given that 
the physical capacity of Yucca Mountain may be as great as 
nine times the current legal capacity (and assuming that the 
project is still viable), changing the law would be far cheaper 
than developing a TRU-burning system but would have an 
immediate impact on the quantity of waste that could be 
buried there. 







39“Advanced” Isn’t Always Better


constant (Machiels, Massara, and Garzenne 2009). The study 
found that the system would have to operate for 70 years to 
reduce the total TRU mass in the system by just a factor of 
two relative to the once-through cycle used by LWRs. To  
reduce the TRU mass by a factor of 10 would require   
continuous operation for 632 years. 
 It is clear from these estimates why a 2009 DOE study 
concluded that (assuming a factor-of-10 standard for signifi-
cance) “continuous recycle appears to be the only practical 
fuel cycle strategy that can significantly affect waste manage-
ment issues for [used nuclear fuel] and [high-level waste],  
but only if all of the TRU is recycled, leaving only fission 
products and residual amounts of TRU in the [high-level 
waste]” (Wigeland et al. 2009). Any leftover spent fuel would 
count against the system’s overall capability for TRU reduc-
tion. Or, as an Idaho National Laboratory article in 2011  
simply put it, “significant material accumulates throughout 
the system during recycling; thus achievement of high waste 
management benefits depends on continuation of recycling. 
Do not stop!” (Piet et al. 2011). Therefore, the system would 
have to operate forever. Such an exhortation is clearly  
inconsistent with the intergenerational equity principle. 
 The basis for these conclusions can be illustrated 
through relatively simple models. In the appendix to this  
report, examples are provided that demonstrate why it  
takes so long for a fast reactor system to burn up a signifi- 
cant fraction of its TRU fuel. Using optimistic performance 
assumptions, a fast neutron reactor operating as a TRU burner 
for 120 years would only reduce the total amount of TRU  
in the system by a factor of around eight—below the DOE’s 
factor-of-10 standard for a significant reduction.
 In summary, while the idea of burning nuclear waste 
sounds appealing on the surface, such burning cannot be 
done quickly or efficiently enough to be an effective waste 
management strategy. The marginal benefits of developing 
and deploying systems for TRU burning do not justify taking 
on the proliferation, security, and safety risks of reprocessing 
and recycling spent fuel.


Uranium Utilization Efficiency


LWRs that are operated on a once-through cycle use only 
about 0.6 percent of the uranium mined for their fuel for en-
ergy. The remainder—more than 99 percent—is contained in 
the reactor’s spent fuel (around 10 percent) and the depleted 
uranium produced by enriching natural uranium for reactor 
fuel ( just under 90 percent). 
 Some argue that the LWR once-through cycle is ineffi-
cient and wasteful, and should be replaced by fast breeder 


reactors and a closed fuel cycle with reprocessing (Lynas 
2011). They claim that this unsustainable use of uranium  
will eventually deplete the resource. 
 This argument has been cited by the International  
Atomic Energy Agency. In June 2018, then-director general  
of the agency, the late Yukiya Amano, said that although 
“identified uranium resources are sufficient for well over  
100 years of supply . . . the current over-supply may not last 
forever. It is therefore important that this vital resource is 
mined, produced, and managed sustainably.” He pointed to 
“promising work . . . underway on new generations of nuclear 
power reactors that require less uranium” (Amano 2018). 
Along the same lines, in a 2014 study, DOE researchers ad-
opted the following objective for improved natural resource 
utilization in nuclear fuel cycles: “on a per unit energy basis, 
[a] reduction in the amount of fuel resources needed by a  
factor of 100 or more” compared to the once-through  
LWR fuel cycle (Wigeland et al. 2014). 
 But is it really critical for the future of nuclear power to 
develop fuel cycles that use less uranium? The cost of uranium 
is only a small component of the cost of electricity to begin 
with (WNA 2020). And the world is not in danger of running 
out of uranium any time soon, even if nuclear power expands 
according to the most recent IAEA “high case” projections, and 
uranium remains so cheap that there is no economic incen-
tive to use it more efficiently. The up-front capital investment 
needed to build a fast breeder reactor system and associated 
fuel cycle facilities would be substantial, but significant ben-
efits to a nuclear utility’s bottom line would not be realized 
until the price of uranium is far higher than it is today,  
which is likely to be a long time from now (see chapter 5).
 Nevertheless, as discussed above, conserving natural  
resources could be a worthwhile goal even if not warranted 
by current market conditions. And there are other benefits  
to using uranium more efficiently. Doing so would reduce the 
need for uranium mining, which is dangerous for workers and 
pollutes the environment, and would perhaps even reduce the 
demand for enrichment, a proliferation-sensitive part of the 
nuclear fuel cycle. However, the safety and proliferation risks 
of uranium mining and enrichment could also be reduced by 
more stringent regulatory controls and nuclear material safe-
guards—which would likely be less costly than developing 
and deploying more uranium-efficient reactors. 
 Thus, developing advanced reactors and fuel cycles  
that use uranium more efficiently is not essential for nuclear 
power’s future, but could be beneficial, provided they do  
not increase proliferation, terrorism, and safety risks and  
are cost-effective compared to alternatives for reducing  
the impacts of uranium mining. 


continued from page 116
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IMPROVING URANIUM UTILIZATION


The uranium utilization efficiency of a reactor is generally 
defined as the ratio of the amount of heavy metal (e.g., uranium 
or plutonium) that undergoes fission (and hence releases  
energy) over the reactor’s lifetime to the mass of natural
uranium that was used to produce all the reactor’s fuel. The 
amount of heavy metal fissioned includes both the direct fission 
of uranium isotopes (primarily U-235) and the fission of plu-
tonium and other TRU produced through neutron absorption 
by U-238 and heavier nuclei. Since there is a very low prob-
ability that U-238, the major component of natural uranium, 
will undergo fission, to use natural uranium most efficiently,  
a reactor and fuel cycle system must convert as much U-238 
to plutonium as possible and then fission as much of that  
plutonium as possible to release energy. 
 To calculate uranium utilization efficiency correctly, it is 
necessary to account for the entire amount of natural uranium 
used to produce all the fuel a reactor will need over its life-
time. This includes not only fuel that is periodically fed into 
the reactor when it reaches steady-state operation, but also 
the fuel for the startup core and for the intermediate cycles 
during the transition to steady-state operation. The latter 
contribution is particularly important for some reactor sys-
tems that can take many years or even many decades to reach 
a steady state. The uranium utilization efficiency is then de-
fined as the total amount of heavy metal fissioned over the 
lifetime of the reactor divided by the total amount of natural 
uranium required (Yu et al. 2019). Also if a reactor uses tho-
rium fuel, as do some NLWRs discussed in the present report, 
then the amount of natural thorium required should also  
be included. In that case, the parameter of interest is the  
“natural resource” utilization.
 There are two reasons why the uranium utilization  
efficiency of current LWRs is so low. First, as discussed in 
chapter 2, the amount of heat energy that can be extracted 
from a given mass of fuel (the burnup) is limited. Second, the 
enrichment process results in the generation of a large stock-
pile of depleted uranium that is not usable as LWR fuel (and 
is thus a waste product) unless it is enriched, which is not 
economical as long as the uranium price remains low. 
 One reason why the burnup of fuel in LWRs is limited  
is that the proportion of fissile isotopes decreases as the fuel 
is irradiated. An insufficient quantity of new fissile isotopes, 
such as plutonium-239, are generated to compensate for the 
reduction in the quantity of U-235 in the fresh fuel that is 
fissioned.
 As discussed above, spent fuel discharged from an LWR 
at a typical burnup of around 50,000 megawatt-days of thermal 
energy per ton of heavy metal has a U-235 content of less than 


1 percent by weight and a total plutonium content of just over 
1 percent by weight. The spent fuel also contains about 0.1 
percent of other TRU, such as americium-241. The balance, 
around 93 percent, is almost entirely U-238. This means that 
95 percent of the remaining heavy metal in the fuel (primarily 
U-238, U-235, and plutonium) was not used to produce energy 
and is contained in the waste. In addition, the leftover U-238 
in spent fuel is only a fraction of the unused U-238 in the 
LWR fuel cycle. When natural uranium is enriched in the 
U-235 isotope for producing LWR fuel, a large stockpile  
of depleted uranium (containing greater than 99.7 percent 
U-238) is created, which is typically discarded as waste. 
A typical 1000 MWe LWR operating at 90 percent capacity 
and an 18-month refueling cycle requires around 20 metric 
tons of LEU fuel each year (at 4.5 percent U-235). About 180 
metric tons of natural uranium would be enriched to produce 
this fuel annually. This reactor would fission a little more 
than one metric ton of heavy metal per year. The uranium 
utilization is therefore about 1 metric ton/180 metric tons = 
0.6 percent. 
 However, this refueling strategy, which is typical for  
US LWRs today, is not optimized for efficient uranium use, 
but instead for maximizing the capacity factor by increasing 
burnup. Higher burnup fuel can be used for a longer time, 
increasing the cycle length and decreasing the average outage 
time for refueling between cycles. The same LWR in the pre-
vious example could operate on a yearly refueling cycle with 
a smaller required uranium enrichment (3.3 percent U-235) 
and fuel burnup. This refueling strategy would use only about 
160 metric tons of natural uranium feed to generate the same 
amount of energy, increasing the uranium utilization by  
about 10 percent.
 This example illustrates an important fact: uranium  
utilization is not necessarily improved if burnup is increased 
only through using higher enrichment fuels, because more 
depleted uranium will also be generated. This is why high-
temperature gas–cooled reactors do not use uranium more 
efficiently than LWRs even though their fuel can achieve 
higher burnups than LWR fuel (see chapter 6). This is also 
true for conventional sodium-cooled fast reactors such  
as the TerraPower Natrium (see chapter 5).
 How then can a fast reactor extract 100 times the 
amount of energy from a given quantity of uranium ore as  
an LWR does, as Argonne National Laboratory claims? This  
is only possible for a fast reactor operating in a breeding 
mode in a closed fuel cycle with reprocessing. Recall that the 
quantity of uranium and plutonium in LWR spent fuel com-
prises only about 10 percent of the mass of uranium mined to 
produce the fuel, while the remaining 90 percent is primarily 
bound up in depleted uranium tails. To achieve a 100-fold  
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increase in efficiency—that is, a uranium utilization of 60 per-
cent—the reactors not only would have to fission all of the 
uranium and plutonium in LWR spent fuel, but also would 
have to convert 50 percent of the depleted uranium generated 
to produce the LWR fuel into plutonium and fission it com-
pletely. As shown below, this is a formidable task in practice. 


THE FAST BREEDER FUEL CYCLE 


The goal of the breeder reactor fuel cycle is to maximize  
natural uranium utilization by converting as much U-238 to 
plutonium as possible. However, to fully utilize the U-238 in 
LWR spent fuel in a fast reactor, it must be separated from  
the spent fuel through reprocessing, fashioned into targets 
(known as blankets), loaded into the reactor, and bombarded 
with neutrons. The depleted uranium tails also must be pro-
cessed and fabricated into blanket fuel, but do not require 
reprocessing because the material is not irradiated. 
 Since the blanket material alone cannot sustain a chain 
reaction, the fast reactor must also be loaded with driver fuel. 
The preferred fissile fuel for a fast breeder reactor is pluto-
nium, which can be obtained from reprocessing LWR spent 
fuel. Plutonium fission produces more extra neutrons in a fast 
spectrum that can be used to convert U-238 to additional plu-
tonium. It is theoretically possible to breed more plutonium 
(and other TRU) in a fast reactor cycle than are consumed 
through fission (hence the name “breeder reactor”). The  
excess TRU generated by a breeder could be used as startup 
fuel for a new reactor.
 The plutonium and other TRU bred in the blankets, as 
well as leftover uranium, would then be separated by repro-
cessing and used to fabricate fresh fuel. More blankets would 
then be loaded into the core and the process repeated. How-
ever, the process would not become self-sustaining until the 
system had reached a steady state, which could take several 
operating cycles. 
 Before a fast breeder reactor system becomes self- 
sustaining, it would need an external supply of plutonium 
obtained by reprocessing LWR spent fuel. But the process  
of enriching the fresh fuel needed for the LWRs generates  
a huge stockpile of depleted uranium. This stockpile must  
be accounted for in assessing the true uranium utilization 
efficiency of the system. 


URANIUM UTILIZATION EFFICIENCY OF THE  
FAST BREEDER SYSTEM


In theory, the fast breeder system could achieve 100 percent 
uranium utilization efficiency, but only if the spent driver  
and blanket fuel from the fast reactor were repeatedly repro-
cessed; all of the recovered uranium, plutonium, and other 
TRU was recycled; and all of the U-238 contained in the origi-
nal ore were converted to fissionable material that is fissioned 
to produce energy. (In practice, as with burner reactor cycles, 


the unavoidable process losses—TRU that is discharged to  
the waste stream without being converted to energy—provide 
an upper bound to the utilization efficiency.)
 However, using the model given in the appendix, one can 
show that it would take a very long time for a breeder reactor 
to convert a large fraction of the initial stockpile of depleted 
uranium to plutonium and utilize it to generate energy. Since 
the reactor would require only a small amount of the depleted 
uranium stockpile each year, the system of reactors and fuel 
cycle facilities could only utilize the entire quantity if they 
were rebuilt periodically and operated continuously for  
thousands of years.
 According to the model (see appendix), 14,750 metric 
tons of natural uranium would have to be mined and enriched 
to fuel the LWRs needed to produce the plutonium for the 
initial cores of a 1000 MWe fast breeder reactor. At steady-
state, the system would only require an input of 1.1 metric 
tons of depleted uranium each year. At this rate, the depleted 
uranium stockpile could fuel this fast reactor for nearly 
12,000 years. At first glance, this seems like an amazing  
resource. And since the 1000 MWe reactor (operating at an  
85 percent capacity factor) would fission about 0.8 metric  
ton of heavy metal per year, it would appear that the reactor’s 
uranium utilization efficiency is about 80 percent (0.8 metric 
tons of fission/1.1 metric tons of uranium).
 However, it should be clear now that this is a misleading 
picture. According to the definition of uranium utilization 
efficiency presented above (Yu et al. 2019), the total amount 
of mined uranium used to produce the plutonium fuel for the 
fast breeder reactor over its lifetime must also be included. 
Using this definition, uranium utilization efficiency of the 
1000 MWe PRISM fast breeder reactor operated for a 60-year 
period at 85 percent capacity would be about 50 metric tons 
of fissioned heavy metal/14,750 metric tons of natural ura-
nium, or 0.34 percent—even less than that of an LWR. The 
annual uranium utilization would be less than 0.006 percent. 
For a breeder reactor to achieve a uranium utilization effi-
ciency of 60 percent as claimed by Argonne—a 100-fold  
increase in efficiency of uranium use over LWRs—future  
generations would have to continue to operate, maintain, and 
replace fast breeder reactors and their associated fuel cycle 
facilities for thousands of years (around 11,000 years in the 
above example). 
 This is similar to the example for a TRU burner fuel  
cycle discussed earlier, which would also require hundreds  
or thousands of years to achieve its performance goal. But if a 
future generation were to decide not to continue to building 
and operating breeder reactors, then the remaining depleted 
uranium stockpile would not be utilized. Instead of a resource, 
it once again would be rendered a waste product. 
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 Analyses of more detailed models confirm that the actual 
uranium utilization rate during a transition to a fast-breeder 
based reactor system would be far below 100 percent for  
hundreds of years. Department of Energy researchers have 
shown that when dynamic considerations are taken into account, 
such as the time lag required for spent fuel to be cooled, repro-
cessed, and refabricated into fresh fuel, the rate at which fast 
reactors can replace LWRs is significantly lower than indicated 
through static calculations (Piet et al. 2011). Consequently, 
even for the highest breeding ratio fast reactor considered 
(BR=1.75), the uranium utilization of the system would be at 
best no more than twice that of the LWR once-through cycle 
(1.2 percent) by the year 2100 and only 10 times more (6 per-
cent) by 2200 (Piet et al. 2013). This assumed, optimistically, 
that all fast-reactor fuel would be reprocessed and recycled 
on site within a two-year period. For a more realistic 11-year 
lag period, the analysis found that the uranium utilization 
efficiency would only be 1.3 and 1.9 times more than the  
once-through cycle by 2100 and 2200, respectively. When 
process losses of uranium and other actinides to waste from 
reprocessing and fuel fabrication are taken into account,  
the closed fuel cycle becomes even less uranium-efficient.


BURNERS ARE NOT GOOD BREEDERS, AND VICE VERSA:  
THE DIFFICULTY OF MEETING BOTH SUSTAINABILITY 
GOALS SIMULTANEOUSLY


As discussed earlier, some fast reactor developers (such as 
Argonne National Laboratory) claim that their systems can 
simultaneously achieve two main goals of sustainability: the 
ability to greatly increase uranium utilization and to recycle 
the TRU in spent fuel. In the appendix to this report, it is 
shown why that is not possible. A system can be optimized 
either for increased uranium utilization (breeding) or for  
recycling TRU (burning), but cannot do both effectively  
at the same time.
 The reason for this is simple: to use uranium most effi-
ciently, a reactor and fuel cycle system must convert as much 
U-238 to plutonium as possible and then fission as much of 
that plutonium as possible to release energy. In contrast, to 
most efficiently fission TRU extracted from LWR spent fuel, 
the system must convert as little U-238 into new plutonium 
and other TRU as possible. TRU burners use only slightly 
(about 25 percent) less uranium than LWRs (Piet, Hoffman, 
and Bays 2010). The present study was unable to identify a 
system that could meet the criteria for significant reductions 
in TRU mass and efficient use of natural uranium 
simultaneously.
 The reactors and fuel cycles described above represent 
attempts to improve nuclear power sustainability through 
reprocessing and recycling spent fuel. However, as dis- 
cussed in chapter 4, those activities raise serious nuclear  


proliferation and terrorism concerns, by rendering weapon-
usable materials susceptible to theft or diversion. In light of 
that, it is prudent to consider ways to improve the sustainabil-
ity of the once-through cycle without increasing proliferation 
and terrorism risks. If the current once-through fuel cycle 
could be modified to be more sustainable, the most compel-
ling  arguments for adopting a closed fuel cycle would no  
longer apply. 
 As discussed in chapter 8, it may be possible to develop 
reactors that can use uranium much more efficiently than 
current reactors on a once-through basis. Unfortunately, it is 
not likely that this can be accomplished by improving LWR 
technology because of the physical limits on burnup for con-
ventional uranium oxide fuel and cladding. But as seen above, 
even if an LWR could fission 100 percent of its fuel, that 
would amount to only about 10 percent of the amount of  
natural uranium mined to produce the fuel. The remainder 
would be the depleted uranium left over from the enrichment 
process, which cannot be used in LWRs without re-enriching 
it or adding other fissile materials obtained from reprocess-
ing, such as plutonium. Moreover, increasing fuel burnup 
alone does not increase uranium utilization if higher levels  
of enrichment are needed to enable higher burnup, because 
then even more depleted uranium would be generated  
(Kim and Taiwo 2010).  
 Therefore, to substantially increase uranium utilization 
in the once-through cycle, reactor systems would have to  
increase fuel burnup without an increase in the required level 
of uranium enrichment. Compared to current LWRs, such 
reactors would need to convert more U-238 to plutonium  
and fission more of that plutonium for energy. In addition, the 
reactors would have to be able to use U-238 as a fuel material, 
in order to utilize the inventory of depleted uranium tails. 
This approach is referred to as breed-and-burn. To date, the 
only reactor designs shown in theory to be capable of true 
breed-and-burn operation are fast reactors because extra 
neutrons are available for U-238 conversion in a fast spectrum. 
The TerraPower traveling wave reactor, which is a liquid  
sodium–cooled fast reactor, is the most prominent example. 
The TerraPower Natrium reactor, which is a once-through 
fast reactor with a conventional refueling cycle, is less  
uranium-efficient than an LWR (see chapter 5). 
 As discussed further in chapter 8, the uranium utiliza-
tion efficiency of a successful breed-and-burn system would 
compare favorably to that of a fast-breeder fuel cycle, but 
without the need to separate and recycle weapon-usable 
TRU. In our assessment, the avoidance of reprocessing is a 
major selling point for breed-and-burn reactors. However, 
significant technical and safety challenges remain, and it is 
not clear at this time whether such reactors will be viable. 
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Nuclear Proliferation and Terrorism  
Risks of Nuclear Power


[ chapter 4 ]


Technologies for generating peaceful nuclear power are dual-
use: they can also be used to produce the materials needed to 
make nuclear weapons. Nations that possess civilian uranium 
enrichment or spent fuel reprocessing technologies also have 
the means to produce fissile materials for nuclear weapons. 
The landmark Nuclear Non-Proliferation Treaty allows the 
186 non-nuclear weapon state parties to possess dual-use  
nuclear facilities for peaceful purposes, but prohibits those 
states from acquiring nuclear weapons. The International 
Atomic Energy Agency (IAEA) is tasked with implementing  
a safeguards system to verify that nations are not diverting 
nuclear materials from declared nuclear facilities which 
could be used to produce nuclear weapons. In some states, 
the IAEA also has the authority to verify the absence of  
undeclared facilities or materials. The IAEA conducts safe-
guards inspections intended to detect the diversion of  
such materials in a timely manner. 
 The five nuclear weapon states—the United States,  
Russia, France, China, and the United Kingdom—are not  
obligated to accept IAEA safeguards, but can volunteer indi-
vidual facilities for safeguards by placing them on an “eligible 
facilities list.” The IAEA, however, does not generally imple-
ment safeguards in nuclear weapon states due to a lack of 
resources. 
 The IAEA applies safeguards to “special fissionable  
materials,” which consist of enriched uranium, plutonium, 
and uranium-233 (U-233), as well as source materials such as 
natural uranium that can be used to produce special fission-
able materials. Of these, it defines highly enriched uranium 
(HEU) and plutonium (containing less than 80 percent pluto-
nium-238) and U-233 as “direct use materials.” HEU and  
plutonium are the materials that are believed to fuel all of  


the world’s nuclear arsenals, but U-233 is also weapon-usable. 
In addition, certain transuranic isotopes such as neptunium-237 
and americium-241 are weapon-usable, but they are considered 
“alternative” nuclear materials and are not in the scope of IAEA 
safeguards. Instead, the IAEA requests that states voluntarily 
track and report information about any stocks they possess.
 As discussed in chapter 2, natural uranium consists  
primarily of a mixture of two uranium isotopes: U-238  
(99.3 percent) and U-235 (0.7 percent). HEU is uranium with 
20 percent or more of the isotope U-235; low-enriched ura-
nium (LEU) has less than 20 percent U-235. It is extremely 
impractical, but not impossible, to make a nuclear weapon 
with LEU enriched to above about 10 percent U-235. 
 Current light-water reactors (LWRs) use LEU enriched 
up to about 5 percent U-235. However, facilities that enrich 
natural uranium to produce LEU for use in power plant fuel 
can be readily reconfigured to make HEU. Consequently,  
civilian enrichment facilities in Nuclear Non-Proliferation 
Treaty non-nuclear weapon states (and in some nuclear 
weapon states as well, on a voluntary basis) are under IAEA 
safeguards to verify that they are not being misused to  
produce HEU.
 The potential for Iran to use its uranium enrichment  
facilities to develop nuclear weapons was a major reason for 
the international concern that led to the 2015 Joint Compre-
hensive Plan of Action—the so-called Iran Deal. While Iran 
had announced its intention to produce only LEU, it could  
be capable of using its enrichment facilities to produce HEU. 
However, the physical limits on its uranium holdings and  
enrichment capacity that were stipulated in the Joint Com-
prehensive Plan of Action increased the “breakout” time it 
would have taken Iran to produce enough HEU for a nuclear 
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these standards spent fuel typically remains self-protecting 
for about 100 years. 
 An additional reason that spent fuel is difficult to steal  
is that it exists in the form of large and heavy assemblies.  
Today’s pressurized-water reactors typically have fuel assem-
blies that are roughly 15 feet long and weigh 1000 pounds, or 
about 450 kilograms (kg). A single pressurized-water reactor 
fuel assembly contains around five kg of plutonium: about one 
percent by weight. It is the combination of its radioactivity, 
size, and dilution that makes spent fuel an unattractive target 
for thieves seeking to obtain plutonium. 
 Thus, reprocessing extracts plutonium from an object 
that is very difficult to steal and converts it to a form that 
could be more easily stolen while it is being processed, stored, 
or transported. Theft could be carried out by an external at-
tacking force, an insider, or both working together. A covert 
insider theft might not be detectable for a long time because 
it is not possible to precisely measure the plutonium in a  
reprocessing facility, and therefore determine whether  
any is missing, while the plant is operating. 


International Standards for Detecting   
Diversion of Nuclear Materials and   
Protecting Them from Theft


Because peaceful nuclear technologies can be misused,  
stringent controls are needed to help ensure that civil nuclear 
power does not facilitate the spread of nuclear weapons to 
non-nuclear states or terrorists. These controls include (1) 
international safeguards to detect and thereby deter nuclear 
proliferation by countries, and (2) domestic security and  
nuclear material accounting measures to deter theft by  
sub-national terrorist groups. 


SAFEGUARDS AND MATERIAL ACCOUNTANCY


International safeguards are applied by the IAEA in countries 
with which it has legal agreements to verify that nuclear ma-
terials are not being diverted for undeclared use. This includes 
all the non-nuclear-weapon states that are party to the Nuclear 
Non-Proliferation Treaty that have nuclear facilities. In addi-
tion, the five nuclear weapon states (United Kingdom, China, 
France, Russia, and the United States) have voluntarily  
accepted safeguards on some of their civil facilities. 
 The IAEA’s fundamental objective is “timely detection” 
of the diversion of a “significant quantity” (SQ) of weapons 
material—nominally the approximate quantity needed to 
make a first-generation nuclear weapon, taking into account 
process losses. For instance, it should be able to detect the 
abrupt diversion of one SQ of plutonium or HEU within one 


weapon. After the United States withdrew from the agree-
ment in 2018 and launched an airstrike that killed Iranian 
general Qassem Soleimani in January 2020, Iran announced 
that it would no longer abide by the Joint Comprehensive 
Plan of Action’s operational restrictions on its nuclear pro-
gram that had increased its breakout time (Zarif 2020).  
Although repairing the damaged relationship between the 
United States and Iran will be difficult, hopefully the Biden 
administration will be able to salvage the Iran Deal and  
restore its constraints on Iran’s nuclear program. 
 A second route for nuclear proliferation is provided by 
civil reprocessing facilities, which use chemical processes to 
extract plutonium from spent reactor fuel. While the purpose 
of civil reprocessing is to separate plutonium that could be 
used in fresh nuclear reactor fuel (the “burning” of nuclear 
waste, as discussed in chapter 3), such plutonium could also 
be used to produce nuclear weapons. Indeed, nuclear reactors 
and reprocessing were first developed during the Manhattan 
Project to produce plutonium for nuclear weapons. 
 Reprocessing facilities present a greater risk than enrich-
ment plants that produce only LEU. While a large uranium 
enrichment plant could be readily reconfigured to produce 
HEU, it would be difficult to do covertly, and there would  
be some time delay before sufficient HEU were available.  
In contrast, a nation that possesses a stockpile of separated 
plutonium has a readily available supply of material that it 
could immediately use to produce nuclear weapons, should  
it decide to do so. 
 Moreover as discussed below, it is feasible to surrepti-
tiously divert enough plutonium to build a nuclear weapon 
from a commercial-scale reprocessing or plutonium fuel fab-
rication plant without timely detection by the IAEA. At such 
facilities, which could process several tons of plutonium each 
year, the measurement uncertainty alone could amount to  
far more than the relatively small amount of plutonium   
needed to produce a weapon.
 In addition to its proliferation risk, reprocessing spent 
nuclear fuel makes it easier for terrorists to steal weapon-
usable plutonium. In contrastto separated plutonium, un- 
reprocessed spent fuel contains highly radioactive fission 
products and must be shielded from human access and han-
dled remotely using specialized equipment. For this reason, 
spent fuel is considered “self-protecting,” in that anyone trying 
to steal it in a practical scenario would likely receive a high 
enough dose of radiation to cause a serious or even fatal  
injury. The Nuclear Regulatory Commission’s current thresh-
old for “self-protection” is 100 rem of radiation per hour for 
someone standing three feet away. The IAEA standard is sim-
ilar but uses a distance of 1 meter, or 3.3 feet. Although  
the radioactivity of spent fuel declines over time, under  
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month. The SQ value for plutonium is 8 kg; for HEU, it is  
a quantity of total uranium containing 25 kg of U-235.
 The foundation of safeguards is material accountancy: 
the measurement of a facility’s material inputs, outputs,  
and in-process inventory, to determine whether there is  
any  “material unaccounted for” (MUF) and how large it is. 
Because all techniques to measure or estimate quantities of 
nuclear materials have uncertainties, and because nuclear 
material can get stuck in parts of facilities that are hard to 
access, there will always be a non-zero value of MUF. The 
challenge for IAEA safeguards inspectors is to determine,  
on a statistical basis, whether a given MUF represents an  
actual diversion of material or whether there is an innocent 
explanation for it. 
 Trying to detect a genuine diversion of one SQ of pluto-
nium in a timely manner is a tough job at large commercial 
reprocessing plants, which separate many hundreds of SQs 
each year. For instance, at the still-unfinished Rokkasho re-
processing plant in Japan, which was designed to separate 
8000 kg of plutonium each year, a diversion of more than  
25 SQs—enough to make three first-generation nuclear  
weapons—would have to occur before the IAEA could con-
clude with 95 percent confidence that the resulting MUF  
was not due to a statistical error and therefore could be  
a sign of a diversion.
 Over the last 25 years, several examples of large pluto-
nium MUFs that went undetected for months or even years 
have come to light at plutonium-processing facilities around 
the world. These include the Tokai Reprocessing Plant in  
Japan in 2003 (206 kg of plutonium), the Thermal Oxide  
Reprocessing Plant (THORP) in the United Kingdom in 2005 
(190 kg), and the Cadarache plutonium fuel production plant 
in France in 2002 (39 kg) (Kuperman, Socolow, and Lyman 
2014). These examples underscore the inherent difficulty  
of achieving safeguards goals at such bulk-handling facilities.
 Because the IAEA cannot meet its detection goals at 
bulk-handling facilities using material accountancy alone, 
 it supplements this with “containment and surveillance” 
measures. These measures, which include closed-circuit 
television cameras and seals on nuclear material containers, 
are intended to ensure that no unauthorized movement of 
nuclear materials has taken place. However, these measures 
cannot fully compensate for inaccurate or slow material  
accountancy measures, as discussed below. 


SECURITY


Unlike international safeguards, protecting nuclear facilities 
from sub-national terrorist attacks, such as theft of weapon-
usable materials or radiological sabotage—is regarded by the 


international community as a sovereign responsibility.  
Security measures include “guns, guards, and gates” to pro-
tect against external threats, as well as measures to mitigate 
insider threats such as background checks for personnel.  
Nuclear plant security is also increasingly being challenged 
by emerging threats such as cyberattacks and malevolent use 
of aircraft such as drones. States are also responsible for 
maintaining material accountancy measures so that nuclear 
facility operators can determine whether terrorists are steal-
ing nuclear material, or to quickly resolve claims of theft that 
could be used for blackmail. (The accounting systems devel-
oped by states also play a dual role by providing data to IAEA 
inspectors for verifying compliance with their safeguards 
agreements, although state regulators may have different  
performance standards for those systems than the IAEA.) 
  The Nuclear Regulatory Commission (NRC), which  
has oversight over US commercial nuclear facilities, classifies 
the most sensitive nuclear materials containing plutonium, 
enriched uranium, and U-233 as Category I, II, and III, and 
has developed security standards for each category. These 
categories depend on the type of nuclear material, the quan-
tity, and whether the material is irradiated to the self-protec-
tion standard defined above (but not on other factors such  
as whether the material is pure or diluted with another sub-
stance). The highest level of physical protection, Category I, 
is applied to certain quantities of materials that can be direct-
ly used in the manufacture of nuclear weapons. For example, 
2 kg or more of unirradiated plutonium, and 5 kg or more of 
U-235 contained in HEU, fall under Category I. In contrast, 
the highest security category for low-enriched uranium with 
a U-235 content below 10 percent—which includes LWR 
fuel—is Category III. And 10 kg or more of uranium with a 
U-235 content from 10 percent to below 20 percent—defined 
in this report as high-assay LEU (HALEU)—is considered  
a Category II quantity, with an intermediate security risk. 
 The Department of Energy (DOE), in managing the  
nuclear materials under its control, uses a more complex  
security scheme that, in addition to considering the type and 
amount of material, also takes into account the material’s 
physical and chemical properties. These characteristics are 
relevant to the material’s attractiveness to someone seeking  
to build a nuclear bomb. Attractiveness is based on consider-
ations such as whether the material could be used to make  
a weapon directly or would need further refinement. And if 
the material requires refinement, the attractiveness ranking 
accounts for how difficult and hazardous it would be to steal, 
transport, and process it. Such considerations, however,  
are subjective and depend on the assumed capabilities  
of terrorists.
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 The Nuclear Non-Proliferation Treaty and IAEA safe-
guards do not include prevention of nuclear terrorism within 
their scope, in accordance with the belief that security should 
be a national responsibility. A different international instru-
ment, the amended Convention on the Physical Protection of 
Nuclear Material, obligates its parties to ensure that nuclear 
facilities within their borders, as well as international trans-
ports, meet a basic set of security standards. The convention 
incorporates a material security categorization scheme simi-
lar to that of the NRC. However, unlike the Nuclear Non- 
Proliferation Treaty, the convention does not contain any 
mechanisms for the enforcement of its provisions. 


NLWRs: Enrichment Issues


Weapon-usable HEU has been commonly used as a fuel for 
NLWRs. In the past, fast reactors such as the Experimental 
Breeder Reactor-II (EBR-II) in Idaho; molten salt reactors 
such the Molten Salt Reactor Experiment; and high-tempera-
ture gas–cooled reactors, including Fort St. Vrain, have all 
used HEU. Fast reactors operating today, including the Rus-
sian BN-600 and BN-800, continue to use full or partial cores 
of HEU fuel. Historically, designers preferred the use of HEU 
for technical reasons and discounted the security risks. Today, 
however, there is greater awareness of the proliferation and 
terrorism risks of HEU use. Deploying new reactors that use 
HEU would violate a growing international norm discourag-
ing the civil use of HEU. As a result, NLWRs that might  
have used HEU in the past are being designed today to use  
LEU instead. 
 However, many NLWR designs today require high-assay 
LEU (HALEU) because they need higher fissile enrichments 
and burnups than LWRs (see chapter 2). Recall that HALEU 
is defined as LEU with an enrichment from 10 percent to  
below 20 percent U-235, in accordance with a working defini-
tion used by the URENCO uranium enrichment consortium 
(see endnote 8). Proposed reactors that would use HALEU 
include the Oklo liquid-metal–cooled fast micro-reactor, the 
Xe-100 pebble-bed high-temperature gas–cooled reactor, and 
the ThorCon thermal molten salt reactor, discussed in chap-
ters 5, 6, and 7, respectively.
 Although HALEU is LEU and is not considered practical 
for use in nuclear weapons without further enrichment, it 
does present additional nuclear proliferation and security 
risks compared to LEU with lower enrichments. A key issue 
is that current NLWR designs would require large quantities 
of HALEU. For example: 


• A 1 gigawatt-electric (GWe) ThorCon plant, consisting  
of four reactor modules, would require 9.44 metric tons 
of 19.75 percent–enriched HALEU for the initial cores, 


and a supply of 2.63 metric tons per year over the eight-
year reactor lifetime. This corresponds to an average of 
3.8 metric tons per GWe-year. (Jack Devanney, principal 
engineer of the ThorCon molten salt reactor, email  
message to the author, January 4, 2018.)


• Each Xe-100 76 megawatt-electric (MWe) module would 
require 1.5 metric tons of 15.5 percent–enriched HALEU 
for its first core and an annual supply of nearly 0.5 metric 
ton per year. This corresponds to a requirement of about 
6 metric tons per GWe-year. 


• Based on information provided in the Oklo “Aurora”  
1.5 MWe license application to the NRC, the reactor 
would operate without refueling for 20 years and the 
peak fuel burnup would not exceed 1 percent (Oklo 
2020). This indicates that the core would require at least 
3 metric tons of HALEU, corresponding to a relatively 
high HALEU demand of 100 metric tons per GWe-year. 
This is consistent with the published requirements for  
a similar reactor concept, the Los Alamos Megapower 
reactor: 4.6 metric tons of 19.75–enriched HALEU for a 
five-year core lifetime, which works out to 460 metric 
tons per GWe-year.


Project Pele, the Department of Defense’s mobile micro- 
reactor program, could also require a significant supply of 
HALEU if it moves forward with prototype micro-reactor 
demonstration and deployment. The project specifies that  
the reactors must use HALEU fuel. While those very small 
reactors (10 megawatt-thermal or less) would likely have 
higher-burnup fuel than Oklo’s Aurora, they would still  
require substantial quantities of HALEU—likely many  
hundreds of kilograms over their operating lives.
 Annual HALEU demand for a reasonably sized fleet  
of NLWRs such as ThorCon or the Xe-100 could easily be 
hundreds of times greater than the current rate of supply.  
The Nuclear Energy Institute recently projected that the  
US nuclear industry could need more than 200 metric tons  
of HALEU per year by 2031 (Redmond 2020). In contrast, 
demand for US-origin HALEU by foreign research reactors, 
produced by down-blending excess military HEU stocks with 
natural uranium, is only around 1.5 metric tons per year. Even 
at that low rate, the current supply of excess HEU that the 
United States has designated for converting to HALEU  
will be exhausted around 2040 (Lyman 2018a).
 It is unlikely that sufficient additional military HEU 
would be available for downblending to HALEU for the first 
demonstration reactors, much less for a commercial fleet. 
Therefore, new uranium enrichment capacity for HALEU 
would be required, either domestically or internationally.  
In addition to enrichment facilities, a fleet of HALEU- 
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fueled NLWRs would require a new fuel cycle infrastructure 
including conversion, fabrication, waste management,  
and (eventually) disposal facilities. 
 This infrastructure is not likely to be limited to the  
United States. If the United States moves forward with  
commercialization of HALEU-fueled NLWRs, US companies 
will likely seek to export them, and the rest of the world may 
pursue their own programs. Brazil has already expressed in-
terest in producing HALEU at its domestic uranium enrich-
ment plant (Guimaraes and Perrotta 2020). The production, 
processing, and transport of large quantities of HALEU 
around the world could pose significant risks of nuclear  
proliferation and terrorism if not appropriately safeguarded 
and protected. 


Nuclear Terrorism and Proliferation   
Concerns of HALEU


Although the direct use of HALEU in a nuclear weapon 
would be impractical, its production and use on a large scale 
could have significant implications for the risks of nuclear 
terrorism and nuclear proliferation (Lyman 2018a). These 
issues need to be thoroughly assessed before the United 
States goes forward with an NLWR development program 
that could stimulate a global demand for the material. 
 As discussed below, the enhanced security risk of certain 
quantities of LEU with an enrichment greater than or equal 
to 10 percent but below 20 percent (defined here as HALEU) 
is reflected in domestic and international material security 
standards. That factor alone would increase security costs  
for reactors that use HALEU and their associated fuel cycle 
facilities. 
 There are two main reasons why the nuclear terrorism 
and proliferation risks of HALEU are greater than those of 
lower-assay LEU. The first is that the material can be used 
directly in nuclear weapons. The second is that it somewhat 
easier to enrich it to HEU.
 The first reason cannot be addressed definitively here 
because there is very little public information on the  effort 
needed to use HALEU directly in a nuclear weapon. How-
ever, it appears from available information that although  
it would likely be highly difficult for nations or terrorists  
with unsophisticated nuclear weapons programs, it is not 
considered impossible. The former director of the Theoreti-
cal Division at Los Alamos National Laboratory, J. Carson 
Mark, testified at a 1984 congressional hearing that “it is pos-
sible on paper to imagine that you could make an explosive 
out of anything in that [21 to 90 percent enrichment] range, 
and in fact, it’s even possible down to 10 percent” (Mark 
1984). However, he went on to say that “the penalties are 


quite tremendous.” For one, the total quantity of uranium  
that would be needed to make a bomb is considerably higher 
at lower enrichments: about 10 times higher at 20 percent 
than at 90 percent. But even so, the amount of 19.75 percent–
enriched HALEU needed for a bomb could be around 300 
kilograms. Thus, if a bomb with such a massive core were  
feasible, a single Oklo micro-reactor core would contain 
about 10 nuclear weapons’ worth of material.
 More recently, a review by the DOE national laboratories 
of the attractiveness of various types of nuclear materials for 
use in nuclear weapons concluded that HALEU was of “low” 
attractiveness, defined as material that is “impractical, but  
not impossible” for a sub-national group to process and use  
in a nuclear explosive device (Ebbinghaus et al. 2013). 
 With regard to the second question, less enrichment  
effort would be required to produce weapon-usable HEU 
from HALEU feedstock than from the lower-assay LEU used 
in LWR fuel. For example, the production of 90 percent– 
enriched HEU would require about three times less separative 
work (a measure of the effort required to enrich uranium; see 
chapter 2) using 19.75 percent–enriched LEU feed than using 
5 percent–enriched feed, and 1.7 times less than using 10 per-
cent–enriched feed. Some analysts have argued that produc-
ing HEU from HALEU feed would require a relatively small  
enrichment plant that would be cheaper and could be easier 
to conceal than the plant needed to produce HEU from  
lower-enriched feed (Forsberg et al. 1998). 
 However, these differences in the amount of separative 
work needed to produce enough HEU for a weapon is not  
as significant for modern gas centrifuge plants, which are 
compact and scalable, as they may have been for older tech-
nologies such as gaseous diffusion plants. For countries with 
large commercial enrichment facilities producing LEU for 
LWRs, the availability of HALEU would not appear to make  
a big difference in the timeline for producing HEU if the 
country overtly violates its nonproliferation commitments, 
although it might be more beneficial for covert proliferation 
pathways, such as the use of a small clandestine facility to 
produce HEU from HALEU diverted from a declared facility. 
The advantages of access to HALEU would be greatest for  
a country with a relatively small enrichment capacity such  
as Iran.


PHYSICAL SECURITY REQUIREMENTS FOR HALEU


US domestic and international security regimes both consider 
HALEU to be a higher-risk material than lower-assay LEU.  
In the Convention on Physical Protection of Nuclear Material, 
the IAEA ranks HALEU as a more attractive material than 
lower-assay LEU for terrorists. Specifically, 10 kg or more of 
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U-235 is classified as Category II if contained in HALEU,  
but only as Category III if contained in low-assay LEU. This 
requirement dates to the earliest version of the IAEA’s secu-
rity recommendations in the mid-1970s, but it still applies 
today, despite advances in enrichment technology. The NRC, 
which adopted the IAEA’s classification table decades ago, 
recently re-analyzed the relative attractiveness of different 
nuclear materials and reaffirmed the need to provide  
additional security for HALEU (Lyman 2018a).
 Therefore, under current protocols, Category II security 
measures will be required for HALEU at nuclear fuel produc-
tion facilities—measures more stringent than the Category III 
measures currently in place for LWR fuel facilities. The need 
for more robust security programs will have cost and manage-
ment implications for NLWR reactors that use HALEU and 
the fuel cycle facilities that support them. 
 There are no licensed Category II fuel facilities in the 
United States. One challenge that will be encountered in the 
licensing of new Category II facilities and transport activities 
in the United States is the absence of updated security require-
ments for such facilities. In 2019, the NRC terminated a rule-
making that would have updated NRC security requirements 
for nuclear materials such as Category II facilities to address 
changes in the threat environment since the existing rules 
were promulgated decades ago. Consequently, Category II 
applications will have to be evaluated on a case-by-case basis, 
which could lead to inconsistent application of security up-
grades. For that and other reasons, certain NRC staff formally 
objected to the NRC commissioners’ decision to terminate 
the rulemaking. 


SAFEGUARDS FOR HALEU


In contrast to the IAEA’s framework for physical protection, 
IAEA safeguards do not distinguish between high- and low-
assay LEU. Since HALEU is LEU, the IAEA considers it “indi-
rect use material,” and the SQ value and timeliness goal for 
detecting a diversion are the same as for lower-assay LEU:  
75 kilograms of U-235 and 1 year, respectively. Nevertheless, 
the greater proliferation risks of stockpiling HALEU have 
been recognized by the international community. Iran com-
mitted under the November 2013 Joint Plan of Action to vol-
untarily reduce its inventory of “up to 20 percent”–enriched 
LEU to only what was needed for working stock for its research 
reactor and to temporarily not enrich above 5 percent— 
restrictions that were strengthened in the now-defunct July 
2015 Joint Comprehensive Plan of Action but have now been 
violated by Iran. Arguably, these agreements created a new  
de facto safeguards category for HALEU that acknowledges 
that it does present a greater proliferation risk than lower-


assay LEU—but one that is not reflected in the IAEA’s  
detection goals.
 At first glance, it might appear that even under current 
guidelines the IAEA would need to apply more stringent  
material accountancy measures to meet its detection goals  
at a HALEU bulk processing facility than at a lower-assay 
LEU facility, because less material would have to be diverted 
to obtain 1 SQ. One SQ of LEU is 1.67 metric tons of total  
uranium for 4.5 percent–enriched LEU, but only 380 kilo-
grams for 19.75 percent enrichment. Therefore, a HALEU  
facility might need a more sensitive safeguards system to  
detect the diversion of this smaller amount of material in a  
timely manner. However, the total amount of uranium corre-
sponding to one SQ is a less important parameter than the 
fraction of facility throughput that it represents. If one com-
pares fuel facilities sized to supply the same amount of nucle-
ar power capacity per year, the detection requirements would 
be similar. A typical LWR fuel fabrication plant can supply 
about 1200 metric tons per year, or about 720 SQs: enough  
for about 60 1-GWe LWRs. In comparison, a HALEU fuel   
production plant supplying 60 GWe of X-Energy’s Xe-100  
reactors would have an annual throughput of about 360 met-
ric tons of 15.5 percent–enriched HALEU, or about 740 SQs. 
Thus, 1 SQ would be about 0.14 percent of the annual 
throughput in either case, and diversion of 1 SQ over the 
course of a year without detection would be of comparable 
difficulty at both facilities. But, as discussed above, the con-
sequences of a diversion of 1 SQ of HALEU, as currently  
defined, would be more serious than a diversion of 1 SQ  
of lower-assay LEU. 


HALEU SAFEGUARDS AND SECURITY: WHAT IS NEEDED?


The fact that the IAEA recommends different security mea-
sures for LEU with enrichments below and above 10 percent, 
but treats all LEU as equivalent with regard to safeguards, is  
a troubling inconsistency that should be resolved if the pro-
duction and use of HALEU expands. If HALEU requires 
more stringent security measures than lower-assay LEU, then 
it may warrant more intensive safeguards as well. US govern-
ment agencies and the IAEA should take a hard look at the 
proliferation implications of a commercial HALEU fuel  
cycle and adjust their protocols accordingly. 
 In an ideal world, the IAEA would have the flexibility to 
introduce a smaller SQ (perhaps 50 kg) and a more stringent 
timeliness detection goal (perhaps six months) for HALEU  
to reflect its greater proliferation significance. Unfortunately, 
such radical changes are nearly impossible at the IAEA, given 
the reluctance of its international Board of Governors to  
approve more restrictive or intrusive safeguards obligations. 
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Short of that, the IAEA could consider separate, voluntary 
tracking of HALEU production and use, similar to its approach 
to the “alternative nuclear material” neptunium, at least until 
more stringent safeguards measures can be imposed.
 Another issue to consider is the impact of NLWR deploy-
ment on global uranium enrichment requirements. Transi-
tioning to a fuel cycle that requires less enrichment could be 
positive for nonproliferation by reducing the number and size 
of uranium enrichment plants needed around the world to 
support a given level of nuclear energy production.
 For instance, once-through breed-and-burn reactors 
would, in theory, require less enrichment on average to sup-
port a given amount of electricity production. For example, 
TerraPower estimates that its traveling wave reactor would 
require, on average, only 25 percent of the uranium enrich-
ment per unit of electricity required for current LWRs  
(Gilleland, Petroski, and Weaver 2016).
 Unfortunately, other NLWR designs are not optimized 
for more efficient utilization of enrichment (Lyman 2018a). 
An LWR with a 60-year lifetime would require about 150,000 
separative work units per GWe-year on average. In compari-
son, the X-Energy Xe-100 would require 190,000 separative 
work units per GWe-year on average, or 25 percent more than 
an LWR. And an Oklo-type fast micro-reactor would require 
4 million separative work units per GWe-yr, or more than  
25 times the LWR requirement—another indication why 
these reactors would not be practical for large-scale distrib-
uted power generation. Thus, deployment of some NLWRs 
that use HALEU would require an expansion of enrich- 
ment capacity to support a given level of nuclear electricity 
generation—a trend in the wrong direction.


Reprocessing and NLWRs


As discussed in chapter 3, spent nuclear fuel must undergo 
some type of chemical treatment, or reprocessing, before  
it can be used by any reactor designed to “burn” nuclear 
waste. Thus, any reactor concept that advertises an ability  
to burn spent fuel requires a fuel cycle that incorporates 
reprocessing.   
 Compared to the once-through LWR fuel cycle with  
direct disposal of spent fuel, all reprocessing technologies 
make weapon-usable materials such as plutonium much  
more vulnerable to diversion by countries or theft by terrorist 
groups seeking to obtain nuclear weapons. Fuel cycles with 
reprocessing require significantly greater resources than 
once-through cycles to pay for more intensive nuclear mate-
rial accountancy, physical security, and (in non-nuclear weap-
on states) international safeguards activities. These additional 


activities are costly because they require highly trained  
personnel and more specialized equipment. 
 Decades ago, in recognition of the dangers of reprocess-
ing, the United States adopted a policy to not reprocess com-
mercial spent fuel, with the goal of discouraging other nations 
from doing so. While this policy has shifted over the years 
(see Box 5, p. 50), the United States does not currently repro-
cess spent fuel from power reactors, and it has no firm plans 
to do so. But the DOE continues to fund research and devel-
opment on reprocessing technologies and related advanced 
reactor projects, an indication that regardless of national  
policies and practices, there is strong support within the DOE 
and in Congress for developing a closed fuel cycle  
in order to recycle nuclear waste.


PYROPROCESSING


The standard reprocessing technology used worldwide today 
is PUREX. PUREX is an aqueous process, which begins with 
dissolving spent fuel in a water-based acidic solution. PUREX 
can be used for a variety of types of spent fuel materials, in-
cluding oxide fuel from LWRs. However, certain fuels for  
NLWRs—such as the metallic fuel used in the GE-Hitachi 
PRISM fast reactor and fuels for molten salt reactors—are 
compatible with a different, non-aqueous type of reprocess-
ing known as pyroprocessing.9 One often hears that pyro- 
processing has lower proliferation and terrorism risks than 
PUREX. However, as discussed in detail below, this is a  
highly inaccurate claim. 
 Today, PUREX reprocessing takes place at a few central-
ized facilities, such as La Hague in France, which accept 
spent fuel from around the world. The plutonium separated 
from spent fuel is then shipped to fuel fabrication plants, for 
instance the MELOX plant, which is 700 miles away from  
La Hague. Fresh fuel containing plutonium is then shipped to 
reactor sites around the world. These transports are of par-
ticular concern because they are arguably the hardest to protect— 
and therefore most vulnerable—part of the nuclear fuel cycle.
 In contrast, pyroprocessing facilities are far more com-
pact than PUREX plants, making it feasible to incorporate 
on-site pyroprocessing and fuel fabrication plants into the 
reactor facility itself. The Integral Fast Reactor program  
(discussed in chapter 5) sought to develop a metal-fueled  
fast reactor with co-located pyroprocessing and fuel fabri-
cation. Also, many molten salt reactor concepts would  
require co-located fuel reprocessing plants. Co-locating  
reprocessing and fuel fabrication plants at reactors would 
reduce the need to transport both spent fuel and fresh fuel, 
providing a security benefit compared to current reproces-
sing practices. 
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 However, this benefit likely would be outweighed by the 
far greater risks presented by the large number of sensitive 
reprocessing and fuel fabrication facilities dispersed at  
multiple reactor sites. Nuclear reactor owners would be  
responsible for providing far higher levels of security than  
are needed for the reactors alone. Increased resources would 
also be needed by national regulators and international in-
spectors to safeguard distributed small reprocessing facilities. 
As discussed below and in chapter 7, molten salt reactors, 
which may require co-located pyroprocessing plants to  


periodically treat the reactor fuel (or even continuously,  
depending on the design), would be particularly difficult  
to safeguard.
 Therefore, if such reactor designs and their associated 
fuel cycle facilities were built in the United States, the risk of 
nuclear terrorism would increase by increasing the number  
of facilities possessing nuclear weapon-usable materials. 
Likewise, if they were built in other nations that do not have 
nuclear weapons, the risks of both nuclear proliferation  
and nuclear terrorism would increase.


The United States began reprocessing spent fuel from US 
power reactors in the 1960s. This effort was reassessed after 
India’s 1974 test of a nuclear weapon that used plutonium 
produced with reprocessing technology it had imported from 
the US under claims of “peaceful use.” Under Presidents Ford 
and Carter, the United States adopted a no-reprocessing policy, 
arguing that the spread of commercial reprocessing facilities 
could spur the proliferation of nuclear weapons. They hoped 
the US policy would convince other countries to adopt a 
similar stance. 
 Several other countries, including Brazil, Pakistan, South 
Korea, and Taiwan, sought to follow India’s example by 
launching ostensibly peaceful reprocessing programs. In   
each case, however, the effort was halted largely because of  
US opposition. The United States questioned these nations’ 
motives for acquiring these technologies and argued that its 
own example showed that a robust nuclear power program 
does not require reprocessing. 
 The United States was also able to influence other countries 
through its agreements for nuclear cooperation, which allow it 
to export nuclear technologies and materials while retaining 
consent rights over the reprocessing of US-origin spent fuel. 
For example, the United States has to date blocked repro-
cessing in South Korea. (That decision will be subject to 
review in the future by a joint US-South Korean commission 
under the current nuclear cooperation agreement, which was 
renewed in 2015.) On the other hand, for political reasons, the 
United States has provided some other countries, most notably 
Japan, with blanket consent for reprocessing. This policy has 
resulted in Japan’s accumulation of a stockpile of about 46 
metric tons of plutonium—enough for thousands of nuclear 
weapons—which has caused concern around the world 
(Obayashi and Sheldrick 2018).
 In 1981 President Reagan reversed the Carter administra-
tion’s policy, allowing US companies to reprocess their spent 
fuel provided they paid for it, but the US industry did not do  


BOX 5.


The Ups and Downs of US Reprocessing Policy
so because it was too costly. In 1993 President Clinton reversed 
the policy once again, stating that “the United States does not 
encourage the civil use of plutonium and, accordingly, does 
not itself engage in plutonium reprocessing for either nuclear 
power or nuclear explosive purposes” (Clinton 1993).
 In 2001, the George W. Bush administration’s National 
Energy Policy called for a major expansion of nuclear power, 
along with a reconsideration of reprocessing and the use of 
plutonium for fuel. In 2006, the administration launched the 
Global Nuclear Energy Partnership, which would have entailed 
reprocessing US spent fuel and expanding the reprocessing 
capacity of certain partner nations. Under this plan, the United 
States and its partners would lease reactor fuel to other 
nations and require them to return the spent fuel for repro-
cessing, with the goal of dissuading them from acquiring   
their own enrichment and reprocessing facilities. 
 In 2009, the Global Nuclear Energy Partnership was can-
celled by the Obama administration before it had progressed 
very far. Under Obama, the United States maintained a policy 
similar to that of the Clinton administration and pressured 
some partner nations, like the United Arab Emirates, to refrain 
from building their own enrichment and reprocessing facili-
ties. The United States dropped plans to build reprocessing 
facilities at home but continued reprocessing research and 
development at a modest level.
 The overall position of the Trump administration on repro-
cessing was unclear. The administration repeatedly proposed 
significant reductions in spending for nuclear fuel cycle 
research and development in areas including reprocessing 
technologies, but Congress restored much of that funding. 
However, the administration’s director of the DOE Office of 
Nuclear Energy, Rita Baranwal, often spoke of her interest in 
spent fuel reprocessing and recycling, which she believes “can 
be better utilized to reduce the amount of nuclear waste over 
time” (Baranwal 2019). As of this writing, the Biden adminis-
tration’s position on these matters is unclear.
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 There are two primary considerations when assessing 
the terrorism and proliferation risks posed by a reproces- 
sing technology—the attractiveness of the materials in the 
system and the difficulty of applying adequate safeguards  
and security.


MATERIAL ATTRACTIVENESS


Material attractiveness is related to the physical properties  
of the separated material. Could it be used to make a weapon 
directly, or would it need further refinement? And if it needs 
to be refined, how difficult and hazardous would it be to steal, 
transport, and convert it to a weapon-usable form? In other 
words, how attractive would the material be to someone  
seeking to build a bomb? 
 Conventional aqueous reprocessing—the PUREX pro-
cess—separates plutonium from all the other elements in the 
spent fuel. Because separated plutonium can be used directly 
to make a nuclear weapon and is not highly radioactive (that 
is, not self-protecting), in sufficient quantity (2 kg or greater) 
it falls under Category I, the NRC’s highest category for  
physical protection.
 Other proposed reprocessing technologies, such as  
pyroprocessing or alternative aqueous processes, would not 
produce a separate plutonium stream (if the process were 
operated as designed). Depending on the process, the pluto-
nium would be mixed with combinations of other actinides, 
such as uranium, neptunium, americium, and curium, as well 
as certain fission products (primarily radioactive isotopes  
in the lanthanide series of the periodic table, some of which 
have similar chemical properties to actinides). The product 
would be somewhat more radioactive than separated pluto-
nium due to the presence of some transuranic isotopes and 
fission products, arguably creating a deterrent to diversion 
and theft. Depending on the composition, some NLWRs 
might be able to incorporate this material directly without 
further processing, and it would retain its deterrent prop-
erties throughout the fuel cycle. 
 For years, the DOE argued that alternative reprocessing 
technologies such as pyroprocessing would have lower pro-
liferation and terrorism risks than PUREX because their 
product would be more difficult to steal and process than sep-
arated plutonium (DOE 2006). However, by the end of 2008, 
the DOE had reassessed these technologies and concluded 
they would not be less risky than conventional reprocessing 
with respect to both nuclear proliferation and nuclear terror-
ism. In the December 2008 Draft Nonproliferation Impact 
Assessment for the Global Nuclear Energy Partnership,10 the 
DOE stated that “in the context of a potential diversion by  
a state, the nonproliferation benefits of blending plutonium 
either with uranium or the minor actinides are both very 


modest” and that “the hazards of this level of radiation  
exposure by themselves would not prevent theft or malicious 
use of the material and would do little to deter someone  
who was willing to accept these risks” (DOE 2008). 
 The DOE’s draft nonproliferation impact assessment  
did find that retaining some lanthanide fission products in  
the reprocessing product would make it somewhat harder to 
handle safely. However, because the radiation levels would 
remain well below the “self-protection” threshold, it judged 
that the increased difficulty of safe handling would be mar-
ginal “and would be unlikely to deter an adversary who was 
willing to accept injury (or self-sacrifice)” (DOE 2008). That 
is, terrorists would be able to steal and chemically process the 
mixture to remove the lanthanides without being exposed to 
immediately life-threatening levels of radiation. As a result, 
the DOE concluded that all of the alternatives to PUREX it 
analyzed “involve materials that are sufficiently attractive for 
poten-tial misuse that they require Category I physical pro-
tection measures” (DOE 2008). This assessment, based on 
studies conducted by nuclear weapons experts in the national 
laboratories, was consistent with the findings of the Union  
of Concerned Scientists report Nuclear Power in a Warming 
World, issued a year earlier (Gronlund, Lochbaum, and  
Lyman 2007) and other independent analysts (Kang and  
von Hippel 2005). 
 But even if the lanthanide fission products did make  
the end product harder to handle, there are strict limits on 
lanthanide impurities in fresh fast reactor fuel well below the 
level anticipated for the pyroprocessing product (Piet et al. 
2010). The lanthanides would still have to be separated out, 
most likely using an aqueous process, before the product 
could be turned into fresh fuel—thus undoing any prolif- 
eration and terrorism-resistance benefits. 
 In sum, fuel cycles based on pyroprocessing or other  
advanced separation processes do not significantly reduce the 
material attractiveness of the reprocessing product relative  
to PUREX.


SAFEGUARDABILITY OF REPROCESSING  
AND FUEL FABRICATION PLANTS


The safeguardability of nuclear material processing facilities— 
or the ease of meeting safeguards goals for timely detection  
of diversion—is another major consideration in assessing the 
proliferation risks of closed fuel cycles. As discussed above,  
it is extremely challenging to monitor nuclear material effec-
tively at bulk-handling facilities such as reprocessing and fuel 
fabrication plants, which process materials in forms such as 
liquids and powders. There are fundamental physical limits 
on the ability to keep track of weapon-usable material at  
industrial-scale facilities. These limits may make it extremely 
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difficult, if not impossible, for authorities to detect the diversion 
or covert theft of bomb-usable quantities of fissile material 
with enough warning time to prevent a country or terrorist 
from building a weapon. 
 In recent years, some have argued that this problem 
could be resolved through the practice of “safeguards by  
design”—the incorporation of design features into new facili-
ties to improve the accounting of weapon-usable materials. 
However, while better facility design can help address the 
problem, it is unlikely to sufficiently mitigate the fundamen-
tal accounting problems (and associated diversion risks)  
at reprocessing plants, which are largely driven by the impre-
cision of available measurement techniques. This has become 
apparent in the recent DOE program known as MPACT  
(Material Protection, Accounting, and Control Technologies), 
which was intended, among other things, to demonstrate  
advanced safeguards by design principles for a model pyro-
processing plant, but was still unable to achieve acceptable 
detection probabilities for many diversion scenarios (Cipiti, 
Shoman, and Honnold, forthcoming). This is discussed  
further below. 


MATERIAL ACCOUNTANCY IN PUREX REPROCESSING PLANTS


At a conventional PUREX reprocessing plant, spent nuclear 
fuel is processed in batches. It is first dissolved in acid, and 
the spent fuel solution is then piped to an input accountabil-
ity tank, from which samples of the solution are drawn. The 
samples are taken to a laboratory for “destructive analysis,” 
where technicians chemically separate and purify the pluto-
nium and uranium. This enables them to make the most accu-
rate measurements of the total quantities of plutonium and 
uranium in the batch. (Even so, there are uncertainties result-
ing from sampling errors, measurement errors, and errors 
due to a lack of precise knowledge of the ratios of different 
plutonium isotopes.) Since methods for direct measurement 
of plutonium in spent fuel before it is dissolved are currently 
not precise enough to be useful in material accountancy, the 
first accurate measurement of the plutonium input occurs 
only after the fuel is dissolved and samples are taken.
 At PUREX reprocessing and plutonium fuel fabrication 
plants, operators shut the facility down on a regular basis and 
remove as much material as possible from the process areas 
to measure the total amount of plutonium present. This  
physical inventory is necessary because it is not possible to 
accurately measure some of the material in processing areas. 
Even after the plant is flushed out, some plutonium—“residual 
holdup”—remains lodged in the equipment, so that the amount 
of plutonium coming out is generally less than the amount 
going in. 
 It is difficult to accurately account for the residual  
holdup. New plants are designed to have equipment in pro-


cess areas to measure holdup that cannot be feasibly removed 
and measured, but those in situ measurements have large un-
certainties. This is why it is important to reduce the amount 
of residual holdup to as low a level as possible. However, over 
time, the residual holdup stuck in the plant can equal many 
bombs’ worth of plutonium. This makes it nearly impossible 
for operators and inspectors to determine with confidence 
that no plutonium has been covertly removed from the plant. 
Indeed, the facility MUF examples (“material unaccounted 
for”) described above demonstrate that the IAEA has not 
been able to meet its material accountancy goals at some 
PUREX and plutonium fuel fabrication facilities. 


MATERIAL ACCOUNTANCY IN PYROPROCESSING PLANTS


Pyroprocessing plants have certain characteristics that would 
make them even harder to safeguard than PUREX reprocess-
ing plants. In particular, it will be even more challenging at 
pyroprocessing plants to make the accurate measurements 
needed to keep track of plutonium and other weapon-usable 
materials (Mickum, McElroy, and Hertel 2014; Cipiti and 
Shoman 2018).
 First, operators and safeguards inspectors cannot directly 
measure the quantity of plutonium going into a pyroprocess-
ing plant. In these plants, metallic spent fuel is placed in a 
basket and immersed in an electrorefiner vessel filled with 
molten salt. As the spent fuel dissolves into the molten salt, 
plutonium is distributed to different parts of the system in an 
inhomogeneous manner. There is no counterpart to the input 
accountability tank in PUREX plants, where all the pluto-
nium in a batch is first contained and representative samples 
can be taken and measured before further processing. With-
out an accurate measurement of how much plutonium is  
going into the facility, it is difficult to know when a significant 
quantity of material has gone missing. This would not be a 
problem if it were possible to accurately calculate the quan-
tity of plutonium and other actinides in the initial spent fuel. 
However, such calculations typically have uncertainties on 
the order of 10 percent, far too large an error to be useful  
in material accountancy.
 Second, pyroprocessing is an inherently impure separa-
tion process, which further hinders the ability to directly and 
accurately measure all of the plutonium in the system. The 
process is designed to separate most of the uranium from the 
remainder of the spent fuel. But the separated uranium plates 
out on a steel cathode in the form of hard deposits called den-
drites. In order to collect the deposits, a hammer is used to 
chip away at the dendrites, leaving a considerable amount of 
uranium stuck to the cathode—anywhere from two to 10 per-
cent. Because the uranium product is also contaminated with 
a significant amount of plutonium, this residue also contrib-
utes to the plutonium measurement uncertainty. 
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 Third, an essential element of reprocessing plant  
safeguards—periodically cleaning out the plant and taking a 
physical inventory of the material—cannot be performed in a 
timely manner at pyroprocessing plants. At these plants it is 
necessary to build up and maintain a minimum concentration 
of plutonium and other actinides in the molten salt in order  
for the process to work (Cipiti et al. 2012). There is no need 
from an operational perspective to process and purify the salt 
until the actinides have accumulated to the extent that they 
become a safety concern—for instance, if the risk of an acci-
dental chain reaction (a criticality event) becomes too high. 
(At the pyroprocessing facility at the Idaho National Labora-
tory, for example, because most of the spent fuel that has  
been pyroprocessed contained very little plutonium and  
other TRU, the salt has remained in the vessel without being 
cleaned up since the process was started up in 1996.) Thus, 
cleaning out the salt to directly assay its nuclear material con-
tent frequently enough to meet safeguards goals could disrupt 
operation of the plant. PUREX plants have no counterpart  
to the electrorefiner salt that would cause an analogous 
problem. 


NON-DESTRUCTIVE ASSAY


Because operators would not clean out pyroprocessing plants 
frequently, it would not be possible to directly measure the 
plutonium accumulating in the plant using destructive analy-
sis. One way to address this problem would be to directly 
measure the plutonium in the plant by non-destructive assay 
methods, such as counting the neutrons that fissile isotopes 
emit through processes such as spontaneous fission. 
 However, this approach could at best indirectly—and 
imprecisely—determine the amount of plutonium. Neutron 
counters are designed to detect neutrons emitted by radio-
active isotopes such as plutonium-239, but it is hard to distin-
guish the neutrons emitted by one isotope from those emitted 
by another. Therefore, if plutonium is mixed with other neu-
tron-emitting materials, neutron counters are not very good 
at identifying the specific isotopes. This is particularly prob-
lematic in pyroprocessing plants because the separation  
process is designed to keep plutonium mixed together with 
other neutron-emitting TRU in spent fuel, including curium 
isotopes. However, the curium isotopes Cm-244 and Cm-242 
emit neutrons at high rates that swamp the neutron emissions 
from the plutonium isotopes; neutron counting thus can only 
directly measure the amount of curium.
 The amount of plutonium can be determined indirectly 
if the ratio of plutonium to curium is known throughout the 
system. But this will be the case only if this ratio can be accu-
rately determined in the original spent fuel and if it remains 


constant throughout the entire process—two questionable 
assumptions.
 Some researchers developing pyroprocessing safeguards 
rely heavily on presumed knowledge of the plutonium-curium 
ratio in spent fuel. However, there are numerous technical 
problems with the approach. For example, the ratio can only 
be estimated by computer simulations of reactor operations 
that have unacceptably high uncertainties. According to Oak 
Ridge National Laboratory researchers, “the Pu/Cm ratio  
may not allow definitive safeguards conclusions to be drawn 
because the Pu material unaccounted for (MUF) may exceed 
the significant quantity of 8 kg” (Mickum, McElroy, and  
Hertel 2014). 
 And modeling by Sandia National Laboratory researchers 
has shown that for a small plant (100 metric tons per year) 
uncertainties of 0.5 percent for the TRU mass in the pyro-
processing cell and 1.0 percent for input and output measure-
ments would be necessary to meet IAEA goals, including 
detection of a protracted diversion of 8 kg of plutonium  
within one year. These researchers point out that those  
uncertainty targets “may be difficult to achieve” by using  
non-destructive assay (Cipiti et al. 2012). 
 More recent results of the DOE MPACT (Material  
Protection, Accounting, and Control Technologies) study 
mentioned above are consistent with these findings (Cipiti, 
Shoman, and Honnold, forthcoming). The study analyzed the 
effectiveness of safeguards measures for detecting various 
diversion scenarios at a pyroprocessing plant with a capacity 
of 100 metric tons per year that incorporates safeguards-by-
design principles. The study found that to achieve at least a 
95 percent probability of detection of a diversion of 8 kg of 
plutonium in 30 days for all scenarios, all key measurements 
would have to have an uncertainty of 1 percent, and the facil-
ity would have to be shut down every eight days to conduct a 
physical inventory. For more realistic uncertainties of 5 per-
cent, detection probabilities for different diversion scenarios 
would range from 63 percent to as low as 13 percent, falling 
far short of the 95 percent goal (Cipiti, Shoman, and Honnold, 
forthcoming). The study found even worse results if the ob-
jective were to detect the diversion of 2 kg of Pu in seven 
days, the NRC’s regulatory goal. For larger, commercial-scale 
pyroprocessing plants, the difficulty of detecting diversions 
would be even greater.
 A recent survey of a wide range of potential non-destruc-
tive assay measurement techniques at pyroprocessing plants 
found few possibilities with theoretical uncertainties of less 
than 1 percent; most had uncertainties between 1 and 15 per-
cent. The more precise techniques would require pure sam-
ples and/or take hours or weeks to obtain measurements,  
and would not be useful by themselves for timely detection  







54 union of concerned scientists


of diversions (Coble et al. 2020). The study concluded that 
individual state-of-the art measurement approaches are  
insufficiently precise to meet the necessary requirements  
for achieving material accountancy goals.


CONTAINMENT/SURVEILLANCE AND PROCESS MONITORING 
IN PYROPROCESSING SAFEGUARDS


Given the large measurement uncertainties to be expected at 
pyroprocessing plants, the IAEA would have to rely heavily 
on complementary measures to meet its inspection goals,  
including containment and surveillance. However, these  
are inadequate substitutes for accurate material accounting. 
For instance, if surveillance such as closed-circuit television 
coverage were interrupted, then inspectors would not be able 
to rule out the possibility that material was diverted during 
the outage. The only way to resolve this problem would be  
to conduct an inventory to verify that no material is missing. 
But if the material accounting system has large uncertainties, 
then it may take a very long time, or may not even be possible, 
to verify that a significant quantity of material was not diverted 
during the loss of the surveillance system. 
 An additional complementary method being studied by 
researchers utilizes process monitoring. This is a qualitative 
approach to identify deviations from normal process param-
eters that would alert operators if a diversion of material or 
another type of abnormal event were taking place (Cipiti and 
Shoman 2018). However, such approaches themselves have 
major limitations, including the potential for a high rate of 
false alarms. As with containment and surveillance measures, 
their use would not obviate the need for precise quantitative 
techniques to quickly determine whether a diversion had  
occurred should a process anomaly be detected.
 To summarize, pyroprocessing plants would likely  
present greater proliferation risks than conventional PUREX 
plants because they would be more difficult to safeguard. The 
IAEA is already unable to meet its material accountancy goals 
at PUREX plants using the best available technologies, and 
these would be less effective or not usable at all at pyropro-
cessing plants. Moreover, there are no techniques currently 
available or on the near horizon that could accurately  


measure the amount of plutonium going in, the amount  
of plutonium going out, or the amount of plutonium within  
a pyroprocessing plant. As a result, nuclear plant operators 
and safeguards inspectors would have even more difficulty 
detecting diversions of weapon-usable material in a timely 
manner than at PUREX plants.
 The lack of an effective safeguards approach for NLWRs 
and their fuel cycles may be an obstacle to their deployment 
in non-nuclear weapon states such as Canada, because the 
IAEA will need to approve a safeguards approach before such 
reactors could operate. For example, the Canadian Nuclear 
Safety Commission is now undertaking pre-licensing activities 
for a number of NLWR designs that may involve on-site  
reprocessing or have other features that would require new 
safeguards techniques. The lack of a safeguards approach  
will be one of a number of significant obstacles to the rapid 
deployment of such reactors in Canada that some vendors 
hope to achieve.
 Nuclear proliferation is not a risk in the United States 
simply because it already possesses nuclear weapons and  
is designated as a nuclear-weapon state under the Nuclear 
Non-Proliferation Treaty. As such, it is not obligated to sub-
mit its nuclear facilities and materials for verification by the 
IAEA, although it is free to do so on a voluntary basis. How-
ever, nonproliferation is relevant to US reactor development 
both because US vendors seek to export new reactors to other 
countries and because other countries are likely to emulate 
the US program. The United States has the responsibility to 
set a good international example by ensuring its own nuclear 
enterprise meets the highest nonproliferation standards.
 One way to do that would be for the United States to  
designate all new nuclear reactors and fuel-cycle facilities  
as eligible for IAEA safeguards under its voluntary offer 
agreement with the IAEA. This would give the IAEA an  
opportunity to develop verification approaches for new  
types of facilities—if such approaches are feasible. Unfortu-
nately, there is no indication that the United States is plan-
ning to make any of its proposed new NLWR projects  
eligible for IAEA safeguards.
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Liquid Sodium–Cooled Fast Reactors


[ chapter 5 ]


In 2017 the Department of Energy (DOE) identified liquid 
sodium–cooled fast reactors as one of two non-light-water  
reactor (NLWR) technologies that it believed were sufficiently 
mature to support construction of either a test reactor or a 
commercial demonstration reactor in the “near future” (the 
other being the high-temperature gas–cooled reactor dis-
cussed in chapter 6) (Petti et al 2017). Today, the DOE is mov-
ing forward with plans to build both a fast test reactor and a 
commercial demonstration fast power reactor—both based on 
the General Electric-Hitachi (GEH) PRISM sodium-cooled,  
metal alloy–fueled design. 
 This chapter discusses the history and current status of 
sodium-cooled fast reactors, safety issues, and the time scale, 
costs, and risks of building a commercial-scale demonstration 
PRISM reactor and its associated fuel cycle facilities, which 
may include a facility to pyroprocess its spent fuel. It assesses 
the steps needed before a reactor vendor would be ready to 
build a commercial-scale demonstration fast reactor or test 
reactor based on the PRISM design.
 In September 2020, the DOE decided to proceed with 
engineering design of the 300 megawatt-thermal (MWth) 
Versatile Test Reactor (VTR), which would most likely be 
built at the Idaho National Laboratory (INL). Also, in October 
2020 it selected the 840 MWth (345 megawatt-electric (MWe)) 
TerraPower-GEH Natrium reactor as one of two designs to  
be built under its Advanced Reactor Demonstration Program 
(ARDP). If DOE decides to proceed with construction of the 
VTR, it anticipates the reactor will be operational between 
2026 and 2031—as soon as eight years after the project began 
in 2018 and four years after construction begins in 2022  
(INL n.d.). The Natrium is supposed to be operational by 


2025–2027, according to the terms of the ARDP. A third metal- 
fueled fast reactor project with some similarities to the PRISM 
design is also underway: the Oklo, Inc. Aurora 1.5 MWe micro-
reactor. Oklo is applying for a combined operating license to 
build an Aurora unit at the INL, which it anticipates could  
be operational by the early- to mid-2020s.  
 The DOE judges that PRISM is a mature reactor design, 
and the VTR and Natrium projects are proceeding on the  
expectation that both can skip performance demonstrations 
because prior fast reactor demonstrations have provided  
the necessary data.11


 However, as discussed below, the PRISM design has  
never had a full-scale performance demonstration: the VTR 
and the Natrium will serve as the first large-scale demon-
strations of PRISM technology. It is far from clear that prior 
fast reactor experience has provided adequate supporting 
evidence that full-scale PRISM reactors can be operated  
safely or reliably. Thus proceeding with construction of the 
VTR and the Natrium without conducting prototype testing 
could pose unacceptable risks to public health, safety, and  
security, as well as to the success of either project. 


History and Current Status


The fast reactor—a nuclear reactor that does not require a 
moderator material to slow down fission neutrons—is an old 
technology. The concept of the fast breeder reactor was origi-
nally conceived by Leo Szilard and other Manhattan Project 
scientists in 1944. The first nuclear reactor to generate elec-
tricity in the world was the Experimental Breeder Reactor-I 
(EBR-I), which famously lit four light bulbs in December 







56 union of concerned scientists


in part by Bill Gates, the ARC-100, and Oklo, Inc (actually  
potassium-cooled, with sodium-bonded fuel). All three  
companies are developing reactors that are based to varying 
extents on the GE-Hitachi PRISM reactor design, which  
itself is an evolution of the EBR-II. 
 TerraPower, likely the best-capitalized of the startups, 
was founded to develop a once-through traveling-wave “breed-
and-burn” reactor (see chapter 8), but it is currently focusing 
on the more conventional Natrium fast reactor. Initially, the 
company has planned to build a 600 MWe reduced-scale  
prototype traveling-wave reactor in China by as soon as 2022, 
although it would not have been capable of breed-and-burn 
operation because some of the necessary technologies— 
including ultra-high burnup fuels—have not yet been devel-
oped. TerraPower has now rebranded this more conventional 
design as the Natrium, which the DOE has selected for deploy-
ment by 2027 under the ARDP. At 100 MWe, the ARC-100, 
which is being developed by Advanced Reactor Concepts 
(ARC), a private company founded by former EBR-II engineers 
in collaboration with GE-Hitachi. In July 2018 ARC signed an 
agreement with New Brunswick Power in Canada to explore 
deployment of the reactor at the Point Lepreau nuclear plant. 
And Oklo, a 1.5 MWe “micro-reactor,” submitted a combined 
operating license application to the Nuclear Regulatory Com-
mission (NRC) in February 2020 for construction of a single 
unit at the INL. Oklo has said it would like to deploy its first 
reactor by the “very early 2020s” (DeWitte 2016).
 Also, as discussed above, with $65 million in support 
from Congress in fiscal year (FY) 2020 and $45 million in FY 
2021, the DOE is proceeding with detailed design of the VTR, 
which it hopes to build and operate as early as 2026, pending 
a final go-ahead in 2022. The ostensible purpose of the VTR  
is to produce a high flux of fast neutrons for assisting in the 
development of fuels and materials for fast reactors. But in 
order to do that, the VTR itself will be a moderately sized, 
300 MWth sodium-cooled fast reactor based on the GEH 
PRISM design. Despite being labeled as a “test” reactor, the 
VTR would be larger than the largest materials-test reactor in 
the world, the 250 MWth Advanced Test Reactor at the INL, 
and about as large as the PRISM reactor design that GEH had 
previously submitted to the DOE as a candidate demonstra-
tion reactor. In addition, as discussed below, the VTR would 
have novel characteristics that have not been sufficiently 
demonstrated in previous fast reactors (Lyman 2018b). There-
fore, it would be more accurate to characterize the VTR as a 
demonstration reactor rather than a materials test reactor. 
However, unlike the Natrium, since the VTR will not be gen-
erating electricity, it will not demonstrate this key aspect of 
commercial power operation.
 Other countries are deferring long-planned sodium-
cooled fast reactor projects. France, a long-time proponent  


1951. The EBR-I also has the distinction of being the first  
US nuclear reactor to experience an unplanned core melt,  
in November 1955.12 
 Since water cannot be present in a fast reactor core  
because it would slow down the neutrons, it is necessary to 
use a heavier substance as a coolant, such as a liquid metal. 
The US EBR-I used a sodium-potassium coolant, and the  
Soviet BR-2 used a mercury coolant. However, based on  
extensive testing of coolants by the United States and other 
countries, all other fast reactors built over the last 50 years 
have used sodium. Other potential candidate liquid metal 
coolants are molten lead or lead-bismuth alloy, but lead- 
bismuth so far was used only in a small number of Soviet  
nuclear submarines, resulting in three deadly accidents. 
 Since the 1950s, there has been considerable research 
and development of sodium-cooled fast reactor technology 
around the world (see Table 1, p. 17). There are five such  
reactors operating today: four experimental demonstration 
reactors in India, Russia, and China, and one commercial 
demonstration reactor in Russia. India’s 500 MWe demon-
stration reactor has been delayed for more than a decade  
and is currently slated to begin operation in December 2021 
(WNA 2021). While there are new types of fast reactors  
under development in several countries, there are no other 
sodium-cooled fast reactors currently being built. 
 The only large fast reactors that have been connected  
to the electricity grid that are sodium-cooled are the French 
Superphénix reactor and the Russian BN-600 and BN-800 reac-
tors. Superphénix, which operated for 13 years, was shut down 
more than half of the time for repairs (Cochran et al. 2010). 


RECENT DEVELOPMENTS


Two sodium-cooled fast reactor concepts were submitted to 
the DOE for evaluation as potential demonstration reactors  
in its 2017 study: the GEH PRISM modular reactor concept 
and Argonne National Laboratory’s AFR-100. The DOE  
concluded that a commercial-scale demonstration PRISM  
reactor was ready to be built because the design was based  
on the Experimental Breeder Reactor-II (EBR-II), a small test  
reactor in Idaho that operated for about three decades. Each 
PRISM module would produce 471 MWth or 165 MWe, about 
eight times greater than the EBR-II. (A larger model would 
produce 311 MWe.) In contrast, the DOE concluded that the 
AFR-100, which would produce 100 MWe, was sufficiently 
different from the EBR-II that it would require validation  
at an experimental scale before a commercial-scale  
demonstration plant could be built. 
 A number of startup companies are pursuing commer-
cialization of sodium-cooled fast reactors in the United States 
and abroad. These include TerraPower, the company financed 
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of fast reactor technology, decided in 2019 to postpone plans 
to build a demonstration fast-breeder reactor called ASTRID 
until the “second half of the century,” effectively terminating 
the project after spending over $800 million on it (Patel 
2019). Also, Russia deferred construction of its BN-1200 fast 
reactor—a long-planned next step in commercialization of the 
technology—until after 2035. Russia is continuing to pursue 
construction of a nuclear reactor complex, called the “Break-
through” project, that will include a 300 MWe lead-cooled 
fast reactor called the BREST-300. However, the DOE believes 
that fast reactors using lead-based coolants are less mature 
than sodium-cooled fast reactors and would require a larger 
effort to commercialize them.


FAST REACTOR FUEL TYPES: METALS AND OXIDES 


One important distinction among fast reactors is the type  
of fuel that they use. The two most common fast reactor fuels 
are metals and oxides, although other compounds such as 
nitrides have also been pursued. The choice of fuel type 
seems to be based more on institutional and national pref-
erence than on any definitive technical factors. For its fast  
reactors, the United States has used both oxides and metals  
in the past but currently prefers metal, while France has  
chosen oxide, and Russia is developing nitrides. 
 The early fast reactors (EBR-I, EBR-II, Fermi-1, and 
Dounreay Fast Reactor) used a metal fuel, in part to maximize 
the potential for breeding plutonium (see chapter 3). Compared 
to compounds such as oxides, metal fuels are denser, allowing 
for higher concentrations of neutrons. Also, the energy of the 
neutrons is higher (since there are no lighter elements, such 
as oxygen, that can slow down neutrons). Both of those factors 
improve the breeding potential of the reactor. However,  
radiation causes the metal fuel to swell over time and poten-
tially break through its cladding if used in the reactor for 
more than a short period of time. Since commercial reactors 
have an economic incentive to use the fuel for a relatively 
long time, this issue (as well as other safety concerns) led to 
the development of ceramic oxide fuel, which subsequently 
was adopted for most fast reactor projects around the world. 
 However, metal fast reactor fuel still has its advocates in 
the United States and a few other nations including South 
Korea. As noted above, a number of fast reactors under devel-
opment in the United States, including the VTR, the Natrium, 
the ARC-100, and Oklo’s Aurora, are designed to have metal 
fuel. Researchers have partly addressed the clad failure  
problem by providing extra space to accommodate fuel  
swelling and other modifications. However, significant further 
development is needed to resolve other issues that limit fuel 
burnup, such as the high pressure from fission product gases 
released from the fuel. 


 Another gap in the experimental record for metal fuels is 
the lack of data on plutonium-based fuels. Most fast reactors 
under development in the United States would likely need  
to use fuels fabricated with plutonium for breeders or pluto-
nium and other transuranic elements (TRU) for burners. The 
DOE’s choice of fuel for the VTR is an alloy of plutonium and 
low-enriched uranium metal. However, most plutonium fuels 
irradiated in fast reactors around the world have been oxides. 
In the United States, other than a small fraction of test fuel 
elements (less than 0.5 percent), the metal fuels irradiated  
at fast reactors contained uranium at the outset (either highly 
enriched or depleted) and not plutonium. This is an issue  
because plutonium and other TRU have different physical, 
chemical, and nuclear properties than uranium, which will 
lead to differences in the performance of these fuels in 
reactors. 


Fast Reactors: Cost Considerations


This report does not attempt to conduct a comprehensive 
analysis of the costs of NLWRs. Developing cost estimates for 
any new nuclear power technology is a treacherous business, 
even for LWR designs that are close cousins of the operating 
fleet. The total cost of the AP1000 LWR project at the Vogtle 
nuclear plant in Georgia is now projected to be $28 billion, 
twice the original estimated cost (Nuclear Engineering  
International 2020). 
 However, one relatively safe bet is that sodium–cooled 
fast reactors will be significantly more expensive to build and 
operate than LWRs. There are fundamental technical reasons 
why this is the case. This has also been borne out by the  
historical experience with sodium-cooled fast reactors, for 
which there are many more examples than with other types 
of NLWRs.


ADDITIONAL SYSTEMS, SPECIALIZED EQUIPMENT, 
AND MORE ROBUST CONSTRUCTION


Liquid metal-cooled  fast reactors have higher capital costs 
than LWRs because they require many systems that LWRs  
do not need (Zhang et al. 2009). For instance, liquid-sodium 
cooled reactors typically have an additional, intermediate 
coolant loop that transfers heat from the primary sodium 
coolant system to the steam generators. This system acts as a 
buffer between the radioactive sodium in the primary coolant  
system and the water in the steam generators, avoiding the 
potential for a sodium-water explosion that could disperse 
radioactivity. The reactor also must have prevention, detec-
tion, and mitigation systems for sodium leaks (Zhang et al. 
2009). Fast reactor vessels would also cost more than LWR 
vessels. Although their walls do not need to be as thick  
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because the system pressure is lower, they are also larger and 
more complex, containing additional structures and requiring 
specialized equipment (Braun 2012). Lastly, fast reactor con-
tainment structures would need to be larger and more robust 
than LWR containments if regulators ultimately require them 
to withstand the very high pressures and temperatures of  
severe accidents, including the so-called hypothetical core 
disruptive accident discussed below. 
 Past studies of fast reactors have estimated that their 
capital costs would exceed those of LWRs by 25 to 75 percent 
(Cochran et al. 2010). One comprehensive survey assumes a 
fast reactor premium of 20 percent for both overnight capital 
cost (e.g., without considering interest during construction) 
and operating and maintenance costs, although it does not 
provide the basis for this assumption (NEA 2013). A review  
of the historical experience of building demonstration-scale 
sodium-cooled fast reactors has found that their capital costs 
have typically been more than twice those of contemporary 
LWRs (Cochran et al. 2010).
 Given the problems caused by liquid sodium, could fast 
reactors be cheaper if they used a different coolant? Some 
argue that because other coolants such as lead or lead-bismuth 
do not react violently with water, fast reactors using them 
would not need the costly intermediate heat exchanger  
that sodium-cooled reactors require. However, the neutron 
activation of bismuth generates polonium-210, a hazardous 
radioisotope, so the intermediate heat exchanger may still  
be necessary in lead-bismuth-cooled plants to isolate the  
radioactive coolant from the steam generators and protect 
workers from excessive radiation exposure. And lead’s  
chemical toxicity and extreme corrosivity would compli- 
cate the management of large volumes of the molten metal.


DISECONOMIES OF SCALE IN MODULAR CONSTRUCTION


Another issue affecting the capital costs of fast reactors is  
a potential safety limit on the power rating of a single unit. 
While LWRs in principle can achieve greater economies of 
scale by getting larger without necessarily compromising 
safety, fast reactors become less safe as they get larger because 
the sodium void coefficient tends to increase with reactor 
size. Therefore, a safer way to build large baseload fast reac-
tor plants would be to construct multiple modules rather than 
to build a single large reactor. But this would tend to increase 
cost due to diseconomies of scale. Although proponents of 
small modular reactors claim that this cost penalty would be 
outweighed by the efficiencies gained from mass production 
of multiple modules, there is no compelling evidence at  
present to support this assertion (Lyman 2013). Also, smaller 
fast reactors tend to leak more neutrons and have worse  
sustainability performance (see chapter 3).


HIGHER OPERATING AND MAINTENANCE COSTS


Operating and maintenance costs for fast reactors would also 
be greater than for LWRs. Liquid sodium is a difficult material 
to work with in a number of ways. For example, because it  
is opaque, safety inspections are more difficult for reactor 
structures immersed in sodium.
 Additional security and material accountancy measures 
will also increase the operating cost relative to LWRs. Because 
of sodium’s opacity and chemical reactivity, it is difficult for 
safeguards inspectors to keep track of fast reactor fuel within 
the reactor and intermediate storage pools containing spent 
fuel. Fast reactors using plutonium fuels are generally Cat-
egory I facilities, which are required in the United States to 
maintain armed response forces capable of preventing both 
sabotage and theft of weapon-usable materials. In contrast, 
armed security forces at LWRs need only to protect against 
sabotage, since their LEU fuel is not directly usable for  
weapons. Security measures for protection against theft  
of weapon-usable materials are generally more stringent— 
and costly—than those for protection against sabotage.
 Some fast reactor advocates are keenly aware that the 
additional costs associated with this technology would make 
nuclear power less economical than for the current fleet of 
LWRs, which is already struggling to compete with low-cost 
natural gas–fired generation and wind and solar power. But 
some claim that they can build fast reactors that not only will 
be cheaper than LWRs but will be competitive with natural gas. 
In Russia, Rosatom has initiated a project called “PRORYV” 
(Breakthrough), with a primary goal to establish the compe-
titiveness of the nuclear power industry, which project leaders 
believe has been in crisis for the last 30 years (Adamov et  
al. 2016). PRORYV is undertaking an effort to develop fast 
reactors with capital costs 20 percent below those of LWRs. 
However, for the reasons discussed above, doing so may  
require significant compromises in safety and security,  
and there is good reason to be skeptical. 


REPROCESSING AND RECYCLED FUEL COST


In addition to the greater capital and operating costs of fast 
reactors, there is also the cost of the fuel cycle. As discussed 
in chapter 3, most fast reactors can only realize their full  
potential for increasing sustainability in a closed fuel cycle 
with recycling of plutonium in fresh fuel. 
 Plutonium-based fuel will be considerably more expen-
sive than LEU fuel for LWRs. For fast reactor designs using 
plutonium and possibly other TRU elements, such as neptunium 
and americium, fuel production would involve some type  
of spent fuel reprocessing. Reprocessing is an extremely  
costly industrial enterprise that requires the construction  
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and operation of high-capital-cost, heavily shielded facilities 
with remote-controlled equipment, as well as many safety 
and security features necessary to manage separated pluto-
nium and highly radioactive fission products. Reprocessing 
plants convert a single waste form—spent nuclear fuel—into 
multiple waste streams, which pose additional challenges  
for management and disposal. In addition, fabrication plants  
for fresh reactor fuel containing plutonium or other TRU  
elements require additional safety, security, and waste  
management measures compared to LEU plants, adding  
to the cost.
 Many studies over the last few decades have confirmed 
that nuclear fuel cycles including reprocessing and plutonium 
fuel fabrication will increase cost relative to the once-through 
cycle with direct disposal of LEU spent fuel that is used by 
LWRs (Bunn et al. 2003; MIT 2011; NEA 2013). A review by 
the Nuclear Energy Agency reported that such studies found 
cost premiums for the fast reactor–based closed fuel cycle 
ranging from 25 to 42 percent (NEA 2013). However, repro-
cessing advocates argue that this would lead to only a small 
increase in the total cost of electricity, since the fuel-related 
cost is only a fraction (less than 20 percent) of the electricity 
cost. Nevertheless, the absolute cost premium that would be 
borne by taxpayers or electricity consumers could be on the 
order of many tens of billions of dollars over the lifetimes  
of all of the facilities needed to research, develop, and  
implement the respective fuel cycles. 
 These estimates find that closed fuel cycles are more  
expensive even after accounting for several factors that tend 
to offset the additional costs of reprocessing and recycle. 
These include the reduced demand for natural uranium and 
the potential to reduce the required footprint for geologic 
repositories for long-lived radioactive wastes.
 In any event, the potential impact on the total fuel cycle 
cost of these and other factors is highly sensitive to input  
parameters that have large uncertainties. For instance, analy-
ses have shown that the most important parameter in deter-
mining the relative costs of different fuel cycles is the price  
of uranium. The cost savings resulting from a reduced need 
for natural uranium is only significant if uranium is expen-
sive. A Nuclear Energy Agency study found that a fuel cycle  
in which spent fuel was repeatedly reprocessed and the  
plutonium used in both LWRs and fast reactors would only 
become economically attractive for uranium prices of $270  
to $300 per kilogram—nearly 4 times the February 2021 spot 
price of around $77 per kilogram (NEA 2013).13 The second 
most important factor was the assumed cost of reprocessing. 
The results were also very sensitive to the assumed cost  
premium for fast reactors relative to LWRs. On the other 
hand, the calculated fuel cycle costs were far less sensitive  


to the assumed cost of a geologic repository—which means 
that even if adoption of a closed fuel cycle did reduce the 
need for geologic repository capacity, it would not translate 
into significant cost savings. This calls into question the real 
value of one of the major selling points of closed fuel cycles 
(see chapter 3).
 The Nuclear Energy Agency study asserts that the  
estimated difference in the cost of closed and open fuel cycles 
is small enough that it is washed out by the uncertainties in 
the input parameters. However, for some choices of those   
parameters the magnitude of the cost difference itself could 
be far larger. For example, the study chose a uranium price of 
$130 per kilogram as its base case value (corresponding to the 
spot price in early 2011) and expected the price to rise in the 
future. But since then the price has plummeted to 60 percent 
of that amount, increasing the cost premium of plutonium 
fuel. Also, the total cost of reprocessing used in the study— 
a critical parameter—ranged from $579 to $2,640 per kilogram, 
depending on numerous assumptions; however, this may  
underestimate the actual cost of fast reactor fuel reproces-
sing systems. 
 Proponents of pyroprocessing, a key component of  
several proposed advanced-reactor fuel cycles, argue that  
the technology would be cheaper than conventional aqueous 
reprocessing. They have a long way to go to demonstrate  
that, however. To date, the actual cost of the only operating 
pyroprocessing system has averaged more than $50,000 per 
kilogram of spent fuel—20 times greater than the highest  
value assumed in the Nuclear Energy Agency study. 
 In summary, recent studies have confirmed that the 
adoption of a closed fuel cycle utilizing fast reactors and re-
processing will increase the cost of nuclear power. Given that 
reprocessing and plutonium recycling make waste manage-
ment more difficult while simultaneously increasing cost  
and safety and security risks, it is hard to see the benefits  
of advanced reactor systems that are lauded for their ability 
to “consume” nuclear waste.


Safety


Sodium-cooled fast reactors have inherent safety disadvan-
tages relative to LWRs. Fast reactor designers have worked 
for decades to address these issues, but for the most part they 
have failed to resolve them. One of the primary concerns is 
that compared to LWRs, these reactors commonly have a fun-
damental and significant instability: a positive void coefficient. 
As discussed in chapter 2, this means that if the temperature 
of the sodium coolant increases and the sodium boils, the 
power of the reactor typically increases. This positive feed-
back effect could lead to a rapid increase in pressure and  
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temperature, further coolant boiling, and core damage. This 
effect was a major contributing factor to the 1986 Chernobyl 
accident, which involved a type of reactor that had a positive 
void coefficient. It has proven very difficult to design fast 
power reactors that are entirely free of this problem. In con-
trast, LWRs typically have a negative void coefficient and  
exhibit more stable behavior: as the power increases and  
the coolant (water) heats up and becomes less dense, the  
reactor power decreases. 
 The properties of the different chemical forms of fast 
reactor fuels, such as metals, oxides, or nitrides, can affect 
reactors’ safety and performance. For instance, advocates of 
metal-fueled fast reactor designs, such as PRISM, claim they 
are inherently safe because the metal fuel expands more rap-
idly than ceramic oxide fuel when heated, causing negative 
reactivity feedback that would reduce the reactor’s power 
production even if the sodium boils. However, this claim  
that metal-fueled fast reactors are inherently safe, despite  
the presence of a positive sodium void coefficient, is over-
blown and misleading, as discussed below.
 As discussed in chapter 1, one of the original objectives 
of the DOE’s Generation IV program was to develop NLWRs 
that are significantly safer than current-generation LWRs. 
However, given the significant uncertainties and unresolved 
safety issues of sodium-cooled fast reactors, it remains far 
from clear that they can meet this objective. In a 2015 review, 
the French nuclear safety research organization Institut de 
Radioprotection et de Sûreté Nucléaire (IRSN) stated that it 
could not determine, “in view of design differences and the 
current state of knowledge and research,” whether sodium-
cooled fast reactors would be significantly safer than LWRs 
currently under construction such as the EPR (IRSN 2015). 
 Moreover, sodium-cooled fast reactors have a number  
of characteristics that may render them less safe than current-
generation LWRs. Although reactor designers have been 
aware of most of these problems since the early days of the 
technology, the problems have proven difficult to resolve.  
In addition to the positive void reactivity problem, others   
include the use of chemically reactive liquid sodium coolant; 
the potential for rapid, hard-to-control power increases;  
and even the possibility of a small nuclear explosion, or as  
has often been referred to euphemistically, an “energetic  
core disassembly.”


SODIUM COOLANT SAFETY ISSUES


Liquid sodium coolant has several characteristics that appear—
initially—to provide safety advantages compared to water. 
Sodium has a high boiling point of nearly 900°C and does  
not need to be kept under high pressure during reactor opera-


tion. It also does not corrode reactor structures at normal  
operating temperatures. 
 On the other hand, sodium is a highly reactive material 
that combusts upon contact with air and reacts violently with 
water. Problems resulting from leaks of liquid sodium coolant 
have played a significant role in the poor performance of fast 
reactor demonstration projects around the world. For example, 
the Monju facility in Japan was shut down for more than two 
decades after experiencing a sodium fire in 1995 and is now  
to be decommissioned. 
 Even though liquid sodium exerts low pressure during 
normal operation in a fast reactor, the increases in pressure 
and temperature resulting from a sodium fire could be severe 
and potentially breach the reactor vessel, piping, and contain-
ment. To reduce the risk of the sodium fires that have affected 
many fast reactor projects, current designs are equipped with 
elaborate systems for sodium leak detection, leak mitigation, 
and fire suppression. In addition, unlike LWRs, sodium-cooled 
fast reactors must have an intermediate sodium coolant loop 
between the primary system and the steam production system, 
to reduce the risk of radioactive sodium in the primary cool-
ant system coming into contact with—and violently reacting 
with—water. As mentioned above, to avoid the difficulties   
of liquid sodium, some have proposed using a lead-bismuth  
or pure lead coolant instead, which would eliminate the risk 
of violent sodium-air or sodium-water reactions. However, 
stainless steel is highly vulnerable to corrosion from molten 
lead, introducing other problems.


REACTIVITY FEEDBACKS IN FAST REACTORS


As discussed in chapter 2, one of the classes of events that 
could cause a severe reactor accident is a rapid increase in 
power resulting from a runaway chain reaction—the cause  
of the 1986 Chernobyl accident. Some types of nuclear reac-
tors have a property that significantly reduces the likelihood 
or severity of this type of accident: an inherent tendency to 
slow down the fission process if the fission rate (and tempera-
ture) increases (see chapter 2). Indeed, for all US reactors,  
the NRC’s General Design Criterion 11 requires that “the  
reactor core and coolant system be designed so that in the 
power operating range, the net effect of prompt inherent  
nuclear feedback characteristics tends to compensate for  
rapid increases in reactivity” (Appendix A to 10 C.F.R. §50 
(1971)).14  
 The reactivity feedback behavior of fast reactors differs 
significantly from that of LWRs (see Box 6, p. 61). This is 
quantified by differences in their reactivity coefficients, 
which describe how the reactivity of the system changes in 
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POWER COEFFICIENT


For an assessment of the stability of a reactor system, all of the 
various effects that change with reactor power or temperature 
must be considered together. If the overall reactivity decreases 
with an increase in the reactor power, the reactor is inherently 
stable.
 While LWRs generally have negative moderator, fuel, and 
void temperature coefficients—and an overall negative reac-
tivity feedback with respect to increases in temperature and 
power—the situation for metal-fueled fast reactors is more 
complicated. They may have positive coolant temperature and 
void coefficients, but a negative fuel coefficient. The magnitude 
of these coefficients, as well as those associated with other 
feedback effects, will determine the overall stability with 
respect to changes in power. These analyses are quite complex 
and rely on a combination of often-sparse experimental data 
and large-scale calculations. The uncertainties in such analyses 
may be large, making it hard to accurately predict the reactor’s 
behavior.
 One challenge in designing sodium-cooled fast reactors is 
that making changes to reduce the sodium void coefficient to 
reduce the severity of a sodium boiling accident can increase 
the severity of a “transient overpower accident,” a rapid 
increase in power that could be caused by the ejection of a 
control rod. A reactor core that readily leaks neutrons would 
require greater excess reactivity in the fuel, meaning that the 
control rods would have to be stronger neutron absorbers 
(have higher “worth”) to maintain the necessary power level  
at the beginning of the reactor cycle. But the presence of 
higher-worth control rods would increase the severity of a 
rod ejection event. Addressing these safety concerns simul-
taneously has proven difficult, especially for metal fuels   
(Van Tuyle et al. 1992).


FUEL TEMPERATURE COEFFICIENT


The fuel temperature coefficient is a measure of how the   
reactivity changes with the fuel temperature. As discussed  
in chapter 2, one important phenomenon that affects the   
fuel temperature coefficient is the Doppler effect. As the fuel 
temperature increases, the U-238 in the fuel absorbs more 
neutrons but does not fission, thus slowing down the fission 
process. The time scale over which the feedback occurs is 
nearly instantaneous, because it is a response to an increase  
in motion of the nuclei within the fuel. The magnitude of this 
effect depends on the properties of the fuel and the neutron 
speeds within the reactor.


BOX 6.


Reactivity Effects in Fast Reactors


 For the low-enriched uranium oxide fuel used in LWRs,  
the fuel temperature coefficient of reactivity is negative:   
the reactivity decreases if the reactor temperature increases 
(which could be caused, for example, by an increase in power). 
This is because the fuel is nearly 90 percent U-238, and the 
neutron speeds are in the range where they are most suscep-
tible to being absorbed. 
 Compared to in LWRs, the Doppler effect in fast reactors is 
less effective because there is less absorption in U-238 at high 
neutron speeds. And fast reactors that use metal fuels have 
even smaller Doppler feedback than those with oxide fuels. 
This is because with the absence of oxygen in the fuel, which 
has a slight moderating effect, neutrons will have higher 
average neutron speeds.
 Another important phenomenon that affects the fuel 
temperature coefficient in fast reactors is thermal expansion 
of the fuel, which can provide a relatively rapid negative  
reactivity temperature feedback effect and help to stabilize 
the reactor power. Both oxide and metal fuels will expand as 
they get hotter, but the expansion is greater for metal fuel. 
This expansion would primarily take place along the direction 
of the fuel rod (the axial direction). As the fuel expands, it 
becomes less dense, reducing the chance that a neutron will 
strike a nucleus and cause it to fission, thereby reducing 
reactivity. 
 Proponents of metal-fueled fast reactors such as PRISM 
highlight the negative reactivity effect of fuel expansion as a 
major passive safety feature. For example, the PRISM website 
states that “in the event of a worst-case-scenario accident, the 
metallic core expands as the temperature rises, and its density 
decreases slowing the fission reaction. The reactor simply 
shuts itself down” (GEH 2021). However, this statement is 
misleading. First, the thermal expansion effect in metal fuels 
merely compensates for the much smaller Doppler effect rela-
tive to oxide fuels. The inherent prompt feedback of metal  
fast reactor fuels is no greater than that of LWR fuels. Second, 
the passive feedback would not by itself “shut [the reactor] 
down”—that is bring the reactor to a zero-power, subcritical 
state (NRC 1994). To make that happen, power plant opera-
tors would have to activate shutdown systems, such as control 
rods. (This is true for most reactors.) Finally, negative feed-
back associated with core expansion is not a feature of metal-
fueled reactors only. Although metal fuels expand more than 
oxides as they heat up, analysis has shown that the actual 
negative temperature feedbacks from core expansion (both 
axial and radial) are comparable in metal-fueled and  
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reactors—the steam bubbles, or voids, will expand). The 
formation of voids decreases the density of the moderator at  
a faster rate than an increase in temperature without a phase 
change, and will also reduce reactivity.
 For LWRs, where water is both the coolant and moderator, 
the formation of steam bubbles will result in less moderation 
of the neutrons and hence a reduction in the power output. 
Thus, these reactors generally have negative void coefficients. 
For sodium-cooled fast reactors, the void feedback effect is 
quite different. Void formation in the sodium will significantly 
and rapidly reduce its density. As is the case with the coolant 
temperature coefficient, the void coefficient could be either 
positive or negative, depending on the properties of the 
reactor system and where the voids occur.
 The sodium void coefficient depends strongly on the size 
and shape of the reactor core. For a fixed shape, larger cores 
will leak fewer neutrons than smaller cores (because the 
neutrons have to travel farther through the core before they 
escape, increasing the chance that they will strike a nucleus). 
Therefore, the void coefficient tends to become more positive 
as the core size increases. And for a fixed core volume, the rate 
of neutron leakage depends on the shape. The more surface 
area is available for neutrons to escape, the higher the leakage 
rate. The 471 MWth PRISM reactor has a positive void coef-
ficient (NRC 1994, Petti et al. 2017). The 300 MWth VTR is 
reported to have an overall negative sodium void coefficient 
because of its size and shape, but has a locally positive coef-
ficient near the center of the core where neutron leakage   
is less probable (Heidet 2019). 
 Because of the safety risks from positive power feedback, 
some engineers have tried to design large fast reactor cores 
with negative or very small positive void coefficients. This has 
turned out to be very challenging. One approach to reducing 
the void coefficient is to make the core leakier by changing  
the shape of the reactor so that it has a relatively high surface 
area to volume ratio (such as a pancake does). However, this  
is hard to implement in practice and can decrease reactor 
performance and safety in other ways. For instance, a fast 
reactor’s capability to breed—one of the major advantages 
cited by advocates—depends on how efficiently the reactor 
uses neutrons to convert U-238 to plutonium. Fast reactors 
designed to leak a lot of neutrons have worse breeding 
performance.
 As a result, some fast reactor designers have concluded that 
it is not necessary to eliminate the positive void coefficient  
but only to add design features to mitigate its impact; others 


oxide-fueled fast reactors (NRC 1994). Thus, metal fuel does 
not have any clear safety advantages in this regard relative  
to other types of fuel. 
 In any event, the negative reactivity feedbacks from   
fuel expansion are not as fast-acting and therefore are less 
dependable than Doppler feedback. Shutdown mechanisms 
from fuel expansion “are somewhat delayed because of the 
inertia that must be overcome” (Lewis 1977). Such delays are 
problematic because fast reactors can experience “extremely 
rapid rates of power increase” if the system becomes “even 
slightly” supercritical (Lewis 1977). 


MODERATOR AND COOLANT TEMPERATURE  
COEFFICIENTS


For LWRs, the moderator and the coolant are the same:  
ordinary water. If the coolant water heats up, it will expand 
and become less dense. This reduces the ability of the water, 
acting as a moderator, to slow down the neutrons as required 
for a thermal reactor—generally leading to a reduction in   
the reactor’s power output. Therefore, the temperature  
coefficient of reactivity for the coolant is mostly negative, 
although it can be slightly positive for some operating  
conditions (which are strictly limited by the regulator). 
 For fast reactors, especially those that use plutonium fuel, 
the opposite is often true. Fast reactors rely on fast neutrons 
to maintain a chain reaction and use coolants, like liquid 
sodium, that do not have a significant moderating effect. 
Nevertheless, neutrons do lose some energy when they 
collide with the coolant nuclei. As the coolant gets hotter and 
becomes less dense, the neutrons collide less frequently with 
the sodium coolant, and the population of neutrons becomes 
slightly more energetic, which increases the probability that 
the plutonium-239 fuel will fission if struck by a neutron and 
increases the number of neutrons released per fission. Both 
these effects can increase the reactor power. However, at the 
same time, the less dense coolant allows more neutrons to 
leak out of the core, which could reduce the power. Thus, 
there are two competing effects. The sign of the coolant 
temperature coefficient could be either positive or negative, 
depending on which effect is dominant in a specific core.


VOID COEFFICIENT


As the power level and temperature of an LWR increases,  
the water will eventually reach the boiling point and form 
steam (or if the coolant is already boiling—as in boiling-water 
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Pandora’s Promise, a former EBR-II nuclear engineer de-
scribed the experiment as “almost a direct parallel to what 
happened at Fukushima” and claimed that “the reactor  
quietly shut itself down” (Stone 2013). 
 In a loss of flow accident, a fast reactor’s primary coolant 
pumps stop operating, coolant flow through the core is greatly 
reduced and the fuel temperature increases. The reactor has  
a protection system that normally would shut it down auto-
matically by triggering a “scram,” or the rapid insertion of 
control rods. However, there is a small chance that the scram 
will not work. For the EBR-II safety test on April 3, 1986,  
operators simulated a loss of flow without scram to observe 
whether the reactor would reach a stable state or continue to 
overheat. Operators brought the EBR-II to 100 percent power 
and then switched off coolant pumps to simulate the impact 
of a total loss of alternating current power (a station black-
out, similar to what occurred at Fukushima in March 2011). 
Unlike Fukushima, however, the EBR-II was not scrammed  
to stop the chain reaction, and it continued to generate power. 
As expected, the reactor temperature rose rapidly. But the 
overall system exhibited a negative reactivity feedback effect 
in response to the increase in temperature, and the tempera-
ture then decreased until the reactor reached a stable state  
at low power (although it did not completely shut down).  
At this low power level, natural forces such as convection  
removed heat quickly enough to allow the temperature  
to stabilize. The reactor fuel remained intact because the 
temperature stopped rising before the fuel heated up to  
its damage point.
 In a second type of test, operators simulated a “loss of 
heat sink without scram,” shutting off the secondary coolant 
system so that there was no way to remove heat from the  
reactor. This caused the primary coolant to heat up as the re-
actor continued to generate power. In this test as well (though 
a less severe challenge than the loss of flow without scram), 
the resulting temperature increase caused negative reactivity 
feedback that safely shut down the reactor without causing 
fuel damage. 


THE LIMITATIONS OF THE SAFETY TESTS


These test results appear impressive at first glance, but  
there is less here than meets the eye. For example, in one  
test, the reactor operated for only a couple of hours before  
the test in order to limit the decay heat after scram (IAEA 
2017). In others, the fission chain reaction never actually 
stopped. And although the reactor fuel was not damaged  
due to overheating in the loss of flow without scram tests, in 
three tests the final fuel temperature did exceed the safety 
limit that operators had established—including the one on 
April 3, 1986. 


are not ready to accept this compromise. One of the  
original goals of the now-cancelled ASTRID project in 
France was to design a large (600 MWe) oxide-fueled 
fast reactor with an overall negative sodium void coef-
ficient. However, this resulted in what one report called 
a “peculiar” core design that is very complex to analyze 
and that is still susceptible to positive feedback effects  
if sodium voids form in only one part of the core (Nuria 
et al. 2017). It is unclear whether it will be possible to 
design practical fast reactors with a negative sodium 
void coefficient.


RADIAL EXPANSION COEFFICIENT


Another source of negative reactivity with increasing 
temperature comes from the expansion of the core in the 
radial direction—that is, perpendicular to the axis of the 
fuel assemblies. This occurs primarily from the expansion 
of core structures, such as the metal grids that hold the 
fuel assemblies in place. In contrast to the fuel tempera-
ture coefficient, this is not an inherent property of the 
fuel, and it is not a prompt (nearly instantaneous) 
response, so it should not be considered as reliable a 
feedback mechanism as the fuel temperature coefficient.


continued from p. 60


response to changes in the state of the reactor, such as tem-
perature and pressure. While LWRs generally have negative 
power feedback and meet the NRC’s General Design Criterion 
11, fast reactors generally do not meet this criterion and have 
power instabilities that can have serious implications for safety.


PASSIVE SAFETY CLAIMS AND THE EBR-II 1986  
SAFETY TESTS


As discussed above, proponents of metal-fueled sodium-
cooled fast reactors claim that these reactors are passively 
safe and would shut themselves down with no operator  
intervention if the fuel were to overheat. They frequently 
point to a series of safety tests carried out by Argonne  
National Laboratory in 1986 at the 62.5 MWth (20 MWe)  
Experimental Breeder Reactor-II (EBR-II). The most severe 
of these tests, on April 3, 1986, known as a “loss of flow with-
out scram,” is often cited as a conclusive demonstration  
that fast reactors are passively safe. In the 2013 documentary 
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 Most significantly, the entire series of tests was highly 
scripted and conducted under very carefully controlled con-
ditions to minimize the potential for failure; the EBR-II  
underwent “a number of hardware and software changes” to 
prepare the facility for the tests (Messick et al. 1987). While   
it is reasonable—or even essential—to carry out such prepara-
tions when doing safety tests, it limits the tests’ relevance to 
real-world accident scenarios. At best, the tests demonstrated 
certain safety features were functional under certain condi-
tions, but they did not simulate the entire range of plausible 
severe accident conditions. 


Thus, the tests did not prove that the reactor “cannot 
melt down,” as some claimed in Pandora’s Promise. On the 
contrary, as discussed below, fast reactors are vulnerable to  
a number of different accident initiators that could result  
in core damage and release of radioactivity into the environ-
ment. Below are some of the parameters of the EBR-II safety 
tests that had significant impacts on the outcomes and pre-
vent the test results from being applicable to all fast reactors 
in all accident scenarios of concern.


Coastdown Time


A critical factor for the success of the EBR-II  “loss of flow 
without scram” tests was the relatively long period of time 
that the primary system coolant pumps took to coastdown 
(gradually slow down after the power was cut off ). This  
is because most of the feedback mechanisms that work to  
reduce a fast reactor’s power need time to take effect. If the 
coolant pumps shut down immediately, then the sodium  
temperature could increase to its boiling point before the 
negative reactivity feedback would have a chance to kick in 
and reduce the reactor power. Therefore, fast reactor coolant 
pumps must be designed with a sufficiently long coastdown 
period to allow the reactor to withstand a loss of flow with-
out scram accident without fuel damage. The EBR-II loss  
of flow without scram tests extended the coastdown time  
artificially, and thus were not fully representative of  
real accidents.


The EBR-II used two conventional motor-driven cen-
trifugal pumps to circulate the primary coolant, as well as  
an auxiliary electromagnetic pump with a battery backup  
to supplement natural convection cooling during shutdown.  
For motor-driven centrifugal pumps, which drive fluid  
motion by rotating, coastdown occurs naturally due to the 
rotational inertia of the pump. However, the natural coast-
down period of a pump may be too short, requiring artificial 
means to lengthen it. And electromagnetic pumps—which 
induce electromagnetic fields to drive metal coolant flow and 
have no moving parts—require auxiliary mechanical flywheels 


to simulate coastdown if the pumps stop operating. These 
artificial mechanisms do not fully compensate for pumps 
with short natural coastdown periods because they could  
be vulnerable to failure during an accident.


The scientists at Argonne National Laboratory knew  
that pump coastdown was “critically important in determin-
ing the peak transient temperatures” (Planchon et al. 1987). 
However, the 50-second coastdown period of the centrifugal 
pumps was too short. So to prepare for the 1986 loss-of-flow 
tests, the scientists introduced electronic controls and other 
modifications to artificially extend the coastdown time to as 
long as 600 seconds (Planchon et al. 1987). Given that rotating 
pumps can seize—suddenly stop running—a sufficiently long 
coastdown time is not guaranteed and should not be con- 
sidered an intrinsic passive safety feature. 


In addition to the artificial lengthening of the primary 
pump’s coastdown time, other parameters that were varied 
included the operating power of the reactor and the state of 
the auxiliary coolant pump (on, off, or on battery backup) 
(Planchon et al. 1988). 


However, none of the tests included the most challenging 
but still plausible combination of conditions: 100 percent 
power, natural coastdown time for the primary pumps, and  
no auxiliary pump. In short, the tests did not provide infor-
mation about how the reactor might respond to complex,  
real-world accidents that evolved in unexpected ways, as was 
the case at Fukushima. For example, the April 3, 1986, test was 
initiated at full power, but the coastdown time of the primary 
pump was extended to 95 seconds and the auxiliary pump 
was allowed to operate on battery power. Thus, the test dif-
fered in an important way from the Fukushima accident, when 
nearly all battery power supplies, as well as the electric distri-
bution systems, were lost due to the flooding from the tsunami. 
Moreover, at Fukushima, fuel melting did not begin until  
several hours after all power (alternating current as well as 
battery) was lost. But in a fast reactor, fuel melting can begin 
within seconds after a total loss of power causing the failure 
of both primary and auxiliary pumps.


Sodium Void Coefficient


Another major reason why the EBR-II safety tests were not 
representative of all fast reactors is because the reactor had a 
negative sodium void coefficient (Chang 1992), which would 
not normally be the case for full-scale power reactors. As  
discussed earlier, larger fast reactors such as PRISM (165 to 
311 MWe) will typically have a positive sodium void coeffi-
cient. As the size of the reactor core increases, the fraction of  
neutrons that leak from the core decreases. Also, plutonium-
fueled reactors will have larger positive void coefficients  
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than uranium-fueled ones, with potentially more severe  
consequences. In a reactor with a positive sodium void  
coefficient, if the sodium coolant heats up and starts to boil, 
the total reactivity and power will sharply increase, heating 
the coolant even more and resulting in a positive feedback 
loop. This is an unstable condition that could result in a  
power increase so rapid that it would be impossible to con-
trol—as occurred during the 1986 Chernobyl accident. 
 The EBR-II’s void coefficient was negative because  
it was a small reactor and was fueled with HEU instead of 
plutonium. The small size of the core enhanced the neutron 
leakage, and the use of U-235 instead of plutonium resulted in 
a smaller increase in fission rate at high neutron speeds. The 
negative void coefficient worked in concert with other phe-
nomena contributing to negative feedback, such as expansion 
of the core. Indeed, the negative void reactivity was the larg-
est contributor to the overall negative temperature feedback 
(IAEA 2017). If the void coefficient of the EBR-II had been 
positive, the other feedback effects might not have been 
strong enough to offset its impact on reactivity, and the loss  
of flow without scram tests would have had less benign out-
comes. Therefore, the EBR-II tests do not demonstrate that 
all metal-fueled fast reactors are passively safe.
 Notably, the NRC itself has questioned the use of the 
term “passively safe” to describe reactors with a positive  
void coefficient such as PRISM (NRC 1994):


The positive sodium void worth is a concern in the  
passive safety argument. Because of it, one must qualify 
any characterization of the PRISM response as “passively 
safe” by pointing out that this is conditional on the sodium 
remaining below the boiling temperature. Should sodium 
boiling begin on a core-wide basis under failure-to-scram 
conditions, the reactor would be likely to experience  
a severe power excursion.


In other words, if the liquid sodium boils, the reactor power 
would continue to rapidly increase, overwhelming the passive 
safety features, and a severe core damage accident could 
result. 
 How likely is it that the sodium would boil during an  
accident? Fast reactor developers argue that such an event 
would be extremely unlikely because there is a significant 
margin between the normal operating temperature of the  
reactor (around 500ºC) and the sodium boiling point (around 
900ºC). Nevertheless, the likelihood of a rapidly developing 
sodium boiling event is design-dependent, highly uncertain, 
and not so easily dismissed. 
 There is very little information about the temperature 
limits of metal fast reactor fuel and how much time would  


be available before fuel damage would occur if cooling were 
lost (NRC 1994). However, a loss of flow without scram would 
likely result in a devastating accident if all of the primary 
coolant pumps were to seize abruptly. In that case, the NRC’s 
analysis found that large-scale sodium boiling would begin 
after about 14 seconds, leading to a power increase after  
25 seconds. By 26 seconds, the power level would have  
increased by a factor of three, and the temperature at the  
centers of the fuel pins would have exceeded 1300°C, which 
is greater than their melting point. The NRC terminated the 
calculation at 26 seconds because there was little doubt 
where things were headed after that. The NRC report dryly 
states that “assuming that the prediction of the sodium flow 
rate through the core . . . is correct, this is clearly an event  
that must be avoided” (NRC 1994). 
 Another type of fast reactor accident known as the  
unprotected transient overpower event, in which a control 
rod is ejected and the reactor fails to shut down, could also be 
very severe. An Argonne National Laboratory analysis found 
that such an event at a relatively small SFR (380 MWe, similar 
to the Natrium) could cause large-scale fuel melting within  
10 seconds, and dangerously high radiation doses to the off-
site public (hundreds of rem at a 200-meter site boundary) 
(Grabaskas et al. 2016). These doses are not lower than those 
that could result from a core-melt accident at a large LWR.


THE HYPOTHETICAL CORE DISRUPTIVE ACCIDENT


It is commonly said that nuclear reactors cannot explode  
like nuclear weapons. While this is essentially true for LWRs, 
it is not the case for other types of reactors, such as Chernobyl-
type thermal reactors or fast reactors. In the event of a severe  
accident in which nuclear fuel overheats, the fuel elements 
may melt and fuse together into a dense mass. The conse-
quences of this compaction will differ in LWRs and in fast 
reactors.
 Because LWRs require a moderator (water) to be inter-
mingled with the fuel to achieve criticality and produce  
power, if the fuel becomes more compact and the moderator 
(water) is expelled from the core, there is a greater chance 
that neutrons will be absorbed in the fuel or escape before 
they are slowed down enough to cause fission and generate 
more neutrons. This reduces the reactivity of the reactor  
and increases its stability.
 However, in a fast reactor, a moderator is not needed  
to achieve criticality. If the fuel rapidly becomes denser, then 
there is a smaller chance that neutrons will leave the fast  
reactor system without causing fission. This increases the  
reactivity and power of the reactor, not unlike the mechanism 
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by which nuclear fission weapons explode. In a nuclear fission 
weapon, plutonium or another fissionable material is rapidly 
assembled or compressed to a highly supercritical state. The 
yield of the weapon depends on the degree of compaction and 
how long it remains in a supercritical state before blowing 
itself apart. Although the degree and time scale of the com-
paction in a fast reactor would not lead to conditions nearly 
as destructive as most nuclear weapons, a small explosion is 
possible, with the potential to cause a catastrophic dispersal 
of highly radioactive fuel into the environment.
 Hans Bethe, the Nobel laureate in physics who headed 
the theoretical division for the Manhattan Project, and a  
collaborator, J. H. Tait, were quick to recognize this risk and 
developed a back-of-the-envelope method to estimate the 
potential explosive energy release. When applied to metal-
fueled fast reactors such as EBR-II and Fermi 1, the Bethe- 
Tait method revealed that the resulting explosion could be 
comparable to a detonation of several hundred pounds of 
high explosive (Lewis 1977). Although not as large as typical 
truck bombs today, such an explosion in the core of a nuclear 
reactor could breach the reactor vessel and containment.  
The resulting radiological release would not be primarily 
composed of radionuclides generated by the fissions during 
the explosion (as in the case of a nuclear weapon detonation),  
but rather those that accumulated during operation of the 
reactor—generally a much larger quantity of long-lived  
fission products. 
 This type of analysis, which was subsequently refined  
by others, also revealed that the size of the explosive energy 
detonation increases with the volume of the reactor core and 
could be significantly greater for commercial-scale reactors 
than for the relatively small EBR-II core (Lewis 1977).
This type of scenario was christened the hypothetical core 
disruptive accident or HCDA. The modifier “hypothetical” 
was originally added to emphasize that the initial analyses 
simply assumed the core could become compacted but  
did not postulate how that could actually occur. However, 
researchers have identified plausible fast reactor accident 
sequences that could result in core meltdown and rapid  
reactivity increases (Tentner et al. 2010). Moreover, after  
the meltdowns at Three Mile Island in 1979, Chernobyl in 
1986, and Fukushima in 2011, the occurrence of severe acci-
dents is no longer hypothetical—and the “H” in HCDA is  
unnecessary. Nevertheless, the term sometimes continues  
to be used.
 Historically, the question of considering HCDAs in  
the design and licensing of fast reactors such as the Fast  
Flux Test Facility at the DOE’s Hanford site in the state  
of Washington and the proposed (but never built) Clinch  
River Breeder Reactor in Tennessee was very controversial. 


Reactor developers feared that it would prove too costly if 
regu-lators required that reactor structures be engineered to 
withstand HCDAs. Ultimately, the NRC decided in the 1970s 
that HCDAs could be excluded from the design basis for 
Clinch River if their probabilities were shown to be sufficiently  
low, which the applicant claimed was the case (Flanagan, 
Fanning, and Sofu 2015).
 Nevertheless, the events are complex, the uncertainties 
large, and the potential consequences catastrophic. An [H]CDA 
is a very real and serious risk that must be considered in eval-
uating the prospects for fast reactors. The Generation IV Inter-
national Forum, in a recent assessment of sodium-cooled  
fast reactor safety, concluded that “the possibility to robustly 
mitigate consequences of [a] whole core accident has to be 
investigated,” including the need for “a robust confinement capa-
bility” for radioactive material releases (Ruggieri et al. 2017). 


Sustainability and Proliferation/ 
Terrorism Risk


The above discussion shows that fast reactors have trouble-
some features that may render them less safe than LWRs. But 
some of these very characteristics do offer the potential for 
increased sustainability compared to LWRs. As discussed in 
chapter 3, fast reactors are capable (in theory) of significantly 
improving uranium utilization by breeding plutonium, or  
significantly increasing the capacity of geologic repositories 
by more effectively fissioning (or “burning”) the long-lived 
TRU in spent nuclear fuel.
 However, there are two very large caveats. As discussed 
in chapter 3, it is completely impractical, if not impossible, to 
achieve either of these sustainability objectives within a real-
istic timeframe. Depending on the technologies employed, it 
could take centuries or even millennia for fast burner reactors 
to recycle a significant fraction of the TRU contained in spent 
fuel, or for fast breeder reactors to utilize a significant frac-
tion of the depleted uranium stockpile.
 And as discussed in chapter 4, reprocessing and recycle 
of plutonium and other TRU greatly increases the likelihood 
that nations or terrorists seeking nuclear weapon-usable  
material will succeed. The security and safeguards measures 
needed to mitigate these risks are costly and cumbersome,  
yet only have limited effectiveness. 


Sustainability of Once-Through Fast Reactors


A number of vendors are developing fast reactors that would 
utilize high-assay low-enriched uranium (HALEU) fuel in  
a once-through cycle without reprocessing, at least for their 
initial operation. While these reactors, such as TerraPower’s 
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Natrium, would pose lower proliferation and nuclear terror-
ism risks than TRU-fueled fast reactors with reprocessing, 
they are not more sustainable than LWRs and thus fail to  
realize one of the main benefits of developing fast reactors. 
Indeed, such fast reactors are typically even less uranium-
efficient than LWRs, as the below discussion illustrates.
 Although TerraPower has provided few details publicly 
about the Natrium’s fuel cycle, enough information is avail-
able about it and similar reactor designs to estimate its  
uranium utilization efficiency. An 18.75%-enriched HALEU-
fueled fast reactor core requires approximately 2.5 times 
more natural uranium per GWe than LWRs (Hoffman and  
Fei 2019). About 820 metric tons of natural uranium would be 
needed for the core of a typical 1,000 MWe LWR containing 
89 metric tons of LEU with an enrichment of less than 5 per-
cent. Thus about 2,050 metric tons of natural uranium would 
be needed for the core of a 1,000 MWe HALEU-fueled fast 
reactor. For the 345 MWe Natrium fast reactor, this corre-
sponds to about 710 metric tons of natural uranium, which 
would be enriched to produce 17.6 metric tons of 18.75 per-
cent HALEU. This value is consistent with the range of  
15–20 tons per startup core that a Terra-Power representa-
tive specified at a 2020 DOE workshop (Gallacher 2020).
 In addition to the natural uranium needed for the initial 
core fuel load, the annual natural uranium requirement for a 
HALEU-fueled fast reactor utilizing current fuel technology 
will also be greater than for an LWR of similar capacity.  
TerraPower has said that the Natrium will operate on a 18–24 
month refueling cycle typical of LWRs. Also, GE-Hitachi has 
specified that the average discharge burnup of a HALEU- 
fueled PRISM reactor would be about 70,000 MWd/MTHM 
(Petti et al. 2017).15 If one assumes that the HALEU fuel will 
be irradiated for three 18-month cycles (4.5 years in total) and 
that the Natrium has a capacity factor of 85 percent, the reac-
tor will require about 3.7 metric tons of HALEU per year, cor-
responding to a natural uranium requirement of 150 metric 
tons per year, or 500 metric tons/GWe-year. This is about 2.5 
times the annual natural uranium requirement for an LWR. 
 HALEU-fueled once-through fast reactors also generate 
more long-lived radioactive waste than LWRs. The quantity 
of TRU discharged in the spent fuel per GWe-year would be 
over 500 kg per year, or more than twice the comparable  
value for an LWR (Hoffman and Fei 2019). 
 The benefits for sustainability of fast reactor–based fuel 
cycle systems with reprocessing are modest at best, but the 
proliferation and nuclear terrorism risks of such systems are 
profound. And while fast reactors operated with HALEU fuel 
on a once-through basis are less risky, they also are less uranium-
efficient than LWRs. Thus it is likely that reactor developers 


are pursuing once-through HALEU-fueled fast reactors only 
as “gateway” reactors to facilitate a transition to TRU-fueled 
reactors with reprocessing. 


Time Scale and Costs


READINESS FOR COMMERCIAL DEMONSTRATION


Recall from chapter 1 that the commercialization of a new 
reactor technology involves several stages: research and  
development, an engineering demonstration using a reduced-
scale prototype reactor, a performance demonstration using  
a scaled-up prototype, and a commercial demonstration using 
a full-scale reactor that would be the model for subsequent 
units. A reactor that has had a successful performance  
demonstration is usually considered “high maturity.” 
 When estimating the time scale and cost to commercial-
ize an NLWR, it is also necessary to consider the fuel cycle 
facilities necessary to support the reactor’s operation. These 
facilities may use experimental technologies that have not 
been demonstrated at commercial scale. Before the reactor 
can be commercially deployed, all the elements of the fuel 
cycle infrastructure—commercial-scale fuel production, 
transportation, and spent fuel management—must be  
available and reliable.
 The DOE’s 2017 study of advanced demonstration and 
test reactor options identified sodium-cooled fast reactors  
as a high-maturity technology, estimating that it would cost 
$4 billion and take 13 to 15 years to build and start up a com-
mercial-scale demonstration reactor. The analysis concluded 
that that the 471 MWth (165 MWe) PRISM design is ready  
for a commercial demonstration, because prior fast reactor 
projects “had engineering and performance demonstration 
systems over three decades ago” (Petti et al. 2017). Consistent 
with this conclusion, the DOE has now chosen two PRISM-
type designs—the Versatile Test Reactor and the Natrium com-
mercial demonstration reactor—for near-term deployment.
 However, the DOE has not made the case that PRISM-
based fast reactors are mature enough to bypass the per- 
formance demonstration stage. First, prior fast reactor  
performance demonstrations were less than successful. The 
DOE report points to the Fermi-1 and Fast Flux Test Facility 
reactors as US examples and Phénix and Superphénix (France), 
Monju (Japan), and BN-600 (former Soviet Union) as inter-
national examples. But Fermi-1 and Monju both suffered  
major accidents. Phénix experienced operational anomalies 
that remain unexplained. Superphénix also never achieved 
full power and was unreliable. And the BN-600 experienced 
many sodium fires. The DOE report itself acknowledges that 
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“the track record of [sodium-cooled reactor] demonstration  
plants is mixed” (Petti et al. 2017). 
 Second, and even more to the point, those reactors dif-
fered in significant ways from the VTR and Natrium designs 
and thus are not directly relevant. The 20 MWe EBR-II was 
the experimental fast reactor most similar to PRISM. Could 
data from the EBR-II, a smaller-scale engineering demon-
stration, enable PRISM to leapfrog over the performance 
demonstration phase? According to the DOE’s definition, as 
discussed in chapter 1, performance demonstration is needed 
to establish that scale-up of the system works, gain operating 
experience to validate integral behavior of the system, and 
provide proof of performance. However, the results of the 
EBR-II demonstration cannot be readily extrapolated to larger 
PRISM-type reactors such as the VTR and the Natrium.
 The 840 MWth Natrium would have a power rating 14 
times that of the EBR-II—a significant difference with regard 
to many aspects of reactor operation. Indeed, GE-Hitachi 
originally recommended in 2016 that the DOE build a smaller, 
471 MWe PRISM demonstration reactor rather the larger, 
840 MWth model (Petti et al. 2017). But the Natrium would 
be more than a mere EBR-II scale-up. Unlike the EBR-II,  
the sodium void coefficient for a metal-fueled fast reactor  
as large as the Natrium will be positive. Also, the DOE notes 
that the EBR-II cooling system “was effective for a reactor  
of that size” but “a larger reactor may require a different  
technology” (Petti et al. 2017). The cooling systems that  
work for very small reactors may well be inadequate for larger 
reactors that generate heat at a higher rate. For instance, 
PRISM designs includes a novel, additional passive decay 
heat removal system called the Reactor Vessel Auxiliary  
Cooling System, which the EBR-II did not have.
 In addition, the design of PRISM’s primary coolant 
pumps would be different than those of the EBR-II, which 
could significantly impact safety analyses. As noted above, for 
ordinary motor-driven centrifugal pumps, coastdown occurs 
naturally as a consequence of the rotational inertia of the 
pump after power is cut off. The EBR-II had two primary 
centrifugal pumps and one auxiliary electromagnetic pump. 
However, PRISM designs use only electromagnetic pumps, 
which take advantage of the fact that the coolant is metallic. 
However, as discussed above, these pumps do not have moving 
parts and therefore have no intrinsic inertia to allow for 
coastdown. To compensate, the PRISM design includes  
synchronous motor-generator machines that are intended  
to simulate coastdown by providing power for a short time  
to the electromagnetic pumps in the event of a station black-
out (NRC 1994). However, this arrangement is not as safe  
as a centrifugal pump. For instance, if the power connections 


between the motor-generator machines and the electromag-
netic pumps are disabled—in the event of a severe flood, for 
instance—then there would be no coastdown effect, and a 
rapid power excursion and core meltdown could result.
 Also, the equipment needed to provide high coolant flow 
rates following a pump shutdown is expensive, according to  
a recent study on the DOE VTR project (Sumner and Fanning 
2020). As a result, DOE researchers are looking for ways to 
cut the VTR’s cost by reducing the post-trip flow rate, which 
would lower the safety margin as well (Sumner and Fanning 
2020). Thus to reduce cost, commercial fast reactors based  
on the PRISM design may have lower post-shutdown flow  
rates than the EBR-II did, increasing the risk of an accident.   
 The NRC recognized in the 1990s that the EBR-II  
was not representative of the PRISM design and other fast 
reactors in its 1994 PRISM preapplication safety review: 


. . . the fact that EBR-II is obviously quite different from 
the other cores decreases one’s confidence in extrapo-
lating from the EBR-II test series. Analyses consistently 
indicate that the “passive shutdown” will work as designed 
in the PRISM, but a series of safety tests using a proto-
type reactor is needed for confirmation (NRC 1994).


Another important difference is that neither the EBR-II nor 
other fast reactor demonstrations used a fuel similar to the 
uranium-plutonium-zirconium metal alloy that the VTR  
will use. Fermi-1 used a metallic fuel alloy of highly enriched 
uranium (25.6 percent U-235) and molybdenum, which was 
bonded to the cladding in a different way than PRISM fuel. 
The FFTF and other reactors used mixed plutonium-uranium 
oxide (MOX) fuel. 
 Almost all the PRISM-type driver fuel used by the  
EBR-II was an HEU-containing metal alloy. Less than 1 per-
cent of the fuel tested in the reactor was composed of a pluto-
nium-uranium-zirconium alloy, which would be the fuel of 
choice not only for the VTR but also for future fast breeder 
reactors. And the EBR-II did not test metal fuel with TRU 
other than plutonium, which would be included in the fuel 
for a TRU burner fast reactor. Such differences—highly  
enriched uranium versus plutonium, metal versus oxide—
could have significant impacts on reactor operation,   
safety, and performance. 
 The NRC also flagged the fuel issue in its 1994 
assessment:


The PRISM fuel system, U-Pu-Zr fuel clad with HT9,  
is a new concept. Many of the basic design principles 
have been developed from EBR-II metal-fuel experience. 
However, because of differences in material, geometry, 
and exposure conditions, this experience must be extrap-
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olated to the PRISM design through the use of analytical 
tools that characterize the operational history and tran-
sient responses of the fuel system. Experimental data 
must be obtained both to support the model develop-
ment efforts and to verify the integrated computer  
codes (NRC 1994).


The lack of experience with plutonium fuel will not be an  
issue for the HALEU-fueled Natrium. However, there is dis-
agreement about the maturity level of the proposed PRISM 
fuel—even without plutonium—in light of past EBR-II experi-
ence. The DOE’s evaluation team judged that it was signifi-
cantly less mature than the GEH team did. The DOE noted 
that “no attempt was made to reconcile this [its own] in- 
dependent assessment with those of the individual team  
assessments” (Petti et al. 2017).  
 At the time of the NRC’s 1994 PRISM preapplication  
review, the DOE planned to conduct additional research  
and development for metal fuel qualification at the EBR-II 
and also build a more representative prototype of a PRISM  
module to conduct full-scale performance and safety testing, 
which would have addressed the NRC’s concerns. The DOE 
had laid out a 20-year PRISM technology development 
schedule to support an NRC design certification. 
 However, the EBR-II was shut down in 1994, the DOE 
never built the prototype, and the required fuel qualification 
and safety testing was never carried out. An additional fuel 
transient testing program to support severe accident analyses 
was supposed to take place at the Transient Reactor Test 
(TREAT) Facility, a test reactor at the INL, but was never  
carried out because TREAT was also closed in 1994. The DOE 
recently restarted the TREAT reactor to conduct transient 
fuel testing, but that effort is only in its beginning stages, and 
it will take many years to accumulate enough data to make  
a strong safety case for fast reactor licensing.
 The decision to bypass prototype testing raises questions 
about how the safety case for the VTR and Natrium will be 
adequately demonstrated and how their fuels will be qualified. 
Both reactor designs are very different from EBR-II, as dis-
cussed above. The DOE’s current approach, to rely on EBR-II 
performance and fuel data, would suffer from many of the 
same issues raised by the NRC for PRISM licensing.
 If the proposed VTR project goes forward, it could per-
form some of the fuel qualification activities for commercial 
fast reactors that would have been done by the EBR-II in the 
1990s. However, the VTR is not likely to be operational before 
the late 2020s, and even then it will likely require several years 
of commissioning activities before it can begin sustained  
operation. Thus fuel qualification programs at the VTR could 
take well into the 2040s, taking into account irradiation time, 


post-irradiation examinations, and additional safety testing. 
And if the VTR is used to qualify its own fuel, there will be  
a bootstrapping problem that could raise safety concerns.
 It is unclear why the DOE has now changed its position 
from the one it held in the 1990s, and now maintains that  
construction and testing of a PRISM prototype will not be 
necessary prior to licensing a commercial demonstration  
reactor (or, by the same logic, a large test reactor). An open 
question is whether the NRC which has regulatory authority 
over the Natrium demonstration reactor but not the VTR,  
will also agree that it can proceed with licensing the   
Natrium without requiring prototype testing. 
 To recap, compared to the EBR-II, PRISM-based designs 
such as the VTR and Natrium are many times larger, use only 
electromagnetic coolant pumps, may use fuel containing  
plutonium and possibly other TRU, and will have positive  
sodium void coefficients. All of these factors tend to make 
accidents such as the loss of flow without scram more  
severe. Therefore, the relevance of the EBR-II safety tests  
to commercial-scale PRISM systems is highly questionable. 
There is little evidence to support the DOE’s assertion that 
the PRISM design is ready for deployment as either a com-
mercial demonstration or as a test reactor without first con-
ducting a performance demonstration for safety testing.
 If the 20-year schedule that the DOE proposed in the 
1990s for PRISM development were followed today, with 
credit for preliminary design activities that began around 
2018, licensing of the first commercial unit would not take 
place until the late 2030s. Assuming that there were com-
mercial orders at that time, the first units would not likely  
be operational until around 2050. 


FUEL CYCLE READINESS


In order for commercial PRISM-type units such as the  
Natrium to be available by the 2030s, all the fuel cycle facilities 
needed to support reactor operation would also need to be 
available. As noted in chapter 3, two of the primary justifica-
tions for fast reactor development are to reduce the genera-
tion of long-lived radioactive waste and to use uranium more 
efficiently. As discussed above, the once-through, HALEU-
fueled Natrium will not achieve either of these objectives.  
To do so, the Natrium and most other fast reactor concepts 
would require reprocessing of their spent fuel to recover  
uranium, plutonium, and possibly other TRU for use in fresh 
fuel—using technologies that themselves require intensive 
development. For example, the full PRISM fuel cycle would 
require facilities for pyroprocessing the reactor’s metal-based 
spent fuel to extract plutonium and other TRU, and facilities 
for fabricating fresh fuel from the separated materials.
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 Moreover, the current PRISM metal fuel design, which  
is also the basis for the VTR, the Natrium, and Oklo’s Aurora 
microreactor, contains a bond of metallic sodium between the 
fuel and the metal cladding to provide for good heat transfer. 
The DOE has long argued that such fuel, if exposed to a high 
burnup cannot be directly disposed of in a repository but 
must be processed to remove the bond sodium. Unless the 
DOE changes its position—and unless new fuel designs  
without bond sodium are qualified for safe use in the future—
it will require processing of the spent fuel from all three of 
these fast reactor projects.
 The process that the DOE has used to date for reprocess-
ing metallic fast reactor spent fuel, pyroprocessing, has not 
been demonstrated at commercial scale, and its only significant 
operating experience at a reduced scale arguably has not been 
successful (see Box 7, p. 71). Since 1996, US researchers at the 
INL have been struggling to pyroprocess 26 metric tons of 
metallic spent fuel from the shutdown EBR-II and FFTF fast 
reactors. Of this amount, about 3.2 metric tons consists of 
HEU–based driver fuel, which is being down-blended with 
depleted uranium to produce HALEU with an enrichment 
just under 20 percent. 
 In 2000, the DOE estimated that the project would  
be completed by 2010, but as of December 2020, only about 
20 percent of the spent fuel had been processed. At that rate, 
it appears likely that several more decades will be needed  
to finish the job (see Box 7, p. 71). About half of the driver  
fuel was pyroprocessed by 2020, at an average rate of about 
85 kilograms per year. To put that in perspective, the VTR, 
which would discharge about 1.8 metric tons of spent driver 
fuel per year, would require a pyroprocessing annual  
throughput 20 times higher than this average rate. The 345 
MWe Natrium would discharge about twice as much spent 
fuel per year as the VTR, or more than 40 times the current  
pyro-processing rate. 
 The DOE has plans to increase the operating time of the 
pyroprocessing facility by running it 24 hours a day, 7 days a 
week, which would only increase the throughput by a factor 
of about three (INL 2020). But it is not just a scale-up issue: 
The process at the INL is generating nuclear waste streams 
that cannot be effectively managed and do not have an  
established disposition path (see Box 7, p. 71). More funda-
mental development work is also needed at the engineering 
scale to address this waste problem. 
 The difficulty of scaling up the pyroprocessing process 
and other considerations, including the proliferation risks  
of separating plutonium, have led the DOE to recently pro-
pose a new and different process called “melt-distill-dilute” 
(also called “melt-distill-package”) for treating the VTR spent 
fuel (Crawford 2020). This process would involve melting the 


spent fuel pins and then heating the melt until the sodium is 
driven off. The process would also vaporize volatile fission 
products, which would have to be trapped and stored. The 
plutonium and other TRU would not be separated from  
uranium, and would be diluted by fuel structural materials  
to below 10 weight-percent to meet the DOE’s safeguards  
requirements. This concept still requires developmental  
work (Crawford 2020). 
 The DOE has not provided similar information about  
its proposed disposition path for the even greater quantity  
of sodium-bonded spent fuel that would be discharged by the 
Natrium annually. However, the melt-distill-package process 
will obviously not be suitable if the intention is to improve the 
unfavorable sustainability characteristics of the design—albeit 
modestly—by reprocessing and recycling the plutonium and 
other TRU in the spent fuel. 


FUEL CYCLE FACILITY DEVELOPMENT


What additional time and resources would be needed to  
develop and build commercial-scale pyroprocessing and fuel 
fabrication demonstration facilities for sodium-cooled fast 
reactors? 
 A 2014 DOE study estimated that it would cost $12 bil-
lion to $35 billion to achieve a first-of-a-kind commercial 
demonstration of a relatively high-maturity advanced fuel 
cycle, of which only one component facility (e.g., the repro-
cessing plant) would require engineering-scale demonstra-
tion (Wigeland et al. 2014). For less mature technologies, 
which would need to demonstrate several components of  
a fuel cycle at engineering scale, the study estimated costs  
of $35 billion to $75 billion to reach the same stage. The study  
estimates that it would cost hundreds of billions of dollars  
to transition to a new fuel cycle in the United States.
 The 2014 DOE study did not estimate the total time  
it would take to achieve commercial demonstration of a fast 
reactor fuel cycle. But a schedule presented by a DOE official 
at a conference of the American Nuclear Society in 2017 
showed that it was estimated to take 45 years from beginning 
the design of an LWR fuel reprocessing plant (which would 
be needed to produce the initial plutonium for the fast reac-
tor) to beginning the operation of a full-scale fast reactor  
reprocessing plant (Paviet 2017).
 Another issue that will affect cost is the need for HALEU 
by many fast reactor designs, as discussed in chapter 4.  
Uranium enrichment plants would have to be built or recon-
figured to supply this material, and downstream conversion 
and fuel fabrication plants would have to be modified to  
handle the criticality risks of such materials. Security would 
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The Union of Concerned Scientists has reviewed documents 
that it obtained through the Freedom of Information Act 
(FOIA) that highlight the failure of the DOE’s decades-long 
effort to chemically process 26 metric tons of sodium-bonded 
metallic spent fuel from the shutdown EBR-II reactor (Lyman 
2017). Ostensibly, the purpose of the program was to convert 
the waste to forms that would be safer for disposal in a geologic 
repository. A secondary goal was to demonstrate the viability 
of a new type of pyroprocessing process (see chapter 4). 
Instead, it has demonstrated the numerous shortcomings  
of this technology. Pyroprocessing, like other reprocessing 
technologies, takes one form of nuclear waste and converts  
it into multiple different types of nuclear waste, each 
presenting new challenges for disposal.
 Pyroprocessing is a form of spent fuel reprocessing that 
dissolves metal-based spent fuel in a molten salt bath (as 
distinguished from conventional reprocessing, which dissolves 
spent fuel in water-based acid solutions). Understandably, 
given all of the technology’s problems, the DOE has been 
reluctant to release public information on this program,  
which has largely operated under the radar since 2000.


DOE PYROPROCESSING ACTIVITIES


The DOE initiated the pyroprocessing program for EBR-II 
spent fuel in the mid-1990s as a consolation prize to Argonne-
West National Laboratory (now part of present-day INL) after 
it cancelled the Integral Fast Reactor project. The idea was to 
connect the EBR-II to an adjacent pyroprocessing facility, 
which would extract plutonium, uranium, and other elements 
from the reactor’s spent fuel and fabricate them into new 
reactor fuel. In theory, this could be a system that could 
convert its nuclear waste into usable fuel on site and thus be 
largely self-contained. Pyroprocessing was billed as a simpler, 
cheaper, and more compact alternative to the conventional 
aqueous reprocessing plants that have been operated in 
France, the United Kingdom, Japan, and other countries.
 Although the DOE shut down the EBR-II in 1994 (the 
reactor part of its Integral Fast Reactor Program), it allowed 
work at the pyroprocessing facility to proceed. It justified 
doing so by asserting that the leftover spent fuel from the 
EBR-II could not be directly disposed of in the planned  
Yucca Mountain repository because of the potential for metallic 
sodium in the fuel (used to bond the fuel to the cladding) to 
react violently with water and air.
 Pyroprocessing would separate the sodium from other  
spent fuel constituents and neutralize it. The DOE decided  


BOX 7.


The Pyroprocessing Files


in 2000 to use pyroprocessing for the entire inventory of left-
over EBR-II spent fuel—both driver and blanket fuel—even 
though it acknowledged that there were simpler methods to 
remove the sodium from the lightly irradiated blanket fuel, 
which constituted nearly 90 percent of the inventory.
 However, as the FOIA documents reveal in detail, the   
pyroprocessing technology simply has not worked well and  
has fallen far short of initial predictions. Although the DOE 
initially claimed that the entire inventory would be processed 
by 2007, as of the end of 2020, only about 20 percent of the 
roughly 26 metric tons of spent fuel had been processed. More 
than $210 million had been spent, at an average cost of around 
$50,000 per kilogram of fuel treated, compared to the original 
estimate of less than $18,000 per kilogram. Since 2016, only 
driver fuel has been pyroprocessed, at a rate of about 100 kilo-
grams per year and an annual cost of $8 million (INL 2020).  
This corresponds to a cost of about $80,000 per kilogram.  
At this rate, it would take until the end of the century to 
complete pyroprocessing of the entire inventory, at an   
additional cost of more than $1 billion.
 But even that assumes, unrealistically, that the equipment 
will continue to be usable for this extended time period. More-
over, there is a significant fraction of spent fuel in storage that 
has degraded and may not be suitable for pyroprocessing in 
any event. The long time to completion is problematic because 
the DOE has had an agreement with the state of Idaho since 
1995 to remove all spent fuel from the state by the year 2035. 
The FOIA documents reveal that the DOE was well aware  
that it was not on track to comply with this obligation. In 2019, 
Idaho and the DOE reached a supplemental agreement with 
additional conditions, including a requirement that the DOE 
complete pyroprocessing of the EBR-II driver fuel by 2028. In 
order to accomplish this, the facility will have to be ramped up 
to 24 hour-per-day, 7 day-per-week operations by 2024, which 
is not realistic given the age of the facility and its previous 
operating record (INL 2020). 


GENERATING AND ATTEMPTING TO MANAGE 
MULTIPLE WASTE STREAMS


What exactly is this pyroprocessing campaign accomplishing? 
Instead of making management and disposal of the spent fuel 
simpler and safer, it has created an even bigger mess. Pyro-
processing separates the spent fuel into three waste streams. 
The first is a cast metal ingot called the “spent fuel treat-  
ment product.” Some of this material is HALEU obtained by 
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have to be upgraded to Category II. However, HALEU supply 
is likely to be too scarce to meet demand for the foreseeable  
future. HALEU fuel will remain an expensive commodity  
unless significant new investments in supply and processing 
are made. In 2020, TerraPower announced a partnership  
with Centrus to expand its pilot centrifuge plant in Piketon, 
Ohio to produce HALEU for the Natrium demonstration  
reactor, but the facility would have to be quickly scaled up  
by a factor of three or more in order to produce the 15–20 MT 
of HALEU needed for the reactor’s initial core by 2027. In  
the absence of sufficient domestic HALEU production, fast 
reactors in the United States may become dependent on  


foreign producers, such as Russia and China, raising issues  
of reliability of supply.  
 Finally, fast reactors are significantly more expensive to 
build and operate than LWRs, and reprocessing and recycling 
spent fuel also increases cost, as discussed above. Thus, sodium-
cooled fast reactors operating on a closed fuel cycle will likely 
generate more expensive electricity than LWRs on a once-
through cycle until uranium becomes so scarce that its price 
increases to several times its current value. (And at that point, 
extraction of seawater uranium, a virtually inexhaustible  
resource, could be an economically competitive and more  
attractive alternative to reprocessing and plutonium 
recycling.)


downblending highly enriched uranium recovered from  
pyroprocessed driver fuel with natural uranium to reduce  
the U-235 concentration. But because this material contains 
unacceptably high levels of plutonium and other contami-
nants, it has a high radiation dose rate and until recently it  
was considered a waste product. The material has been  
accumulating and taking up valuable space at INL storage 
facilities, causing its own safety issues.
 In 2020, the INL reached an agreement with Oklo, Inc.,  
to provide it with HALEU for its proposed Aurora fast micro-
reactor at the laboratory. However, in order to use HALEU 
previously produced from the down-blending of EBR-II driver 
fuel, the material will have to be purified and recast into 
smaller ingots to reduce the dose rate and make it acceptable 
for reuse. As discussed in chapter 4, Oklo will require about  
3 metric tons of HALEU for its demonstration reactor. The 
cost of supplying this fuel will be between $50 and $100 
million.
 The second waste stream is the molten salt bath that is used 
to dissolve the spent fuel. Fission products and plutonium 
have accumulated in this salt for 20 years. Eventually it will 
have to be removed and safely disposed of. But for various 
reasons—including cost and a lack of available space for the 
necessary equipment—the INL is reconsidering the original 
plan to convert this waste into a stable ceramic waste form. 
Instead, it may just allow it to cool until it hardens and then 
directly dispose of it in the Waste Isolation Pilot Plant in   
New Mexico.
 The third waste stream consists of the leftover metal  
cladding tubes that encased the nuclear fuel and the metal 
plenums that extended above the fuel region. These tubes are 


contaminated with fission products and sodium. The original 
plan was to convert these scraps into a stable, homogeneous 
high-level waste form. But the FOIA documents reveal that 
the DOE  is considering redefining this material as transuranic 
or low-level waste so that without further processing it could 
be disposed of in the Waste Isolation Pilot Plant or a low-level 
radioactive waste disposal facility. Storage of the accumu-
lating metal scrap material is also becoming an increasing 
burden at the INL.


A WASTE PROBLEM MAGNIFIED


Simply put, the DOE has spent hundreds of millions of dollars 
only to magnify, rather than simplify, the waste problem. This 
is especially troubling in light of other FOIA documents that 
indicate that the DOE never definitively concluded that the 
sodium-bonded spent fuel was unsafe to directly dispose of  
in the first place. But it insisted on pursuing pyroprocessing 
rather than conducting studies that might have shown that 
this costly, ineffective, and dangerous procedure was 
unnecessary.
 Everyone with an interest in pyroprocessing should reas-
sess their views given the real-world problems experienced  
in implementing the technology over the last 20 years at the 
INL. They should also note that the process needed to extract 
plutonium and other TRU to produce fresh fuel for fast reactors 
would be even more complex than the EBR-II pyroprocessing 
system and hence would require considerably more research 
and development. The technology is a long way from being 
demonstrated as a practical approach for recycling spent   
fuel for use in power generation.
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 In conclusion, the deployment of a fast reactor–based 
closed fuel cycle would likely decrease safety, would likely 
cost far more than LWRs on a once-through fuel cycle, and 
would make nuclear weapons materials more accessible to 
terrorists. And these reactors would neither solve the nuclear 
waste problem nor significantly reduce uranium use over  
reasonable time scales. 


 Fast reactors utilizing HALEU and operating on a  
once-through cycle with direct disposal of spent fuel would 
have many of the same safety risks but would be even less 
uranium-efficient than LWRs. The one exception, if the  
approach could work, would be a fast reactor that could oper-
ate in a once-through breed-and-burn mode (see chapter 8).  
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High-Temperature Gas–Cooled Reactors


[ chapter 6 ]


The second NLWR concept identified by the 2017 DOE dem-
onstration and test reactor study as being sufficiently mature 
to support a near-term commercial demonstration is the 
high-temperature gas–cooled reactor (HTGR), a thermal-
neutron reactor (Petti et al. 2017). “High temperature” here is 
defined as an outlet temperature (where the coolant gas exits 
the reactor core) of up to 800°C.16 In comparison, pressurized-
water reactors have a coolant temperature below 300°C. The 
higher coolant temperature makes this class of reactors about 
20 to 33 percent more thermally efficient than an LWR and 
also would enable the reactor to provide high-temperature 
heat for industrial processes.  
 There are two primary types of HTGR. One is called  
a prismatic-block HTGR because the fuel elements are long 
blocks in the shape of a hexagonal prism. The second is a  
pebble-bed reactor, with spherical fuel elements. In contrast 
to prismatic-block HTGRs or LWRs, pebble-bed HTGRs are 
refueled continuously while the reactor is operating. Fuel 
pebbles are loaded at the top of the reactor core and circulate 
to the bottom, where they are removed. Depending on how 
long they have already been irradiated, pebbles are then  
either fed again into the reactor or stored as waste and  
replaced with fresh fuel. 
 Contemporary HTGR designs typically rely on passive 
means for emergency cooling, which limits their power to 
below about 300 megawatts-electric (MWe) in order to  
meet safety limits.
 In October 2020, the DOE selected a pebble-bed HTGR 
design, the X-Energy Xe-100, as one of the two commercial 
demonstration plants to be built by 2027 under the Advanced 
Reactor Demonstration Program (ARDP).


The Technology


The HTGR uses graphite as a neutron-moderating material 
and helium gas as a coolant. Another of the HTGR’s distinctive 
characteristics is its fuel, which must be capable of with-
standing far higher operating temperatures than LWR fuel.   
The current standard fuel, called TRISO (tristructural- 
isotropic), is composed of tiny spheres about one millimeter 
in diameter, each consisting of a kernel of fissile material 
(typically uranium oxide or uranium oxycarbide) surrounded 
by a porous graphite buffer layer, which is encapsulated in 
two spherical layers of pyrolytic carbon (a graphite-like  
material) with a silicon carbide layer sandwiched between 
them. Each layer serves a different purpose. The main objec-
tive of the layered fuel structure is to provide barriers to 
greatly inhibit fission product releases at the high temperatures 
this reactor would reach during normal operation and the even 
higher ones that could occur during design-basis accidents. 
 The TRISO fuel particles themselves are embedded in  
a matrix material in order to form fuel elements. There are 
two fuel element designs, corresponding to the two types of 
HTGRs. Prismatic fuel elements are fabricated by pressing 
TRISO fuel particles into a carbon matrix to form pellets 
called compacts, which are then inserted into holes drilled  
in prism-shaped graphite blocks. Pebble-bed fuel elements 
are fabricated by embedding 10,000 to 20,000 TRISO particles 
into graphite spheres 6 centimeters in diameter. The core  
of either type of reactor would contain billions of TRISO 
particles. 
 In principle, the special properties of TRISO fuel could 
lead to improved safety. The TRISO fuel coating can prevent 
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PAST DEMONSTRATION PROJECTS


Since the 1960s, there have been five HTGR engineering-scale 
demonstration reactor projects around the world, only one  
of which was in the United States: Peach Bottom 1 in Pennsyl-
vania. There have also been two demonstrations of larger, 
commercial-scale plants: Fort St. Vrain in Colorado, and the 
THTR (Thorium Hochtemperatur Reaktor) in Germany  
(see Table 1 on p. 17).17 
 Engineering-scale prototypes such as the 115 megawatt-
thermal (MWth) Peach Bottom 1, which operated from 1967 
to 1974, performed relatively well, compared to the larger  
reactors. The 842 MWth (330 MWe) Fort St. Vrain reactor, a 
prismatic-block HTGR that was essentially a scaled-up version 
of Peach Bottom with technology improvements, operated 
from 1979 to 1989; during that time it experienced multiple 
technical problems and was highly unreliable. In Germany, 
the 300 MWe THTR, a pebble-bed HTGR, began generating 
electricity in 1985 and operated at full power for just two 
years before being shut down in 1989. It also experienced 
technical problems. 
 In recent decades, several other HTGR projects were 
initiated but failed to come to fruition. In the 2000s, the 
South African utility Eskom and the US utility Exelon pur-
sued the development of a pebble-bed modular reactor in the 
United States. However, Exelon withdrew from the project in 
2002, with the company’s chief executive officer saying it was 
behind schedule and too speculative (Thomas 2008). Eskom 
continued development of the reactor in South Africa, order-
ing plant components and manufacturing fuel, but shut the 
project down in 2010 before the reactor was built.
 The Energy Policy Act of 2005 authorized the Next  
Generation Nuclear Plant (NGNP) project, a commercial 
demonstration HTGR, at Idaho National Laboratory. However, 
that project was terminated after the private sector refused  
to commit to paying 50 percent of the research and develop-
ment costs, as required by the Energy Policy Act (Kadak 
2016). Subsequently, the DOE has continued to fund some 
HTGR-related research and development, including the 
Advanced Gas Reactor (AGR) fuel development and quali-
fication program at Idaho National Laboratory and Oak  
Ridge National Laboratory. 
 A brighter spot for HTGRs may be China, where  
researchers have been developing the technology since the 
1970s. In 1992, China decided to build a 10 MWth pebble- 
bed test reactor module. The HTR-10 uses a conventional 
steam cycle to produce electricity. The reactor reached first 
criticality in 2000 after five years of construction and 
achieved full-power operation in 2003 for 72 hours. Since 
then it has operated intermittently, primarily to conduct  


the release of most fission products up to a temperature of 
around 1600°C, whereas LWR fuel cladding begins to degrade 
and release some fission products at around 800°C. And the 
fissionable fuel particles are dispersed in a large volume of 
graphite, so an HTGR core has a lower power density and 
heats up more slowly than an LWR core if cooling is lost.  
In an LWR, the cladding failure temperature can be reached 
within minutes in the worst-case loss-of-coolant accident, 
while in an HTGR it could take tens of hours for the fuel  
to reach 1600°C.
 However, there are caveats that make it difficult to  
assess whether HTGRs will be significantly safer overall than 
LWRs in practice. An HTGR must be designed to have a very 
low likelihood that its fuel temperature would exceed 1600°C 
during an accident, because the ability of TRISO particles  
to retain fission products decreases significantly if they heat 
up to higher temperatures. Also, TRISO fuel must be manu-
factured to very exacting specifications because the fuel will 
not perform as intended if it is produced incorrectly. This 
shifts part of the safety burden from the reactor to the fuel 
fabrication process. And a loss of coolant is not the only  
accident that could affect HTGRs. Other accident scenarios, 
as well as sabotage, could result in core damage and fission 
product release—some of which have not been thoroughly 
analyzed.


History and Current Status


The Department of Energy’s (DOE’s) judgment that HTGR 
technology is sufficiently mature for commercial demon- 
stration is based on a considerable number of research,  devel-
opment, and demonstration projects over many decades.  
Between 2006 and 2016 alone, $1.5 billion was spent by in-
dustry and the DOE on HTGR research and development 
(Kadak 2016). 
 HTGRs were first proposed in the late 1940s, and they 
initially generated a great deal of enthusiasm. In 1970, the 
Atomic Energy Commission even predicted that almost half 
of US nuclear capacity by the year 2000 would be made up  
of HTGRs (Shropshire and Herring 2004). General Atomics,  
a prominent HTGR developer, sold 10 large reactors to US 
utilities between 1971 and 1974 (Mcdowell et al. 2011). How-
ever, the HTGR revolution did not come to pass, in large part 
because the operating experience with demonstration reac-
tors did not inspire confidence. Even the DOE concedes that 
“the track record of the early HTGRs is mixed” (Petti et al. 
2017). Ultimately, all of the projects were cancelled due to 
“technological impasses and lack of competitiveness against 
light water reactors” (Shropshire and Herring 2004).
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experiments.18 Although it is difficult to find references  
documenting the HTR-10’s operating performance, one  
report states that the reactor was down from 2007 to 2014  
for maintenance, but does not provide further details (RAHP 
2019). A project to couple the reactor to a gas turbine for elec-
tricity production by the end of 2005 was never carried out. 
 The HTR-10 is currently the only operating HTGR in  
the world. Japan’s 30 MWth test HTGR, the HTTR (High-
Temperature Engineering Test Reactor), has been shut down 
since the 2011 Fukushima accident. In June 2020, the Japanese 
Nuclear Regulation Authority authorized the reactor’s owner, 
the Japan Atomic Energy Agency, to make changes to bring 
the HTTR in compliance with post-Fukushima regulatory 
standards, paving the way for its eventual restart by March 
2021 (Ohno 2020).


NEW PROJECTS


Soon after the HTR-10 was first started up, China decided to 
build a much larger pebble-bed HTGR commercial demon-
stration plant, the HTR-PM, as well as a pilot fuel fabrication 
plant. The HTR-PM will have two 105 MWe modules con-
nected to a single steam turbine. Plant design commenced  
in 2001. The project was initially supposed to be finished by 
around 2013 (Zhang et al. 2009). However, construction did 
not begin until the end of 2012, at which point the plant was 
projected to begin supplying electricity to the grid by 2017 
(Dalton 2013). But fuel fabrication did not commence until 
2016, and the project has been beset by further delays. Appar-
ently China’s initial plan was to connect the first module to 
the grid before completing the second module (Jian et al. 
2014), but at some point it decided to defer commissioning 
until the second module was also built. It is unclear why  
the plan was changed. The plant is currently projected  
to be fully operational by the end of 2022.
 Despite the delays in the HTR-PM project, China  
continues to plan construction of an even larger, 600 MWe 
version, the HTR-PM600, which would have six modules 
connected to a single steam turbine. 
 In the United States, a number of startup companies  
are again attempting to commercialize HTGRs. X-Energy  
has revived the pebble-bed small modular reactor design that 
was abandoned by Eskom in 2010. Its Xe-100 reactor would 
generate 200 MWth (75-80 MWe) and would be bundled in 
300 MWe “four-packs” connected to a single steam turbine 
(X-Energy n.d.).19 In October 2020 the DOE chose the  
Xe-100 four-pack for commercial demonstration by 2027  
under the ARDP, after previously awarding X-Energy a  
number of grants, including $8.9 million to support design 
and Nuclear Regulatory Commission (NRC) licensing of a 
TRISO fuel fabrication facility. 


 Framatome (formerly New NP, a subsidiary of Areva  
NP) designed a prismatic-block HTGR that was chosen by the 
NGNP industry alliance in 2012 as the optimum NGNP design 
before the DOE terminated the project. The NGNP Alliance 
was unable to find another customer for the reactor. More 
recently, Framatome submitted information about its HTGR 
design for evaluation in the DOE’s demonstration and test 
reactor study (Petti, et al. 2017). However, there is no indica-
tion that Framatome is pursuing further development of its 
HTGR at this time.
 General Atomics, which heavily promoted a modular 
thermal HTGR design in the past, now appears focused on 
gas-cooled fast reactors. In 2009, it began to develop the  
Energy Multiplier Module (EM2), a 265 MWe convert-and-
burn design that in theory would operate for up to thirty 
years on one load of fuel. The project has not progressed  
beyond the research phase. More recently, General Atomics 
and Framatome announced the start of a collaboration to  
develop a 50 MWe gas-cooled fast reactor that would oper-
ate on a more practical nine-year refueling cycle (GA 2020). 
However, the DOE considers gas-cooled fast reactors, which 
have never been demonstrated, to be the least technologically 
mature of all the NLWRs it evaluated (Petti et al. 2017), and 
the present report does not discuss them further.20 
 More recently, TRISO-fueled HTGRs have gotten an ad-
ditional boost from the Department of Defense (DOD), which 
issued a “request for solutions” in 2019 for the “first phase  
of a multi-phase prototype project for a small mobile nuclear 
reactor,” with a capacity of 1 to 10 MWe—otherwise known  
as a microreactor. Decades after ending its previous nuclear 
power program, the Army is now interested in developing 
microreactors for domestic bases in remote locations and for 
forward operating bases overseas (Lyman 2019). The request 
for solutions specified that these reactors must use TRISO 
fuel. In March 2020, the DOD awarded contracts to three 
teams—BWXT, Westinghouse, and X-Energy—to begin  
design work on a prototype (DOD 2020). The DOD will  
decide whether to proceed with actual prototype construc-
tion after a two-year “design maturation period.” X-Energy, 
which received the largest award ($14.3 million), will have to 
scale its Xe-100 down by a factor of around 10 in order to pro-
vide a prototype microreactor meeting DOD requirements.
 Two foreign companies, StarCore and U-Battery, are  
pursuing small modular HTGRs and microreactors. StarCore 
would use a static pebble-bed core, and U-Battery a prismatic 
core. StarCore submitted a microreactor proposal to DOD but 
was not selected. U-Battery, a 10 MWth microreactor, which 
is a project of a consortium led by the URENCO uranium  
enrichment conglomerate, hopes to have a demonstration 
plant operating by 2028 (U-Battery 2019). 
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Safety


HTGRs have several attractive characteristics from a safety 
perspective. First, similar to LWRs, they have negative  
temperature coefficients, so that reactor power will tend  
to decrease if the fuel overheats (see chapter 2). This is an 
important inherent safety feature. Second, the core has a  
low power density because of the presence of a large mass  
of graphite, so that it tends to heat up slowly if cooling is  
interrupted. The third safety feature is the ability of the  
TRISO fuel itself to retain fission products during both  
normal and certain accident conditions.
 It is this latter characteristic that HTGR developers  
most often emphasize when claiming that their reactors are 
safer than LWRs. For example, the NGNP Industry Alliance 
writes that


the high temperature and robust structural capabilities 
eliminate concerns of fuel damage that could lead to sig-
nificant release of radioactive materials from the nuclear 
fuel. The ceramic-coated nuclear fuel provides the primary 
containment for radioactive materials rather than  
depending on a containment building (NGNP 2010). 


Or, in the words of a leading HTGR expert, David Petti,  
the fuel is the “sine qua non” of the design (ACRS 2011).  
The Pentagon was apparently swayed by these arguments 
in specifying that the microreactors it is considering for  
deployment should only use TRISO fuel, citing its “robust 
safety” and even “minimized fission product release due  
to blast conditions/adversary attacks” (DOD 2019). 
 Based on the claim that each TRISO fuel particle has  
its own “containment,” current HTGR designs do not enclose 
the reactor vessel in a leak-tight, high-strength containment 
building, which is standard for LWRs. Instead, the designs 
call for a less protective “confinement” building with filtered 
exhaust systems. (This aspect is no doubt a desirable feature 
for DOD’s mobile microreactor program.) The safety of 
HTGR designs without a conventional containment structure 
depends critically on the fuel performing as advertised to 
contain fission products.
 Thus, there are two overarching questions relevant to 
HTGR safety. The first is whether properly manufactured 
TRISO fuel is actually capable of retaining fission products  
to the extent necessary to adequately protect public health 
and the environment without the need for a leak-tight con-
tainment, during both normal operation and accidents or  
sabotage. The second is the extent to which TRISO fuel can 
be reliably manufactured according to its design specifica-
tions. No matter how safe the fuel design, a high defect  
rate would undermine its performance. 


 While these fuel concerns generally apply to all HTGRs, 
the safety challenges of pebble-bed reactors with constantly 
moving fuel are more serious. The complexity inherent in 
such a system makes it more difficult to monitor the condi-
tion of the reactor core and to predict the performance of the 
fuel pebbles. (These problems are even more pronounced in 
reactors with fluid fuel, such as MSRs, which are discussed  
in the next chapter.)
 Finally, as discussed below, other HTGR design features— 
such as the use of graphite, which chemically reacts with air 
and water (oxidizes)—introduce safety problems that are not 
issues for LWRs.


TRISO FUEL PERFORMANCE UNDER ACCIDENT CONDITIONS


The primary barrier to a release of radioactivity from an 
HTGR during an accident is the TRISO fuel itself. However, 
as is the case for any nuclear fuel, TRISO fuel particles will 
lose their integrity when heated above a certain temperature 
and will release fission products. Although the particles are 
embedded in fuel elements, some of these fission products 
can be transported through the fuel element graphite matrix 
and end up in the helium coolant. Depending on the nature  
of the accident, fission products could then be released into 
the confinement building and eventually into the environ-
ment. Therefore, a detailed understanding of the maximum 
temperatures that can occur during HTGR accidents and  
the behavior of TRISO fuel under those conditions is critical 
for assessing HTGR safety. 
 As noted above, under normal operating conditions, the 
maximum coolant temperature in an HTGR is about 800°C. 
However, if normal cooling is disrupted, this temperature 
could greatly increase. The highest temperature at which 
properly manufactured TRISO fuel has been observed to  
fully maintain its integrity is around 1600°C. Above this tem-
perature, the picture is a lot less clear. At higher temperatures, 
TRISO fuel particles have been observed to release substan-
tial quantities of fission products, but experimental data in 
this area are limited and fundamental mechanisms are not 
well understood (Demkowicz, Petti, and Gougar 2017). 
 Therefore, to demonstrate HTGR safety, it is necessary 
to show that (1) the peak fuel temperature will not exceed 
1600°C for design-basis accidents, and (2) if the fuel does  
exceed 1600°C during a beyond-design-basis accident, fission 
product releases to the environment will not significantly  
impact public health and safety. (Decisions on where to  
draw the line between design-basis and beyond-design- 
basis accidents typically would be up to the regulator.) 
 A number of different accidents, such as a reactivity  
excursion, could cause the fuel to overheat and potentially 
exceed 1600°C. The most challenging design-basis accident  
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is usually assumed to be a rapid loss of helium coolant. If a 
large breach occurs in the primary coolant system, then the 
pressurized helium gas coolant would quickly escape and  
the system would depressurize. Unlike LWRs, HTGRs do  
not have systems to pump emergency supplies of coolant into  
the reactor vessel if a loss of coolant accident occurs. And, as 
will be explained below, water could not be injected either. 
 If such a depressurization accident occurs, there are  
two alternative safety approaches to keep the fuel temperature 
below 1600°C. One is to use an external active (e.g., motor-
driven) coolant system to remove decay heat from the surface 
of the reactor vessel through forced convection. The other  
is to rely only on passive means: natural convection cooling. 
For the latter approach to work, the maximum power rating 
and physical size of the reactor must be limited.
 Partly because of the problems that larger HTGRs such 
as Fort St. Vrain experienced with active decay heat removal 
systems using forced convection, current HTGR designs are 
limited to below about 300 MWe so that they can rely on pas-
sive means alone for emergency cooling. These designs, such 
as the Xe-100, are being marketed as small modular reactors.21 
However, even the reference 200 MWth (75 MWe) design for 
the Xe-100 could reach a temperature of over 1700°C during 
a depressurized loss of coolant accident and thus fails to meet 
the 1600°C peak temperature limit (Mulder and Boyes 2020). 
To meet this fundamental safety criterion, the power rating 
would have to be reduced to 165 MWth, a smaller and even 
less economical reactor (Mulder and Boyes 2020).  


UNCERTAINTIES IN ALLOWABLE PEAK TEMPERATURES


Even with a limitation on the reactor power and passive  
cooling, it turns out to be difficult to prove that the 1600°C 
temperature limit will not be exceeded for a depressurization 
accident. This is because HTGR accident analyses have large 
uncertainties, and peak temperature calculations are impre-
cise. It is difficult to validate the computer models used for 
these analyses because key parameters, such as core tem- 
peratures, cannot be directly measured. 
 HTGR operational experience has shown that hot spots 
can develop that greatly exceed the maximum temperatures 
predicted by models (Carlson 2014). One reason is the occur-
rence of so-called bypass flows, which are unpredictable 
changes in the flow of the gaseous coolant due to random 
structural changes in the core (Beck and Pincock 2011).  
Although these challenges exist for both prismatic-block and 
pebble-bed reactors, modeling is particularly problematic  
for moving-fuel pebble bed reactors, which have hundreds  
of thousands of circulating pebbles. 
 These uncertainties were observed at the AVR  
(Arbeitsgemeinschaft Versuchreaktor) pebble-bed test reactor 


in Germany. Researchers there calculated a maximum fuel 
temperature of 1070°C. They devised a method to determine 
whether the temperatures of individual pebbles would exceed 
safety limits by inserting wires with a range of melting points 
up to 1280°C into unfueled monitor pebbles (Moorman 2009). 
Depending on the number of wires that melted, operators 
could determine the maximum temperature—as long as the  
peak melting temperature was not exceeded. But in a signifi-
cant number of monitor pebbles all of the wires had melted, 
indicating the coolant temperature had exceeded 1280°C—
more than 200 degrees above 1070°C (Moormann 2009).  
It was estimated afterward that the actual peak core temper-
ature could have reached 1420°C, or 350 degrees above the 
calculated maximum. 
 This inability to predict peak fuel temperatures is a prob-
lem because significant quantities of fission products could be 
released if actual fuel temperatures exceed the 1600°C safety 
limit. An accident analysis that calculates a peak fuel tempera-
ture of 1600°C could underestimate the true peak by hundreds 
of degrees. 


UNCERTAINTIES IN FISSION PRODUCT RELEASES  
AT HIGH TEMPERATURES


Moreover, there are limited data about the performance of 
TRISO fuel at temperatures of 1600°C and above. Recent test-
ing conducted as part of the DOE’s TRISO fuel development 
program has demonstrated that the fission product releases 
from TRISO fuel as a function of temperature are complex 
and still not fully understood (Hunn et al. 2017a, EPRI 2020). 
In these tests, TRISO fuel compacts are irradiated in the  
Advanced Test Reactor at Idaho National Laboratory and 
then heated outside of the reactor to simulate accident con-
ditions. The tests found that some irradiated TRISO fuel com-
pacts had relatively high releases of certain fission products 
even at 1600°C. For example, fractional releases of strontium-90 
 and europium-154, two long-lived and radiotoxic fission 
products, were close to 10 percent at 1600°C for one uranium 
oxycarbide TRISO fuel compact. These release fractions are 
comparable to or larger than typical releases from light- 
water reactor fuel in a design-basis accident. 
 For some uranium oxide compacts, cesium releases  
reached nearly 1 percent at 1600°C and 10 percent at 1700°C 
before the experiment was prematurely terminated—due  
to the unexpectedly high release (EPRI 2020). This is com-
parable to an LWR release to the environment in a severe  
accident. Releases of cesium from the Fukushima accident 
through breached containment buildings are estimated at a 
few percent of the core inventory. Therefore, these new data 
do not support the claim that fission product releases from 
TRISO fuel will always be so low that a containment building 
is not necessary. 
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 One troubling gap in TRISO fuel accident performance 
data is the lack of experimental observations of the behavior 
of radioactive iodine. Radioactive iodine fission products are 
one of the most significant contributors to off-site radiation 
doses in a severe accident. However, because these isotopes 
are predominantly short-lived (iodine-131, with a half-life of 
eight days, is one of the longest-lived), by the time irradiated 
TRISO fuel is ready for accident testing, the iodine has largely 
decayed away. Until sufficient data on iodine release have 
been collected, it will be premature to make conclusions 
about whether HTGRs need robust containments and  
off-site emergency planning measures.


TRISO FUEL FABRICATION AND QUALIFICATION


As noted above, the safety of HTGRs depends heavily on the 
quality of the fuel. TRISO fuel performance is very sensitive 
to slight imperfections that could occur during the complex 
manufacturing process. To meet HTGR safety goals, the pro-
duction of TRISO fuel particles requires very high standards 
of quality control for multiple design parameters to maintain 
an acceptably low defect rate—below 1 in 100,000 for some 
parameters (Petti et al. 2010). In the words of DOE experts:


The required level of fuel performance and fission  
product retention reduces the radioactive source term  
by many orders of magnitude relative to source terms  
for other reactor types and allows a graded approach to 
emergency planning and the potential elimination of the 
need for evacuation and sheltering. Achieving this level, 
however, is predicated on exceptionally high coated- 
particle fuel fabrication quality and excellent perfor-
mance under normal operation and accident conditions 
[emphasis added] (Petti, Collin, and Marshall 2017).


However, the United States has not yet demonstrated that  
it can produce fuel of “exceptionally high . . . quality” that  
exhibits “excellent performance.” The historical performance  
of TRISO fuels in US test and demonstration reactors was far 
less successful than the experience in Germany. In particular, 
US-fabricated fuel released fission product gases at a rate 
1000 times greater than German-fabricated fuel during nor-
mal operation (Petti et al. 2002). Although the irradiation 
conditions were different in the United States and Germany, 
the disparity is believed to be primarily due to the lower de-
fect rate of the German TRISO fuel particles, which was on 
the order of 100 out of 3.3 million particles fabricated (a rate 
on the order of 3.3 per 100,000, which still does not meet  
the current safety specifications).
 The DOE initiated a comprehensive Advanced Gas Reac-
tor (AGR) Fuel Development and Qualification Program in 


2002 to address the problem of poor-quality US fuel produc-
tion, taking advantage of the German experience. The goal 
was initially to develop fuel for the Generation IV Very High 
Temperature Reactor and NGNP projects, but after those 
ended, its focused shifted to qualify TRISO fuel and establish 
a US commercial fuel vendor. This program, originally sched-
uled to be completed in the mid-2020s, was to culminate in a 
series of formal fuel qualification irradiation tests to provide 
sufficient data “to demonstrate compliance with statistical 
performance requirements (AGR-5,6) as well as a test at  
elevated temperature to establish safety margin (AGR-7)” 
(Marshall 2019). An eighth test to validate fission product 
transport models, AGR-8, was cancelled. All irradiation tests 
were conducted in the Advanced Test Reactor at Idaho  
National Laboratory.
 However, these tests have encountered a number of 
technical problems, including many failures of thermocou-
ples—instruments needed to accurately measure the very 
high temperatures at which the TRISO irradiations were  
conducted. The AGR-2 test, which began in 2010, lost most of 
its thermocouples early on and experienced other problems 
that rendered critical fuel performance data useless after the 
third irradiation cycle, or only about one-quarter of the way 
through the test (EPRI 2020). And in late 2018, a high rate  
of thermocouple failures and additional technical problems 
plagued AGR-5/6/7, the final—and most important—test  
series, including cracks in an irradiation capsule and plugs 
forming in the outlet gas lines (Palmer 2019). Three of the 
irradiation capsules containing fuel for the formal qualification 
tests eventually lost all functioning thermocouples, so that 
critical temperature data were not obtained for a number of 
irradiation cycles. And in 2019, one of the capsules suddenly 
began releasing fission products at a high enough rate to ex-
ceed the yearly dose limit for operation of the Advanced Test 
Reactor, requiring operators to isolate the capsule and stop 
collecting fission product release data from it (Pham et al. 
2020). There is little public information about what impact 
these problems will have on completion of the program. 
 Moreover, the United States has still not achieved pro-
duction of TRISO fuel that meets all specifications. For ex-
ample, a batch of TRISO fuel supplied by BWXT to the DOE 
in 2016 for potential use in the AGR program was rejected 
because it failed to meet the 1-in-10000 specification for  
defects in one of the coated layers (Hunn et al. 2017b).  
Subsequent TRISO fuel lots produced by BWXT at a “near-
commercial scale” for the AGR-5/6/7 tests did not meet mul-
tiple specifications, but were deemed acceptable for the test. 
Consequently, the fuel has performed worse than the first 
test, called AGR-1, which used fuel that was produced only  
at a laboratory scale (Pham and Scates 2019). 
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 Therefore, many years of additional process develop-
ment and irradiation testing in the United States will likely  
be necessary to ensure that fuels can be consistently manu-
factured to the very high standard required and to meet 
 performance goals.
 Few data are available on the fuel performance of the 
only operating HTGR today, the 10 MWth HTR-10 pebble-
bed test reactor in China. TRISO fuel for the HTR-10 was 
produced in a pilot fabrication line at Tsinghua University  
in the 1990s. It has been reported that some fuel batches  
experienced performance problems during testing in a  
Russian test reactor that could be traced to manufacturing 
defects (Beck and Pincock 2011). However, the tests were  
apparently not well instrumented. In one heating test, six 
percent of the particles failed, but researchers do not know 
what the maximum temperature actually was, although  
they believe that it exceeded 1600°C (Tang et al. 2006). 
 Subsequently, China built a larger pilot production plant 
at Tsinghua to fabricate sample fuel for the HTR-PM reactor. 
More recent data on this fuel, which was irradiated in the 
Petten reactor in the Netherlands and sent to the Joint Research 
Center in Karlsruhe, Germany, for accident testing, confirm 
that fission product releases are fairly low at around 1600°C 
but greatly increase as the fuel temperature is increased,  
with cesium-137 fractional release of more than 5 percent  
at 1770°C (Freis et al. 2020).
 While these fuel qualification tests were being conducted 
in Europe, China built a larger plant for HTR-PM fuel fabri-
cation at the reactor site in the city of Baotou and began  
operating it in 2016, before the tests were even completed.


OTHER HTGR HAZARDS


Fuel heat-up during a depressurization accident is not the 
only mechanism that could cause fuel damage and fission 
product release. If air or water leaks into the reactor core  
(referred to as “air or water ingress”), the consequences could 
be severe. An HTGR contains a large quantity of graphite 
both in core structures and in the fuel itself. Graphite can un-
dergo energy-releasing oxidation reactions if exposed to air 
or water, causing it to lose mass and weaken. It can also react 
with water to form flammable gases. In addition, water in-
gress can cause other serious problems, including a rapid in-
crease of reactivity (given  that water is a good moderator of 
neutrons). 
 Therefore, both air and water must be prevented from 
entering the core to a very high degree. If depressurization 
occurs, a significant quantity of air could enter the primary 
coolant circuit, coming into contact with and oxidizing the 
graphite fuel elements and structural materials. Operator  


errors could enable such an accident (Carlson 2014). Water 
and/or air ingress is suspected as the cause of the large number 
of TRISO particle failures and subsequent high fission product 
releases that occurred in one of the capsules during the  
AGR-5/6/7 irradiation at the Advanced Test Reactor at the 
INL—high enough to exceed a downwind annual radiation 
dose limit (Palmer 2020; Pham et al. 2020). 
 While there is no question that graphite will undergo 
combustion when exposed to air, especially at high temperature, 
there is a long-running debate about whether high-purity, 
reactor-grade graphite can ever undergo self-sustaining  
combustion—that is, to actually “catch fire.” Self-sustaining 
combustion means that the heat of the reaction itself is suf-
ficient to maintain the process. Although most assessments  
of the 1986 Chernobyl accident describe the burning of the 
graphite moderator as a “graphite fire,” some HTGR researchers 
dispute this terminology and go as far as to assert that “self-
sustained oxidation is physically impossible in nuclear grade 
graphite” (Windes et al. 2014). However, other analysts are 
not willing to make such unequivocal conclusions, conceding 
that self-sustaining oxidation reactions during air ingress  
can occur “in extreme situations” (Morris et al. 2004) or are 
merely “difficult to achieve” (Areva 2010). The French nuclear 
safety research organization Institut de Radioprotection et de 
Sûreté Nucléaire (IRSN) concluded that “the risk of a graphite 
fire in such [water or air ingress] conditions cannot be ruled 
out,” and that “even if the [graphite] degradation is only local-
ized, it may still have significant consequences” (IRSN 2015). 
Thus, whether graphite oxidation at high-temperature during 
an HTGR accident is self-sustaining or driven by high fuel tem-
perature, it is a safety issue that must be rigorously assessed.
 The potential for water to enter the core if there were  
a severe flood at the reactor site, such as the tsunami that  
triggered the Fukushima meltdowns, clearly needs to be  
addressed. Moreover, even if the risk of accidents that could 
result in air or water ingress is shown to be small, the poten-
tial for sabotage will always be present. For this reason,  
HTGRs will require robust security.
 For pebble-bed reactors, another source of radioactive 
material is graphite dust produced by friction between the 
pebbles, a phenomenon that has not been accurately modeled 
(Humrickhouse 2011). (Prismatic-block HTGRs are believed  
to generate far less dust, according to the IRSN in France.) 
The graphite becomes radioactive both from absorbing fission 
products that are released from the TRISO fuel during normal 
operation and through neutron irradiation of its constituent 
elements (for instance, non-radioactive carbon can absorb 
neutrons and become radioactive carbon-14). This dust can  
be expelled in the event of a primary coolant depressuriza-
tion event, resulting in a significant release of radioactivity  
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from the core even if the reactor fuel remains intact.
 Another issue is that graphite swells when irradiated, 
which can cause a variety of problems, especially since  
it provides support structures for HTGR cores. 


CONTAINMENT AND EMERGENCY PLANNING 
REQUIREMENTS


As discussed in chapter 2, nuclear plant safety is rooted in the 
concept of layers of protection known as “defense-in-depth.” 
For current-generation LWRs, the NRC’s defense-in-depth 
requirements include a robust, leak-tight containment build-
ing to limit the release of radioactive material to the envi- 
ronment in the event of a core melt. In addition, the NRC  
requires current LWRs to have emergency preparedness  
programs, including the designation of emergency planning 
zones with a 10-mile radius around each plant site. These  
are areas in which measures such as evacuation and potas-
sium iodide distribution could be carried out if an accident  
or terrorist attack caused an off-site radiological release.
 However, HTGR developers and the DOE have long  
argued that these two defense-in-depth measures—leak-tight 
containments and emergency planning zones—are not neces-
sary because each TRISO fuel particle has its own containment 
and thus there is virtually no risk of a release of a significant 
quantity of fission products from the fuel (Lyman 2001). Such 
arguments were viewed skeptically by the NRC for many 
years, but recently they have gotten traction at the agency,  
not only for HTGRs but for all NLWRs and even for small 
modular LWRs. 
 In 2018, the NRC commissioners unanimously approved 
a staff proposal to develop “functional containment” perfor-
mance criteria that would allow relaxation of the current  
requirement for a leak tight, pressure-resisting contain- 
ment structure by taking credit for other design features  
such as the use of TRISO fuel (Vietti-Cook 2018). That would 
pave the way for NRC approval of HTGRs with filtered, vented  
confinement buildings. Also, in December 2019, in a 3-1 vote, 
the commissioners approved publication of a draft rule that 
would allow NLWR and small modular LWR applicants to 
reduce or eliminate emergency planning zones based on  
off-site dose calculations crediting features such as TRISO 
fuel (NRC 2019).
 Rainer Moormann, a German HTGR researcher who has 
become a leading skeptic of the technology, concludes that 
future pebble-bed HTGRs should include leak-tight contain-
ments, given the many unresolved safety issues including the 
potential for fuel temperatures and fission product releases to 
greatly exceed expected values (Moormann 2009). In a recent 
critique of the HTR-PM commercial demonstration pebble-


bed reactor that is under construction in China, Moormann 
and collaborators proposed a number of safety upgrades to 
compensate for the absence of a leak-tight containment at the 
reactor, such as improving the confinement vent filtration 
system (Moormann, Kemp, and Li 2018). However, even such 
upgrades cannot provide the same level of safety assurance  
as a robust containment.
 In addition, off-site emergency planning is critical even 
for reactors with conventional containments, because they 
can fail—as the 2011 Fukushima accident demonstrated.  
Removing one layer of defense-in-depth for a reactor with  
unproven safety features is risky enough—removing two  
layers is even more reckless. 
 Thus, given the uncertainties in the performance of  
TRISO fuel and other HTGR safety issues, such as graphite 
dust generation, there is insufficient justification for elimi-
nating robust containments and off-site emergency planning 
zones for HTGRs. Much more work will be required to achieve 
the necessary level of assurance. Unless the HTGR’s safety 
basis can be fully validated through testing that covers the  
full range of severe accident and terrorist attack scenarios,  
it would be unwise for the NRC to license HTGRs without  
all the layers of protection that reactors now rely upon to  
protect the public.


Sustainability


Sustainability is one area where HTGRs have clear disadvan-
tages compared to LWRs. HTGRs use uranium less efficiently 
and generate a greater volume of nuclear waste.


URANIUM UTILIZATION EFFICIENCY


The more robust TRISO fuel can likely achieve substantially 
higher burnups than LWR fuel, which could in principle lead 
to better uranium utilization (see chapter 3), although this 
will require further fuel qualification activities to establish. 
However, this fuel requires a higher level of uranium enrich-
ment in order to do so—from seven to 19.9 percent uranium-235 
(U-235), depending on the reactor design. The net result is 
that more natural uranium must be enriched to generate a 
given amount of power, reducing the uranium utilization  
efficiency (Bays and Piet 2010). 
 As noted above, the higher coolant temperatures of  
HTGRs result in a thermodynamic efficiency up to one-third 
higher than that of LWRs. Even so, this is not enough to over-
come the penalty resulting from the additional uranium need-
ed to produce the higher-assay LEU fuel. A prismatic HTGR 
with 38 percent thermal efficiency and a fuel burnup twice that 
of an LWR would be about 70 percent as uranium-efficient 
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(Piet, Bays, and Soelberg 2010). 
 Pebble-bed HTGRs with mobile fuel are about one-third 
more uranium-efficient than static-fuel designs. The ability  
to continuously refuel the core allows for more flexible fuel 
management. Nevertheless, they are still slightly less urani-
um-efficient than LWRs (Piet, Bays, and Soelberg 2010). The 
X-Energy Xe-100, even with an assumed average fuel burn- 
up of 164,000 MWd/MTHM, or 16.9 percent—about three  
times that of a typical LWR—would still require slightly more 
natural uranium as an LWR per gigawatt-year. However, it is 
unlikely that X-Energy’s TRISO fuel will be able to achieve 
such a high burnup, at least in the near term. Because the 
AGR-5/6/7 tests previously described at Idaho National  
Laboratory were not completed (Pham et al. 2020), the peak 
fuel burnup achieved was likely only about 15.3 percent, or 
148,000 MWd/MTHM, falling short of the Xe-100 target  
burnup and the original test goal of 19.1 percent (Palmer 
2019). The NRC is not likely to approve a peak burnup greater 
than—or even close to—this value for the planned Xe-100 
demonstration plant. Consequently, the uranium usage  
will very likely be greater than initial expectations. 
 Researchers have studied ways to make pebble-bed  
HTGRs more uranium-efficient, without success. A study  
using a sophisticated computer algorithm to optimize the  
design found that increasing the complexity of pebble-bed 
fueling strategies did not significantly reduce uranium demand 
(Tavron and Shwageraus 2016). And the use of thorium in 
addition to low-enriched uranium (LEU), which could in 
principle reduce the need for uranium ore, does not seem to 
help either. Studies have found that adding thorium did not 
significantly increase the efficiency and could even decrease 
it (Xia et al. 2014; Tavron and Shwageraus 2016). 
 Increasing the thermal efficiency is another way to 
 improve the uranium utilization of HTGRs. Replacing the 
conventional steam cycle with a helium-based Brayton cycle— 
which is still at a low level of technical maturity—could in 
theory increase efficiency to near 50 percent. Even so,  
improvements would be modest. 


WASTE


HTGRs do not offer significant advantages with respect  
to nuclear waste generation compared to LWRs. HTGR fuel 
consists of TRISO fuel particles embedded in a carbonaceous  
matrix, and because the uranium is diluted in a large mass of 
non-fuel material, HTGR spent fuel has a low power density 
compared to LWR spent fuel. However, this dilution results 
in a 10-fold increase in waste volume per unit of electricity 
generated compared to LWRs (Lyman 2001).
 As discussed in chapter 3, the high-level waste volume 


reduction that is achieved by spent fuel reprocessing does  
not generally increase the capacity of a geologic repository 
because decay heat load is typically the limiting factor, not 
waste volume. In other words, it may not be possible to  
cram packages of more concentrated high-level waste closer 
together if the waste is hotter than spent fuel. However, this 
argument does not necessarily apply in the opposite direction. 
Depending on the detailed characteristics of a repository, it 
may not be possible to dispose of a more dilute waste form 
than LWR spent fuel in the same amount of space because  
of physical limitations. Also, the increased potential for a  
criticality accident—an inadvertent chain reaction—in a  
repository given the greater uranium enrichment of HTGR 
fuels would have to be taken into account. 
 Partly because HTGRs use HALEU fuel with a lower 
concentration of U-238 than LWRs, they generate approxi-
mately one-half as much plutonium and other TRU per  
GW-year (Shropshire and Herring 2004). However, this  
is not a significant reduction.
 The impact on repository capacity is not the only consid-
eration with management of HTGR spent fuel—there are also 
challenges associated with storage and transport of such a 
large volume of waste. More waste packages would be required 
to dispose of a given amount of uranium, requiring more  
materials, more shipments, and increasing cost. A 2015 Euro-
pean Commission report concluded that “the direct disposal 
of spent [HTGR] fuel would possibly not be acceptable in case 
of a larger . . . fleet, because of the large associated volumes  
and large amounts of steel for the containers” (Knol et al. 
2015). 
 Also, the large amount of irradiated carbon in the waste 
contains a significant inventory of the long-lived radioactive 
isotope carbon-14, which would contribute substantially to 
the repository’s radioactive release to the environment. This 
would be particularly troublesome in a repository above the 
water table such as Yucca Mountain, because the carbon-14 
could be released in the form of carbon dioxide to the  
atmosphere, allowing it to spread widely.
 Due to these and related issues, it is far from clear whether 
it would be safe or practical to directly dispose of HTGR 
spent fuel in a geologic repository. If not, then a method 
would have to be devised to separate the carbonaceous fuel 
matrix from the fuel particles before disposal and reduce  
its volume (Li, Ma, and Wang 2014). The feasibility and cost 
of such methods have not been determined. Whether done 
mechanically or chemically, however, the residual carbona-
ceous material would also be radioactive waste, although  
it would likely be classified as low-level waste that could  
be disposed of in a less robust facility than the irradiated  
TRISO fuel would require.
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Proliferation/Terrorism Risk


The proliferation risks of HTGRs and their associated fuel 
cycles would depend on the type of the reactor, the character-
istics of the fuel, and whether the spent fuel would be stored 
for eventual direct geologic disposal or reprocessed. 
 As discussed in chapter 4, for any reactor type, fuel  
cycles involving reprocessing pose greater proliferation risks 
than once-though cycles because of the risks of diversion  
of weapon-usable materials such as separated plutonium. 
Multiple diversion scenarios must be considered, including 
diversion from reprocessing and plutonium fuel fabrication 
plants. However, even if a country has no declared reprocess-
ing plants, there is still a risk that spent fuel could be diverted 
from a reactor to a covert reprocessing plant. Therefore,  
International Atomic Energy Agency (IAEA) safeguards must 
always be applied to reactors to verify that spent fuel is not 
diverted, although the inspection goals may be less stringent 
in countries with no declared reprocessing plants. 
 Thus, in assessing the proliferation risks of HTGRs  
compared to LWRs on a once-through cycle, a major factor  
is how effectively safeguards can be applied to the reactors 
themselves.
 Another factor is the proliferation risk posed by the fresh 
fuel. As discussed above, to take advantage of the high burnup 
potential of TRISO fuel, HTGRs must utilize high-assay LEU 
(HALEU). For instance, the Framatome prismatic-block and 
X-Energy pebble-bed HTGRs would both use many tons  
of 15.5 percent–enriched LEU. As discussed in chapter 4,  
although this material is impractical for direct use in a weapon, 
it has a Category II security ranking and is more attractive  
for illicit use than are lower-enriched LEU fuels. The use of 
HALEU is particularly problematic in fabricating TRISO fuel 
on a commercial scale, because of the increased difficulty in 
accounting for the huge number of TRISO fuel particles that 
would be produced annually. A pebble-bed HTGR would  
require a supply of around 10 billion TRISO particles per 
gigawatt-electric-year (GWe-year), compared to a few  
million uranium fuel pellets per GWe-year for an LWR.  
 Another consideration is whether the special physical 
and chemical properties of HTGR fuel would make it less  
attractive for diversion for weapons use than LWR fuel. Some 
argue that HTGRs are more proliferation-resistant than LWRs 
because it is more difficult to reprocess their spent fuel. In 
order to do so, spent TRISO fuel particles would have to be 
separated from their carbonaceous matrices, and the robust 
particle coatings would have to be breached in order to  
extract fissile materials from the fuel kernels. While such 
techniques were demonstrated on a pilot scale in the 1980s, 
there has been no demand to develop the reprocessing  


processes on an industrial scale, since HTGRs have not  
been commercially deployed. 
 After reviewing this issue in 2006, DOE researchers 
found that although HTGR spent fuel would be technically 
challenging to reprocess, it would still be attractive to poten-
tial proliferators as a source of material for nuclear weapons 
(Durst et al. 2009). A 2010 Areva (now Framatome) study 
similarly concluded that:


[t]hough the presence of strong coatings on fuel particles 
adds a difficulty for retrieving the fissile content of the 
fuel, it is not impossible: this is done currently by mechani-
cal processes for recovering fabrication scraps, admit-
tedly not with irradiated fuel, and new processes in 
development . . . might make it even easier (Areva 2010).


The absence of an industrial-scale HTGR spent fuel repro-
cessing infrastructure does not mitigate the proliferation risk, 
because even a small-scale clandestine facility might be able 
to separate one significant quantity of plutonium within  
a year. Therefore, one cannot conclude that HTGRs would 
require less stringent safeguards than LWRs by virtue of their 
fuel. Moreover, given the potential issues with direct disposal 
of HTGR spent fuel discussed above, it is likely that there 
would be renewed interest in developing industrial-scale  
reprocessing if there were deployment of a large HTGR fleet. 


HTGR SAFEGUARDS 


A key factor in assessing the proliferation risk posed by  
an HTGR is the way in which it is refueled. Prismatic-block 
HTGRs would be refueled in a similar manner to LWRs. The 
reactor would have to be shut down, the fuel blocks loaded 
and unloaded in batches, and the reactor vessel resealed for 
the next operating cycle. Keeping track of HTGR prismatic 
fuel blocks, which are readily countable items, would be no 
more challenging than keeping track of LWR fuel. Because 
HTGR fuel can achieve higher burnups than LWR fuels, the 
operating cycle would be longer and refueling less frequent, 
which could make prismatic-block HTGRs somewhat easier 
to safeguard than LWRs. However, since current HTGR  
designs are small modular reactors, a commercial HTGR 
plant with the same generating capacity as a single large  
LWR would have multiple modules that would be refueled  
at different times. This would likely require more visits  
from IAEA inspectors, increasing the cost of safeguards.
 In contrast, pebble-bed HTGRs have characteristics  
that would make them more difficult to safeguard than  
LWRs. First, the reactor would be continuously refueled 
while operating, providing greater opportunities for diversion 
of both fresh and irradiated fuel. While this problem is already  
encountered at on-line–fueled reactors such as the Canadian-
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designed CANDUs, a pebble-bed reactor would pose greater 
challenges. Instead of the thousands of fuel bundles in an 
CANDU core, the core of a single pebble-bed reactor module 
would contain hundreds of thousands of fuel pebbles. The 
presence of multiple small reactor modules instead of a single 
large reactor would increase the number of items on site  
and the complexity of applying safeguards at such a facility. 
 For example, the core of each Xe-100 76 MWe pebble-
bed reactor module would contain 220,000 pebbles. Assuming 
that the fuel can actually achieve the design average burnup 
of 163,000 MWd/MTHM, about 1060 pebbles would be loaded 
into and discharged from the reactor each day—a flow rate of 
one every 80 seconds. Of these, 175 fresh fuel pebbles would 
be added and 175 spent fuel pebbles would be discarded to 
waste storage daily. Spent fuel storage bins would hold hundreds 
of thousands of pebbles each. It would take a significant effort 
to accurately keep track of this huge number of fuel pebbles 
and the nuclear material they contain. The small size of the 
pebbles would also make them easier to conceal and steal 
(IAEA 2014). Also, even for very high burnups, the spent  
pebbles do not have the “self-protecting” radiation field  
characteristic of LWR spent fuel, because each one has only  
a very small quantity of fission products (Chung et al. 2012). 
 On the other hand, the amount of enriched uranium fuel 
in each fresh fuel pebble and the amount of plutonium in 
each spent fuel pebble is low—around 7 grams and 0.12 grams, 
respectively, for the Xe-100. Tens of thousands of pebbles, or 
around 20 percent of a single Xe-100 core—would be needed  
to acquire enough material for a nuclear weapon. An abrupt 
diversion of this much fuel would likely be observable. Never-
theless, safeguards inspectors would need to be able to detect 
multiple small diversions that could result in the accumulation 
of a significant quantity of fissile material over time—again, 
complicated by the number of operating units and the spent 
fuel storage bins at a site.
 At LWRs or CANDUS, every fuel assembly can be 
uniquely identified by an engraved serial number, which  
enables it to be tracked throughout the facility and be verified 
by IAEA inspectors. While that is not an option for graphite-
based fuel pebbles, a technical alternative has been proposed 
for an internal identifier (Gitau 2011), although the proposal 
has not gone beyond the conceptual stage. However, even  
if it were possible to uniquely identify each pebble, it would 
not be practical to use the identifier to track each item 
throughout the facility in real time. DOE researchers have 
pointed out that “the declaration and accounting of such  
large numbers of fuel pebbles individually would be  
onerous” and concluded that existing reactor safeguards  
approaches would not work for pebble-bed reactors  
(Durst et al. 2009). 


 Instead, the DOE researchers proposed a new approach 
that more closely resembles safeguards at bulk-handling  
facilities (such as nuclear fuel fabrication plants) than those 
applied at traditional reactors. However, as discussed in  
chapter 4, the accounting procedures at such facilities  
have inherent uncertainties, making it harder to distinguish 
genuine diversions from statistical and measurement errors.  
Consequently, a non-zero “material unaccounted for” is to  
be expected at such facilities. Such uncertainties have already 
been reported at the HTR-10 in China, where there was  
“uncertainty about the precise number of pebbles in the core, 
because the redundant facility pebble-counters did not exactly 
agree” (Durst et al. 2009). This problem would be compounded 
in a commercial-scale reactor such as the Xe-100, which would 
have 10 times as many pebbles as the HTR-10.
 Therefore, instead of trying to count and keep track of 
every individual fuel pebble, operators would use radiation-
based fuel flow monitors, designed to detect anomalies in the 
pebble streams (Durst et al. 2009). Such systems would have 
to be sensitive enough to distinguish signals caused by fuel 
diversions from normal statistical variations, and would  
also have uncertainties. 
 As a result, inspectors would have to supplement these 
techniques with containment and surveillance measures, 
which are inherently less reliable than material accounting.  
If such measures were to be lost temporarily—for instance,  
if a surveillance camera stopped working—then the only way 
to recover continuity of knowledge would be to conduct a 
time-consuming inventory of all material at the facility. Also, 
in contrast with LWR spent fuel, safeguards inspectors would 
not be able to directly observe pebble-bed reactor spent fuel 
in storage (Durst et al. 2009). At LWRs, spent fuel is stored 
below several meters of water, providing radiation shielding 
but allowing inspectors to view the spent fuel. HTGR spent 
fuel pebbles cannot be stored in water but must be immedi-
ately sent to dry storage bins, where they cannot be viewed. 


STATUS OF PEBBLE-BED SAFEGUARDS APPROACHES


In order to implement the DOE researchers’ proposed safe-
guards approach, the IAEA would have to develop new criteria 
and technologies, which could take many years and hefty  
resources (Durst et al. 2009). At the time of the proposal,  
Eskom was actively pursuing deployment of the pebble-bed 
modular reactor in South Africa, and other non-nuclear weapon 
states had expressed interest in the technology. However,  
Eskom suspended work on this reactor in 2010, and the IAEA 
decided not to pursue development of pebble-bed reactor 
safeguards approaches, given the lack of interest.
 But current pebble-bed developers are again hoping  
to export their products around the world to non-nuclear 
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weapon states where IAEA safeguards would be required. 
China National Nuclear Corporation signed a memorandum 
of understanding with Saudi Arabia to conduct a reactor  
feasibility study in 2017 and has had discussions with Indonesia 
and Egypt (Nicobar Group 2017), although no projects appear 
to have materialized. More recently, X-Energy signed a letter 
of intent with Jordan in November 2019 to build four Xe-100 
units by 2030. If these projects move forward, the IAEA will 
soon need a workable and effective safeguards approach.  
The IAEA reported in 2019 that it was working with China  
to develop safeguards approaches for the HTR-PM under 
China’s voluntary offer agreement, but no details are avail-
able (IAEA 2018). The United States could assist the IAEA  
in developing pebble-bed safeguards approaches by offering 
the proposed Xe-100 commercial demonstration plant for 
IAEA safeguards during the design phase—and providing 
funding for the effort.


Readiness for Commercial Demonstration 
and Near-Term Deployment


As discussed in chapter 1, the 2017 DOE advanced demonstra-
tion and test reactor study judged that the modular HTGR 
concept with prismatic-block fuel and a steam-cycle power 
conversion system was ready for commercial demonstration 
in the United States in the “near future,” based on past dem-
onstrations that it deemed successful, the billions of dollars 
already spent on the technology, and foreign construction 
projects. The DOE argued that these designs could be com-
mercially available sometime in the 2030s. In contrast, less 
mature designs, which would first require engineering and 
performance demonstrations, would not be commercially 
available until around 2050 (Petti et al. 2017). 
 While the DOE study is silent on whether it considers 
pebble-bed designs to be of comparable maturity to prismatic- 
block designs to support near-term commercial demonstration, 
in October 2020 the agency chose X-Energy’s Xe-100 pebble-
bed four-pack as one of two commercial demonstration  
projects to be built by 2027 under the ARDP. 
 This timeline is universally acknowledged to be aggres-
sive. In 2018, X-Energy developed a schedule that would have 
its first commercial pebble-bed unit operating by the early 
2030s, assuming about four years for long-lead procurement 
and five years for reactor construction (Bowers 2018). But 
soon afterward, it proposed an accelerated development  
program leading to an “efficient and effective commercial 
demonstration” by the mid- to late 2020s, consistent with  
the ARDP timeline (DOE-NE 2019). 
 However, as is the case with sodium-cooled fast reactors, 
it is far from clear that the past U.S. HTGR projects have  


provided a sufficient technical basis for skipping the perfor-
mance demonstration step. As discussed earlier, the US dem-
onstrations at Peach Bottom and Fort St. Vrain had a “mixed” 
track record, according to the DOE. And those reactors had 
significant differences from the current generation of modu-
lar prismatic-block HTGR designs—especially when it  
comes to safety.


PERFORMANCE DEMONSTRATION: THE NECESSITY  
OF PROTOTYPE TESTING 


The safety basis for current HTGR designs relies on the  
effectiveness of passive cooling and the robust performance 
of the fuel. However, past HTGR demonstrations did not  
employ passive cooling systems—in fact, the 842 MWth  
Fort St. Vrain reactor was too large to have had a passive  
cooling system. Also, these demonstrations used fuels that 
were significantly different from current-generation fuels—
for example, they contained HEU and thorium, rather than 
HALEU, and they used uranium carbide or oxide kernels, 
rather than the uranium oxycarbide that would be used for 
the Xe-100 and other designs today. There has never been  
an integrated demonstration of the safety features of a small 
modular HTGR that could support claims that the reactor 
does not need a robust containment or off-site emergency 
planning measures.
 This is not a new issue. In the 1980s, the DOE proposed 
building a commercial demonstration plant based on a modu-
lar prismatic block HTGR design without a conventional  
containment at an unspecified but “typical” nuclear power 
plant site (Williams, King, and Wilson 1989). (This was in 
contrast to the DOE’s plan around the same time to build a 
prototype of the PRISM fast reactor, as discussed in chapter 5.) 
In its (draft) “pre-application” safety review, the NRC staff  
rejected this approach, concluding that:


based on judgments of the adequacy of existing operating 
experience, the novel design features proposed, and the 
status of the present technology base, the staff requires 
that testing and operation of a prototype test reactor,  
located at an isolated site, be mandatory before design 
certification (Williams, King, and Wilson 1989). 


In NRC parlance, a “prototype” is a “nuclear reactor . . . used  
to test design features or new safety features” and “can be . . .  
a standard plant design in all features and size, but may in-
clude additional safety features to protect the public and the 
plant staff from the possible consequences of accidents during 
the testing period” (NRC 2017). Thus, an NRC prototype 
would be comparable to the DOE’s concept of a performance 
demonstration reactor, and could have additional safety  
features not included in the commercial version. (An NRC 
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prototype could itself serve as a commercial reactor if it were 
licensed under the appropriate provisions, but the additional 
safety requirements and stipulation of an isolated site might 
not be attractive features for a commercial customer.)
 The NRC staff argued in the draft safety review that such 
prototype testing was necessary “to compensate for removal 
of the traditional (and testable) containment building” and to 
“help ensure that licensed plants of that design have adequate 
fission-product retention” (Williams, King, and Wilson 1989). 
But the DOE project did not go forward, and neither a proto-
type nor a commercial demonstration plant were built.
 Today, the DOE is pursuing a commercial HTGR demon-
stration plant—without a traditional containment—without 
first conducting the prototype testing that the NRC staff had 
previously said was essential. In recent decades the NRC  
has weakened its policy on the need for prototypes in NLWR 
licensing, and it is unclear whether the staff would take the 
same position today as it did in the 1989 HTGR draft safety 
review (NRC 2017). However, the concerns that the NRC staff 
raised at that time are still valid today, and the agency should 
require prototype testing given the outstanding uncertainties 
in the HTGR safety approach discussed above. Even without 
an NRC requirement to do so, it would be highly prudent  
for any vendor to demonstrate the safety features that would 
justify the absence of a containment. 
 The Department of Defense (DOD) is proceeding more 
cautiously than the DOE in pursuing the development of  
mobile microreactors for deployment at military bases. In 
March 2020 DOE awarded X-Energy $14.3 million to first  
develop a prototype design for its 10 MWth mobile micro-
reactor concept before deciding whether to move forward.22


 Prototype testing will be even more important for peb-
ble-bed designs, which—unlike prismatic-block HTGRs—
have never been demonstrated in the United States. The 
German experience with pebble-bed reactors was mixed. And 
the only currently operating pebble-bed reactor, the HTR-10, 
cannot be considered a performance demonstration or even a 
full engineering demonstration. It has operated only intermit-
tently and has not demonstrated key pebble-bed systems and 
safety features. The reactor only ran at full power for a brief 
period, and major features of the all-important system for 
on-line fuel loading/discharge/reloading had not been used 
by 2015, as the reactor core had still not achieved equilibrium 
(steady-state) operation at that time (Knol et al. 2015). 
 In addition, safety tests that had been planned at the 
HTR-10 in a collaborative program with the European Com-
mission, including a melt-wire test to validate temperature 
calculations, were never carried out (Knol et al. 2015). This 
was due in part to China’s preoccupation with designing and 
building the HTR-PM commercial demonstration (Knol et al. 


2015). In retrospect, China’s decision to proceed with the  
now-delayed HTR-PM without first undertaking a full com-
plement of testing and demonstrating reliable equilibrium  
operation at the HTR-10 is probably a mistake that the  
United States should not repeat.


FUEL QUALIFICATION, SAFETY TESTING, AND 
COMMERCIAL-SCALE FABRICATION 


The other key HTGR safety feature, high-integrity TRISO 
fuel, also will require further development and qualification 
prior to a commercial reactor demonstration. And of course 
facilities will need to be built to produce the fuel for the reactor.


FUEL QUALIFICATION AND TESTING


Given that a typical program for new fuel qualification can 
take 15 to 25 years, this could well be the rate-limiting step  
for new reactor development. To arrive at the optimistic, 13- to 
15-year deployment schedules for a commercial demonstration 
reactor, vendors such as X-Energy have assumed that fuel 
qualification; fuel manufacturing capability; and reactor  
design, licensing, and construction can all occur concurrently, 
rather than sequentially (Bowers 2018). However, this approach 
may not be adequate to ensure that the fuel will perform as 
well as advertised.
 The HTGR does have a fuel development advantage 
compared to other NLWRs given that the DOE has been con-
ducting the Advanced Gas Reactor fuel qualification program 
described above since 2002. However, the schedule for com-
pleting the program, including the critical post-irradiation 
examination of the fuel, has slipped at least five years from its 
original 2020 completion date. Moreover, due to the problems 
encountered during the irradiations described above, there 
are gaps in the data and the program may never fully achieve 
its goals. In particular, the AGR-5/6/7 irradiation tests, which 
were intended to serve as a formal program to qualify TRISO 
fuel under both normal and abnormal operating conditions, 
were terminated prematurely (Pham et al. 2020). It is unclear 
whether the data that was collected will be adequate for  
finalizing fuel fabrication specifications and for the requisite 
NRC approval for use of the fuel. 
 In 2019 the Electric Power Research Institute (EPRI), 
the main US nuclear industry research organization, asked 
the NRC to issue a finding that “testing of UCO TRISO-coated 
fuel particles in AGR-1 and AGR-2 constitutes a performance 
demonstration of these particle designs over a range of normal 
operating and off-normal accident conditions” (EPRI 2019).  
It is not entirely clear what that would mean in a regulatory 
context—as the NRC pointed out, “. . . how the TRISO fuel 
meets regulations will depend on how the design and other 
systems, structures, and components are credited in the overall 
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safety of the [reactor] design” (NRC 2020a). It does appear  
to be a suggestion that the NRC approve the use of TRISO 
fuel without having the benefit of the AGR-5/6/7 qualification 
program data or of post-irradiation accident testing, including 
critical air and water exposure tests. However, the AGR-1/2 
tests alone provided little useful data for TRISO fuel qualifi-
cation. The AGR-1 test used fuel that was carefully fabricated 
under laboratory conditions and is of limited relevance for 
fuel produced under commercial conditions. Moreover, it  
is premature to reference the AGR-2 test, since AGR-2 fuel 
particles are still undergoing post-irradiation examination 
and final results are not yet available. And the thermocouple 
failures throughout the experimental campaign made it im-
possible to collect critical irradiation temperature data. Ulti-
mately, the NRC approved a far more limited statement on 
the utility of the AGR-1/2 test data than EPRI had requested.
 Even data from the entire AGR test series likely will be 
insufficient to complete HTGR fuel qualification. The tests 
were conducted in the Advanced Test Reactor, which is water-
cooled and, as such, does not fully replicate the conditions 
within an actual HTGR, such as the neutron energy spectrum. 
Also, the tests did not use representative fuel compacts for 
any current HTGR design (either prismatic-block or pebble-
bed), so the data are only valid for the TRISO particles them-
selves and not for entire fuel assemblies (Sunseri 2020). 
Finally, the test irradiations were conducted in an accelerated 
manner by subjecting the fuel to a higher neutron flux than  
it would be exposed to in a reactor. While these may be  
adequate for the initial stages of fuel development, an HTGR 
prototype would be needed to test the fuel under more  
realistic conditions. 
 In a past review of the AGR program in the context of 
the now-cancelled Next Generation Nuclear Plant (NGNP) 
project, the NRC staff stated that “the lack of fuel performance 
data obtained in real-time HTGR neutron environments is  
of concern to the NRC staff. This concern is based on the 
questionable adequacy of data generated solely in accelerated 
irradiation environments” (NRC 2012), observing that “reli-
ance on NGNP prototype testing may be necessary to ade-
quately demonstrate design safety features associated with 
fuel, core, and reactor system performance.” But the DOE  
did not build a prototype demonstration reactor project  
that it could have used to optimize fuel design and complete 
TRISO fuel qualification. Instead, the DOE is proceeding  
directly with construction of a commercial demonstration 
HTGR—the Xe 100.  


CONSTRUCTION OF INDUSTRIAL-SCALE FUEL  
FABRICATION FACILITY


In addition to the reactor itself, a commercial HTGR demon-
stration project such as the Xe-100 will require the design, 


development, licensing, and construction of an industrial-
scale fuel fabrication facility—itself a time-consuming and 
costly undertaking. 
 The prospects for these facilities in the United States  
are uncertain. The United States does not currently have the 
capability to fabricate TRISO fuel on a commercial scale. To 
meet its timeline for reactor deployment, X-Energy intends  
to submit an application for a TRISO fuel fabrication facility 
(called TRISO-X) by early 2021. And BWXT is moving forward 
with a plan to restart the TRISO fuel manufacturing line at its 
facility in Lynchburg, Virginia, that was used to produce some 
of the fuel for the AGR irradiation program (although with 
inferior quality, as discussed earlier). 
 Although X-Energy originally intended to locate TRISO-X 
in an existing building at Oak Ridge National Laboratory, it 
now apparently plans to install it within the General Electric-
Hitachi Global Nuclear Fuel uranium fuel fabrication facility 
in Wilmington, North Carolina. However, as discussed in 
chapter 4, the security, material accounting, and criticality 
safety programs at that facility will have to be upgraded to 
meet Category II standards, since it is currently only licensed 
to handle Category III uranium with an enrichment below  
5 percent. These modifications could prove disruptive to the 
facility’s operations (NEI 2018).
 The facility may also have to produce different types  
of TRISO fuel at the same time, which will require greater 
capacity and complicate operations. X-Energy now has both 
DOD funding that may lead to an Xe-Mobile microreactor 
prototype and DOE funding for an Xe-100 four-pack com-
mercial demonstration project—both to be constructed over 
the next several years. X-Energy President Harlan Bowers 
said in early 2019 that the company would “‘gear the [TRISO-X] 
design to serve’ whichever reactor is first to the market” 
(Freebairn 2019). 
 In any case, X-Energy’s aggressive schedule would  
need the TRISO-X facility to be licensed and operational  
by 2023–2024, before the final results of the AGR fuel devel-
opment and qualification program will have been obtained. 
However, if those results indicate that modifications to the 
fabrication process are needed, the production plant may 
need to be retrofitted. Given the complex interactions between 
fuel performance and reactor design and operation, there is 
risk in moving forward with commercial-scale fuel fabrication 
licensing and construction before fuels have been fully devel-
oped and qualified through prototype testing. Consequently, 
it would be prudent to postpone fuel fabrication facility  
design until an advanced stage of fuel development has been 
achieved and the necessary process parameters finalized. 
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HALEU AVAILABILITY


A related obstacle to near-term deployment of prototypes and 
commercial demonstration HTGRs is the availability of the 
considerable quantities of HALEU that the reactors will need. 
As with some other NLWR designs, HTGRs will require a source 
of HALEU at an enrichment level not currently produced  
at commercial uranium enrichment plants.
 Each of X-Energy’s Xe-100 200 MWth modules, for  
example, would require about 1.5 metric tons heavy metal of 
15.5 percent–enriched HALEU for the initial core (equivalent 
to the current worldwide demand for US HALEU), and about 
0.45 metric ton heavy metal of fresh fuel would be required 
annually. Even a 10 MWth TRISO-fueled microreactor would 
require a few hundred kilograms of HALEU. As discussed in 
chapter 4, the Nuclear Energy Institute has estimated that  
it would take a minimum of seven to nine years to establish 
the fuel cycle infrastructure to support a significant level of 
HALEU production, assuming full funding is available (NEI 
2018). The only current prospect for enriching HALEU is the 
Centrus Energy Corporation’s three-year, DOE-funded pilot 
centrifuge demonstration project in Piketon, Ohio, but that 
will produce, at most, multi-kilogram quantities by 2021,  
and only up to 900 kilograms per year at peak capacity  
(Dyke 2020). 


COST AND FINANCING


In addition to the timeline for fuel availability, there is the all-
important question of demonstration project cost and available 
financing, about which public information is scarce. The maxi-
mum amount of funding that the DOE ARDP has committed 
to X-Energy for its four-unit demonstration plant (subject to 
availability of future congressional appropriations) is $1.6 bil-
lion, provided X-Energy can match that amount. But it is not 
clear the total amount of $3.2 billion will be sufficient for the 
capital cost of a four-reactor plant. While X-Energy has claimed 
that a single 200 MWth reactor plant would cost less than $1 bil-
lion (Bowers 2017), DOE researchers estimated a 200 MWth 
prismatic core test reactor would have a capital cost around 
$2 billion to $6 billion (2020 dollars), with a best estimate of 
around $4 billion (Sterbentz et al. 2016). There is also the capital 
cost of the TRISO fuel fabrication plant, which X-Energy has 
estimated at $100 million to $200 million, two-thirds of which 
the company hoped to finance by debt (Freebairn 2019). 
 And there are the operating costs, which include the  
cost of fuel, operations, and maintenance—for which X-Energy 
presumably would be fully responsible. For a 200 MWth  
Xe-100 module, the annual cost of the required HALEU 
would be at least $2.5 million today (assuming the separative 
work unit cost to produce HALEU would be equal to that 
available on the open market, which is questionable given 
there is no current supply). DOE researchers estimated  


TRISO fuel fabrication for a first-of-a-kind plant would cost 
$26,500 per kilogram of uranium in 2009 dollars (or around 
$32,000/kg in 2020 dollars) (INL 2012). At this rate, fuel would 
cost nearly $18 million per year for each Xe-100 module (it  
is not clear whether this estimate includes the annualized 
fabrication facility capital cost). And the researchers esti-
mated the operating cost of a 200 MWth test reactor at 
around $20 million to $60 million per year, with a best  
estimate around $40 million per year (2020 dollars). The 
best-estimate annual operating cost alone, not including any 
financing payments, would be $58 million per year, or $88 per 
MWe-hour, nearly three times the average generating cost  
of the current reactor fleet of less than $31 per MWe-hour, 
illustrating the economic hurdles faced by this technology. 
 Finally, there is the question of whether X-Energy has 
the requisite funding to provide a 50-50 match of the DOE 
contribution. In 2018, it was reported that X-Energy had 
“nearly $39 million in private investment” (Walton 2018), and 
the company received prior funding commitments from the 
DOE totaling less than $60 million. Unless the company can 
realize its goal of a capital cost of less than $1 billion for an 
Xe-100 module, it will need to raise far more money. Another 
track for a demonstration HTGR is the funding provided by 
the DOD to X-Energy and other vendors for a defense micro-
reactor prototype, but that project is not likely to lead to  
development of economical power reactors for civilian use. 
 Although the exact cost of an HTGR demonstration is 
uncertain, what is clear is that graphite-moderated HTGRs 
will be “costly to build and operate” because of their large size 
and low power density (Duchnowski et al. 2019). To address 
this cost penalty, in 2019 the DOE awarded grants of $2 million 
to Stony Brook University for developing alternative modera-
tor materials utilizing hydrogen or beryllium, and $3.5 million 
to X-Energy to examine ways to “reduce construction and main-
tenance costs” of the Xe-100 reactor design (DOE-NE 2019). 
 In summary, HTGRs do have some attractive safety  
features, but they also have a number of drawbacks. And the 
push by the DOE and HTGR designers to reduce defense- 
in-depth features such as containment strength and emergency 
planning zone size could undermine any safety benefits the 
design offers. Moreover, the reactors do not appear to meet 
the DOE’s sustainability goals, given their unfavorable charac-
teristics with regard to uranium utilization and waste genera-
tion. Overall, it is difficult to assess whether HTGRs would 
represent an improvement over LWRs. Given the mixed perfor-
mance of previous HTGR demonstration reactors and fuels, 
as well as their differences from current designs, it is likely 
that additional engineering and full-scale demonstrations will 
be needed to resolve outstanding safety and performance issues 
before HTGRs could be deployed on a commercial scale.  
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Molten Salt Reactors


[ chapter 7 ]


Just about anyone with an interest in nuclear energy and  
an Internet connection has probably heard about molten  
salt reactors (MSRs). MSRs differ from other reactor types  
in that they use a hot, liquified salt (which can include such 
compounds as sodium chloride, or table salt) to cool the  
reactor and transfer heat to a power conversion system to 
generate electricity. In most MSR designs the nuclear fuel 
itself is dissolved in the molten salt coolant and is thus in  
a liquid form. These types of MSRs are significantly differ- 
ent from conventional LWRs or other NLWRs that use  
solid fuels.
 MSRs have been promoted for years by enthusiastic  
advocates as reactors with major cost, safety, nonprolifera-
tion, and sustainability advantages over LWRs or other  
types of advanced reactors (Pellum 2019). One popular MSR 
design called the Liquid Fluoride Thorium Reactor (LFTR 
(pronounced “lifter”)), would use a fuel salt containing the 
element thorium to breed the fissile isotope uranium-233  
(U-233), a process that in theory could be self-sustaining,  
similar to a fast plutonium breeder reactor. The potential  
for development of a thermal-spectrum breeder reactor  
was one of the original motivations for pursuing the   
MSR in the 1960s.
 In theory, MSRs are very flexible. They can use solid  
as well as liquid fuel. They can use thermal (slow) neutrons, 
fast neutrons, or intermediate-energy (“epithermal”) ones. 
They can be fueled with mixtures of thorium and U-233, 
highly enriched uranium (HEU), low-enriched uranium 
(LEU), or even transuranic elements (TRU) such as pluto-
nium extracted from spent nuclear fuel. They can use one 
fluid loop or multiple loops. They can operate as breeders or 
burners. However, as with any reactor concept, in practice 


there are engineering and safety limits that greatly narrow 
the range of workable designs.
 In most liquid-fueled MSRs, the flowing nuclear fuel  
also serves as the primary coolant system, transferring heat 
out of the reactor core to a secondary coolant system. The 
secondary coolant system also typically uses a (non-fuel)  
molten salt to transfer the heat generated by the reactor to  
an electricity conversion system, which would likely be a  
conventional steam turbine. (Although some MSR designs, 
like HTGRs, could potentially use an advanced helium- 
gas-powered turbine, that technology remains relatively  
immature and is not likely to be available in the near term.) 
 MSRs can be operated at a lower pressure than LWRs, 
but must be constantly maintained at a high temperature in 
order to keep the salt in a liquid state. The required salt tem-
perature ranges from 650°C to 750°C under normal conditions. 
One drawback is that molten salts are highly corrosive to 
many structural materials. A key technical challenge in build-
ing MSRs is to find materials that can tolerate prolonged expo-
sure to the fuel at high temperatures in high radiation fields. 
 The main advantage of liquid reactor fuel is its potential 
to achieve a higher fuel burnup and higher conversion ratio 
than solid fuels, which could reduce nuclear waste volume 
and increase uranium utilization. (The burnup is related to 
the fraction of the initial heavy metal content of fuel that is 
converted to heat energy, and the conversion ratio is related 
to the ability of the reactor to convert fertile materials such  
as U-238 or thorium-232 to fissile materials.) As discussed  
in chapter 3, the fuel burnup in solid-fueled reactors is con-
strained by changes in safety and performance that occur  
as fuel is irradiated in a reactor. These include physical 
changes in the structure of the crystalline fuel and cladding, 
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and changes in the fuel composition as uranium and other 
fuel materials are bombarded by neutrons and transmuted 
into other elements. 
 In contrast, liquid fuels lack the solid structure that can 
be damaged by irradiation, and the fuel composition can be 
adjusted as needed to optimize its performance simply by 
blending in additional liquid streams. However, compared  
to solid fuels, liquid nuclear fuels introduce numerous addi-
tional safety, environmental, and proliferation risks. In solid-
fueled nuclear reactors, the fission products generated during 
reactor operation are largely trapped by the molecular struc-
ture of the fuel pellets or the cladding that surrounds them. 
Some fission products, such as the noble gases krypton and 
xenon, migrate to the surface of the fuel pellets, but they  
remain confined within the fuel pins as long as the cladding  
is intact. In molten salt–fueled reactors, these fission prod-
ucts are released from the reactor core and must be either 
retained by the reactor structures and off-gas treatment  
system or released to the environment. 
 This has implications both for safety and for nuclear 
nonproliferation. In particular, the very large releases of  
noble gas fission products from MSRs could interfere with 
the functioning of the international monitoring system estab-
lished under the Comprehensive Nuclear Test Ban Treaty  
to detect the occurrence of clandestine nuclear weapon tests.
In addition, most liquid-fueled MSR designs require continu-
ous reprocessing of the fuel salt in order to adjust the fissile 
material content and remove fission products trapped in  
the salt that may reduce reactor performance and safety. As 
discussed below, continuous reprocessing will pose unique 
difficulties for application of International Atomic Energy 
Agency (IAEA) safeguards and will increase proliferation 
risks. These risks must be fully addressed and mitigated if 
MSRs are to play a significant role in the future energy mix. 


History and Current Status


In comparison to liquid metal–cooled fast reactors and gas-
cooled reactors, there is much less operating experience with 
thermal MSRs and none at all with fast MSRs. There have 
only been two engineering-scale demonstrations. The 1940s 
Aircraft Reactor Experiment at Oak Ridge National Labora-
tory was a small experimental test reactor that operated for 
only nine days. The subsequent Molten Salt Reactor Experi-
ment (MSRE), a 7.5 megawatt-thermal (MWth) test reactor, 
operated at Oak Ridge from June 1965 to December 1969.


MOLTEN SALT REACTOR EXPERIMENT (MSRE)


The MSRE operated only intermittently over its four-year 
lifetime and was critical for a total of about two years of that 


time span. The average power achieved over that time was 
about 4.18 MWth, including shutdown periods, in comparison 
to its maximum power of about 7.5 MWth. The fuel was a 
mixture of lithium fluoride, beryllium fluoride, and uranium 
fluoride. The initial uranium fuel was HEU with a U-235  
enrichment of about 33 percent; later it was changed to 
U-233. (The U-233 was supplied from other reactors and  
was not generated at the MSRE itself.) A small quantity  
of plutonium-239 was added later for good measure.
 After the MSRE was shut down, the Atomic Energy 
Commission concluded that the work to date had not “advanced 
the program beyond the initial phase of research and devel-
opment” and that “about 2 billion dollars in undiscounted 
direct costs [more than $12 billion in 2020 dollars] could be  
required to bring the molten salt breeder . . . to fruition as a 
viable, commercial power reactor” (AEC 1972). More recently, 
a Department of Energy (DOE) review concluded that the 
MSRE “should be considered test laboratory scale or per-
haps engineering scale” and pointed out that it was never 
connected to a power conversion system (Petti et al. 2017). 


RECENT DEVELOPMENTS


Numerous small companies have started up in the last few 
years to pursue development of various MSR designs. In the 
United States, companies including Terrestrial Energy, Thor-
Con, and Flibe Energy are pursuing liquid-fueled thermal 
MSRs. (Another company that was developing an MSR, 
Transatomic Power, went out of business.) TerraPower and 
Elysium Industries are pursuing liquid-fueled fast-spectrum 
MSRs. Moltex is developing a fast reactor that would use sta-
tionary, metal-clad fuel elements containing molten salt fuel 
instead of solid fuel. Also, Kairos Power is developing a molten 
fluoride-salt-cooled, high-temperature reactor that uses a 
solid fuel similar to TRISO pebble-bed HTGR fuel. 
 The DOE itself has been slow to get on the MSR band-
wagon. The MSR was one of the few concepts that the DOE 
did not initially fund in its Generation IV program. More  
recently, responding to growing private sector interest, the 
DOE began providing a modest amount of support for MSR 
research. In 2016, it committed to providing up to $40 million 
over five years to a consortium including Southern Company 
and TerraPower for basic research and development on a fast 
molten chloride salt reactor—apparently the first US govern-
ment funding for a liquid-fueled MSR project in 40 years. 
Several other grants to other companies and researchers  
have followed, including (now-defunct) Transatomic Power, 
Terrestrial Energy, ThorCon, and Flibe Energy, ranging from 
several hundred thousand to a few million dollars each. 
 In December 2020, the DOE provided $30 million in  
initial funding to two MSRs as part of a second-tier of “risk 
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reduction” awards under the Advanced Reactor Demonstra-
tion Program (ARDP). One award went to Kairos Power to 
develop a reduced-scale test reactor called Hermes based on 
its molten salt–cooled, TRISO-fueled design, and the other  
to Southern Company for the “Molten Chloride Reactor  
Experiment”—also presumably a reduced-scale test reactor. 
Kairos ultimately will receive $303 million from the DOE of 
the estimated $629 million cost of the Hermes, and Southern 
up to $90.4 million of the projected $113 million cost of its  
test reactor (DOE-NE 2020). 
 Many of the liquid-fueled MSR startup companies have 
emphasized sustainability in touting the benefits of their  
designs. For example, Elysium Industries advertises that its 
fast-neutron MSR “has the ability to consume spent nuclear 
fuel and weapons waste transforming it into useful energy” 
(Elysium Industries n.d.). Indeed, the operational flexibility 
of liquid fuels could potentially allow for significant improve-
ments in sustainability compared to solid-fueled reactors. 
However, as discussed below, these claims are exaggerated, 
and in at least one case (the defunct company Transatomic 
Power) demonstrably false.  


Safety


The use of liquid fuel instead of a solid fuel in an MSR has 
significant safety implications for both normal operation  
and accidents. 


NORMAL OPERATION


In contrast to solid-fueled reactors, molten salt–fueled  
reactors release a large fraction of the gaseous fission prod-
ucts produced in their liquid fuel after they are generated. 
Since the gases do not escape from the fluid rapidly enough 
on their own, they must be constantly removed to avoid  
increasing the fluid pressure and decreasing the reactivity  
of the fuel. This is done by circulating a stream of helium gas 
bubbles to push the fission product gases from the fuel. The 
fission product gases must then be trapped and either (1) 
stored for a long period of time (years to decades) and even-
tually disposed of in a geologic repository, or (2) stored for  
a short period of time to allow for some radioactive decay  
and then released into the environment.
 Safe management of these fission products will be a much 
greater challenge for MSRs than for LWRs (Lyman 2019). 
LWRs do release some noble gas fission products during  
normal operation because a small number of fuel rods will 
experience cladding failures. However, the noble gas releases 
from a MSR core would be hundreds of thousands of times 
greater than the releases from LWRs of comparable capacity 
(Lyman 2019). In principle, short-lived fission products, such 


as xenon-135 (with a half-life of 9.1 hours), can be captured 
and stored until they have decayed away. Other, longer lived 
noble gas fission product isotopes, such as krypton-85 (with a 
half-life of more than 10 years), are more challenging to man-
age. But in either case, it is difficult and expensive to capture 
and store large flows of noble gases, because they are chemi-
cally inert. Operators of liquid-fuel MSRs may face significant 
challenges in meeting safety limits on reactor discharges of 
noble gas fission products into the environment. 
 The human health and environmental impacts of  
chemically inert noble gas fission products such as krypton-85, 
although significant, are relatively low compared to isotopes 
such as cesium-137. Noble gases disperse quickly into the  
atmosphere when released. However, cesium-137 deposits  
on and binds to soil and other surfaces, and thus is one of  
the most environmentally hazardous radionuclides. With  
a 30-year half-life, cesium-137 is largely responsible for the 
persistent radiological contamination in the regions around 
Chernobyl and Fukushima. 
 MSR developers often say that cesium-137 and certain 
other troublesome fission products do not present a problem 
because they remain chemically bound in the liquid fuel and 
are not released. However, this is misleading because it only 
applies to those isotopes that are generated directly in the 
fuel from fission. It does not apply to isotopes that are pro-
duced indirectly by the decay of noble gas fission products 
only after the gases are released from the fuel. 
 For instance, in addition to being produced directly by 
fission, cesium-137 also results from the decay of short-lived 
xenon-137, which has a 3.82-minute half-life. Indeed, nearly 
all of the cesium-137 generated in a nuclear reactor is pro-
duced through xenon-137 decay rather than directly by fission. 
In a solid-fueled reactor, most of this cesium remains trapped 
in the fuel unless the fuel is damaged during an accident. But 
in an MSR, almost all of the cesium-137 generated is released 
from the fuel under normal conditions, and it must be cap-
tured and safely stored. In a two-month period of normal  
operation, a 1000 megawatt-electric (MWe) MSR could  
release about as much cesium-137 from the core as the total 
amount released into the environment from the Fukushima 
accident. Indeed, MSRs are such good generators of cesium-137 
that Oak Ridge scientists received a patent in 1972 for a method 
for production of “high-purity cesium 137” utilizing the 
MSRE off-gas stream (Lyman 2019). 
 One type of MSR, Moltex, was designed in part to address 
the problem of cesium-137 release. As mentioned above, 
Moltex uses a molten salt fuel that is not free-flowing but is 
contained in metal-clad fuel rods. This design allow the fuel 
cladding to trap xenon-137 long enough for it to decay to  
cesium-137, although at the expense of losing the flexibility  
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to easily adjust fuel compositions (Scott 2017), one of the  
major motivations for MSRs. (Moltex fuel rods would be  
periodically vented to release longer-lived noble gas isotopes, 
however.) But other MSR developers say little about this  
issue and how they expect reactor operators to manage and  
dispose of large quantities of high-level cesium-137 waste.
 Other fission product impurities—in particular, noble 
metals such as ruthenium—are not soluble in the molten salt 
and also must be continuously filtered out. Otherwise, they 
would collect on metal structures in the reactor, such as the 
heat exchangers, creating hot spots that could damage the 
structures (Forsberg 2006).
 Another troublesome radionuclide, tritium, with a half-
life of 12.5 years, is highly mobile and cannot be effectively cap-
tured. Even with a costly off-gas control system, MSRs would 
almost inevitably discharge far more tritium and other radio-
isotopes into the environment during normal operation than 
solid-fueled reactors.


ACCIDENTS


Advocates for liquid-fueled MSRs cite three main benefits  
of MSRs compared to LWRs that they claim would reduce  
the risk of accidents (LeBlanc 2010). First, they note that, in 
contrast to solid fuel, the liquid fuel cannot melt down in an 
accident. Second, they state that the reactors are passively 
safe because (for some designs) if the molten fuel overheats,  
it would quickly drain into a place where it could be safety 
cooled and stored. Third (and similar to an argument made 
for sodium-cooled fast reactors), they point out that since  
the reactor operates near atmospheric pressure, there is less 
risk of a leak of radiation to the environment and the reactor 
structure does not have to be qualified to withstand high 
pressures. Each of these points is considered below. 


LIQUID VS. SOLID FUEL


The observation that the core of a liquid-fueled reactor can-
not “melt down” is a tautological statement that gives a mis-
leading impression of the safety of such reactors. In the event 
of a severe accident or sabotage, the timing and size of a release 
of radioactive material into the environment are key consid-
erations. The fact that the fuel in an MSR is already a liquid 
does not confer a safety advantage in these respects.
 In an LWR, fission products are largely trapped within 
the molecular structure of the solid ceramic fuel pellets or the 
metal cladding that surrounds them. If cooling is lost, the fuel 
will heat up, the cladding will become damaged and rupture, 
and the fuel pellets will eventually begin to melt. Some fission 
products will become mobile as the fuel softens and may escape 
from the fuel. Eventually, the highly corrosive molten fuel 
will drop to the bottom of the reactor vessel and will melt 


through it, spilling onto the containment floor. At that point, 
the containment is the only remaining barrier to release  
of radioactive material into the environment.
 In the most severe LWR accidents, cladding damage and 
the release of some fission products from the fuel into the cool-
ant could begin as soon as 30 minutes after cooling is lost. How-
ever, because of the high melting point of the uranium dioxide 
ceramic fuel used in LWRs (around 2800°C), it typically takes 
several hours until the fuel starts to melt, and many more hours 
until the molten core breaches the bottom of the reactor vessel 
and flows into the containment. This provides time to take 
measures to mitigate the accident, such as restoring cooling, 
and to implement emergency plans to protect the public.
 After core damage occurs in an LWR accident, the rate  
at which radioactive material is released to the environment 
depends on the extent to which remaining barriers, such as 
the reactor vessel, piping, and containment structure, are  
still capable of retarding releases. Characterizing the actual 
source term (the timing and composition of fission product 
releases) for any accident scenario is quite complex and  
involves substantial experimental and analytical work. For 
example, during the 2011 Fukushima accident, damage to the 
core of the first reactor did not begin until about three hours 
after the reactor lost all cooling, complete melting of the fuel 
took several more hours, and radiation releases to the envi-
ronment did not begin until about 12 hours after the loss  
of cooling. But as bad as the accident was, the containment 
shells at the three damaged reactors remained largely intact, 
and the overall releases of highly hazardous fission products 
such as iodine-131 and cesium-137 were only a few percent  
of the total amounts that could have been released.
 In contrast, in an MSR there is no fuel cladding, and the 
fuel itself is initially in a highly corrosive liquid state instead 
of a stable solid. The reactor structures containing the fuel, 
rather than the fuel rods themselves, form the first line of  
defense for fission product release. As discussed above, even 
during normal operation, the fuel continuously releases gas-
eous fission products that are either captured or eventually 
released. In the event of an accident, the fuel could heat up 
rapidly to the point where it would start to release additional 
radionuclides at a much higher rate. However, very little  
information is available about the physical properties of  
molten salts that would shed light on the radiological source 
term of such an event. Molten salts also must be maintained 
at a high temperature (over 600ºC) to remain in the liquid 
state; if areas within the fuel get too cold, the salt can crystal-
lize and clog pipes, blocking coolant flow and ultimately re-
sulting in a dangerous temperature increase (IRSN 2015). 
 After radionuclides escape from the fuel, releases to the 
environment would depend on the integrity of the remaining 
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barriers—namely, the reactor structures and the off-gas treat-
ment system. But the structural materials currently available 
would have a very limited capacity to contain the molten  
fuel at the very high temperatures that could occur during  
an accident. For that reason, the over-heated fuel must be 
cooled very rapidly—for instance, by draining it from the core 
into a special chamber—or the reactor could be destroyed, 
releasing large amounts of radioactivity into the environment.


PASSIVE SAFETY


To mitigate a severe loss of cooling, most MSR designs in-
clude a safety feature called a freeze plug. One or more plugs 
of frozen salt are used to close off a drain at the bottom of the 
reactor vessel. In the event of a loss of cooling or loss of exter-
nal power causing fuel overheating, the plugs would melt before 
the fuel reached a dangerous temperature, allowing the fuel 
to drain quickly into dump tanks below the reactor vessel. 
The dump tanks would be designed to maintain the discarded 
fuel at a safe temperature and in a configuration where it 
could not become critical and start generating power again.23


 Operation of the freeze plug sounds simple in theory, but 
is far more complex in practice. For instance, it is not clear 
whether the local decay heat of the fuel would be sufficient to 
rapidly melt the freeze plugs, or whether an external heating 
source would be needed (in which case the mechanism may 
not be entirely passive and would not function if external 
power were lost). Also, to judge the effectiveness of this safety 
mechanism, one must calculate how long it would take for  
the plugs to melt and the fuel to completely drain. The core 
would have to drain quickly enough to avoid destroying the 
reactor structures that contain it. 
 The few studies of these issues to date have shown that 
MSRs will heat up rapidly in the event that cooling is inter-
rupted, leaving very little time to mitigate the accident if the 
fuel fails to drain. A 2013 study of the fast-spectrum Molten 
Salt Fast Reactor (MSFR) being designed in France found that 
in the event of a station blackout or other accident causing a 
loss of heat removal, it would take as little as eight minutes 
for the core to heat up to 1200ºC, the temperature at which 
the structural materials are assumed to fail (Brovchenko et al. 
2013). Other studies have estimated grace periods of up to  
22 minutes for this reactor, but researchers point out that 
“the MSFR design has not been finished, and no detailed 
thermohydraulic studies have been conducted which would 
give accurate information specific to the kind of accident sce-
nario expected to trigger the melting of the freeze plug” (Shafer 
2018). Thus, there is “no definitive estimate” of the time it would 
take for an MSR to heat up to 1200ºC (Tiberga et al. 2019).
 Therefore, should such an accident occur, only tens of 
minutes at most may be available for the freeze plugs to melt 


and the fuel to drain completely from the core to avoid a 
structural collapse and large radiological release. It remains 
unclear whether this is achievable in practice. One study has 
shown that this can be accomplished in as little as 95 seconds; 
however, if the freeze plugs only partially melt or are blocked 
by solidified fuel, the drain time could be increased from 95 
seconds to more than 20 minutes (Wang et al. 2016). A more 
recent study concludes that “a freeze-plug design based only 
on the decay heat to melt is likely to be unfeasible” (Tiberga 
et al. 2019). Given the complexity of the system, uncertainties 
are large, but—given the short timelines—there is very little 
room for error.
 Some MSR designers are not taking the passive freeze 
plug for granted. The French MSFR design includes both  
active and passive drain valves. In addition, the design  
deliberately introduces a weak spot in the floor of the cavity 
containing the reactor. The idea is that this area will prefer-
entially fail near the drain valves, so that the fuel will be  
funneled into the dump tanks in the event of a catastrophic 
failure (IRSN 2015). Terrestrial Energy has eliminated freeze 
plugs from its thermal MSR design; instead, it limits core size 
with the expectation that natural convection cooling would 
be sufficient to prevent the core from heating up to a danger-
ous temperature. 
 However, there are questions about whether passive 
cooling methods alone would be adequate. According to  
the DOE, “the full range of design basis accident scenarios 
[for MSRs] has not been established, so the need for active 
safety systems cannot be ruled out” (Petti et al. 2017).


REACTIVITY FEEDBACK 


Another passive safety feature is inherent negative reactivity 
feedback—the tendency for the nuclear chain reaction to shut 
down if the reactor heats up. As discussed in chapter 2, LWRs 
have this property. In MSRs, however, the feedback behavior 
turns out to be very complex. While the thermal spectrum 
MSRE developed by Oak Ridge National Laboratory, with a 
graphite moderator, was originally thought to have negative 
reactivity feedback, this was discovered to be incorrect when 
the system was analyzed decades later with more modern and 
accurate methods (Mathieu et al. 2006). Other thermal spec-
trum MSRs, such as the one designed by Transatomic Power, 
have very complex reactivity behavior, and at certain times 
during the operating cycle will have positive moderator  
or void coefficients (Robertson et al. 2017). 
 Partly as a result of the finding that thermal MSRs  
can have positive reactivity feedback, European researchers 
decided to pursue fast-spectrum MSRs, which have no  
moderator, such as the French-designed MSFR discussed 
above (Mathieu et al. 2009). Unlike their solid-fueled fast  
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reactor cousins, fast MSRs typically have negative reactivity 
feedback coefficients, making them more stable. However, 
fast MSRs have other safety drawbacks, including a large fuel 
volume that would have to be rapidly drained in the event  
of a loss  of cooling.


LOW PRESSURE


Although MSRs operate at higher temperatures than LWRs, 
they operate at lower pressures, which could be advantageous 
for safety. According to the International Atomic Energy 
Agency (IAEA), “low operating pressures can reduce the risk 
of a large break and loss of coolant as a result of an accident, 
thereby enhancing the safety of the reactor” (IAEA n.d.). 
However, as discussed in chapter 1, accidents in which tem-
peratures and pressures quickly rise would also be a concern. 
The low system pressure also introduces risk because water 
can more easily flow into the reactor, which could cause a 
violent steam explosion (IRSN 2015). And as with the HTGRs 
discussed in chapter 6, the water could also react with the 
graphite in thermal MSRs, such as Terrestrial Energy’s Inte-
gral Molten Salt Reactor (IMSR). If the reactor were flooded 
as the result of a natural disaster, the overpressure could force 
water to leak into the reactor. And a terrorist group could  
sabotage an MSR simply by pumping water into the core.


ADDITIONAL SAFETY CONCERNS


Other safety concerns arise with the co-located, on-line  
waste processing facilities and/or off-gas treatment systems 
that MSRs would require. Having chemical processing opera-
tions in proximity to an operating reactor would introduce  
an entire set of accident scenarios not encountered at LWRs.  
In addition, the large quantities of fission products that would 
be stored outside of the core in off-gas treatment systems,  
including both noble gases and their decay products, such  
as cesium-137, would pose additional risks. An accident or  
terrorist attack on those waste processing facilities could be 
as severe as one affecting the reactor itself—or even worse.


THE BOTTOM LINE


Compared to LWRs, MSRs offer a number of safety disadvan-
tages and only minor safety benefits. On the negative side, the 
liquid form of the fuel allows for far greater releases of radiation 
from the core under normal conditions and more rapid re-
leases to the environment during accidents. The MSR has 
fewer levels of protection against fission product release than 
does an LWR. In particular, there would be additional risk 
from the storage of fission products such as cesium-137 in  
the radioactive waste generated by the off-gas system.
 On the positive side, the low pressures at which MSRs 
operate may reduce the likelihood of pipe ruptures resulting 
in large-break loss of coolant accidents. However, the high 


temperature and power density of molten salt fuel could also 
increase the risk of other types of accidents that would affect 
cooling. For an MSR, preventing the release of radiation in 
such scenarios is largely dependent on being able to drain the 
overheating fuel in a matter of minutes to avoid a structural 
collapse and fuel vaporization. But it is not clear that adequate 
draining of the core can occur through passive means alone. 
Moreover, thermal spectrum MSRs lack the inherent negative 
temperature reactivity feedback of LWRs. This can result  
in positive reactivity feedback and power instabilities.
 On balance, there is no compelling evidence at this point 
to support the claim that MSRs will be safer than LWRs.  
On the contrary, there are many characteristics that would 
present additional and potentially severe safety challenges.


Sustainability


One significant potential advantage of liquid-fuel MSRs  
compared to LWRs is improved sustainability. As discussed  
in chapter 3, some MSRs reportedly would use uranium more 
efficiently, generate less long-lived nuclear waste, and even 
use existing nuclear waste from LWRs as fuel. Below, the  
sustainability benefits of several MSR concepts compared to 
LWRs are considered, and found to be modest at best. But to 
realize even a modest benefit, MSR fuels would require some 
form of reprocessing, with its attendant proliferation and  
security risks. 


MOLTEN SALT BREEDER REACTOR


One of the original motivations for developing MSRs in the 
1960s was their potential to operate as thermal breeder reac-
tors when fueled with U-233 and thorium (see chapter 2). 
While a fast reactor is required to breed plutonium-239 from 
U-238, in theory a thermal reactor can be used to breed the 
fissile isotope U-233. This is because in a thermal spectrum, 
fission of U-233 releases more neutrons than U-235 or pluto-
nium-239. These extra neutrons could be used to bombard 
fuel containing the isotope thorium-232 to produce more 
U-233 than is needed to maintain the chain reaction. This  
is a process similar to the breeding of plutonium-239 in  
fast reactors from bombarding U-238 with neutrons. 
 However, there is a catch that makes U-233 breeding  
difficult or even impossible in conventional, solid-fueled reac-
tors: the production of the isotope protactinium-233 (see Box 8). 
That problem can be circumvented only by rapidly reprocess-
ing the fuel as the reactor is operating to remove the protac-
tinium-233. Such “on-line” reprocessing can only be carried 
out at a reactor with liquid fuel. Thus, the molten salt breeder 
reactor (MSBR) concept was born. In principle, the MSBR  
is more sustainable than the LWR.
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URANIUM UTILIZATION EFFICIENCY


A recent Oak Ridge National Laboratory review analyzed  
the fuel cycle for a 1000 MWe MSBR starting up with a core 
containing thorium and 19.75 percent-enriched HALEU  
(Gehin and Powers 2016). The use of HALEU for the startup 
core would be necessary since U-233 does not occur naturally, 
and must be produced by irradiating Th-232. The study assumed 
a scenario in which after startup, the reactor would be able  
to breed enough fissile U-233 to be self-sufficient, and would 
require only additions of thorium—no additional HALEU 
would be needed. The reactor would also be operated for  
30 years, over which time the graphite moderator would  
have to be replaced seven times. In this idealized situation, 
the quantity of natural uranium and thorium needed per 
GWe-yr, averaged over a 30-year lifetime, would be 36 metric 
tons, compared to the 180 metric tons of natural uranium  
per GWe-yr that an LWR needs: a five-fold improvement.24 


LONG-LIVED WASTE GENERATION


TRU generation is lower in a reactor fueled with thorium and 
U-233 than in a reactor that contains U-238, because more 
neutron absorptions are required to generate plutonium-239 
and heavier transuranic isotopes. According to the Oak Ridge 


study, for the idealized MSBR, the quantity of TRU waste  
that would be generated per GWe-yr that would need to be 
disposed of in a repository at the end of the 30-year operating 
lifetime, assuming an annual discharge to waste of 4.7 percent 
of the steady-state TRU inventory of the core, would be only 
around 3.3 kilograms (kg), compared to about 230 kg/GWe-yr 
for an LWR (Gehin and Powers 2016).25 This is about a 70-fold 
decrease, which, going forward, would not qualify as a signifi-
cant reduction according to the National Academy of Sciences 
standard, but would meet the DOE’s long-lived waste reduction 
goal of at least a factor of 10 (see chapter 3). 


TECHNICAL CHALLENGES


However, other recent analyses of the MSBR have highlighted 
many technical challenges with the concept that would make 
it highly impractical for use as a commercial reactor. For  
example, the idealized MSBR discussed above, which starts 
up with a HALEU core but only requires refueling with  
thorium afterward, is unphysical. Studies have found that  
an MSBR that starts up with HALEU instead of HEU or 
U-233—an essential nonproliferation requirement—would 
need to operate at least 20 years to reach a steady-state  
(Betzler, Powers, and Worrall 2017; Zou et al. 2018). During 


 


For a nuclear reactor to be an effective breeder, neutrons   
must be used very efficiently to convert fertile material, such  
as U-238, to fissile material, such as plutonium. One needs to 
minimize losses of neutrons by absorption in non-fertile  
materials. In a thorium-based breeder reactor, where the goal 
is to breed the fissile isotope U-233 by neutron bombardment 
of thorium-232, the generation of the intermediate product 
protactinium-233 is a problem that must be addressed if   
efficient breeding is to occur.
 After U-238 absorbs a neutron and is transmuted to U-239,  
it decays with a half-life of about 24 minutes to neptunium-239, 
which then decays with a half-life of about 2.4 days to pluto-
nium-239. Because neither of these intermediate isotopes is 
around for a long time, it is unlikely that either will absorb 
another neutron before eventually decaying to fissile pluto-
nium-239. And if the neptunium-239 does absorb a neutron,  
it will decay into plutonium-240, which is also useful in 
nuclear fuel.
 However, the situation is more challenging if one wants to 
breed U-233 by irradiating thorium-232 with neutrons. In that 
case, an intermediate isotope is created, protactinium-233, 
with a half-life of 27 days. If protractinium-233 absorbs a 


BOX 8.


Protactinium and the Thorium Fuel Cycle
neutron before decaying to U-233, it will become U-234,  
which is not useful for nuclear fuel. Because protactinium-233 
has such a long half-life, there is a high likelihood if it stays  
in the reactor that it will absorb a neutron and thus will not 
decay to U-233, degrading the reactor’s capability to breed  
new fuel. 
 Solving the protactinium problem and developing a work-
able thermal breeder reactor using thorium fuel was one of  
the chief motivations for the original MSR project at Oak 
Ridge National Laboratory. To effectively breed U-233, pro-
tactinium-233 would be separated from the liquid fuel with  
an on-line reprocessing system as soon as it was generated  
and stored outside of the reactor until it had decayed to U-233. 
 However, this separation process poses a proliferation 
danger because it produces pure U-233, which is a weapon-
usable isotope comparable in risk to plutonium-239. To address 
this concern, researchers developed the concept of a “denatured” 
MSR. In such reactors, protactinium-233 is not removed from 
the salt, and LEU is added, which dilutes the U-233 produced. 
The resulting uranium in the reactor is also low-enriched  
and less attractive for nuclear weapons than separated U-233. 
However, these reactors would not be breeders.
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that transition period, HALEU would have to be fed into  
the reactor until enough U-233 was bred for self-sustaining 
operation, which would greatly reduce the sustainability  
performance of the system.
 One study identified a potential transition scenario in 
which a HALEU-fueled MSBR would be operated for the  
period of time necessary to produce enough U-233 for a new 
startup core and subsequent refueling over the remaining 
lifetime of the reactor (Yu et al. 2019). The reactor would 
have to be fed HALEU for three years in order to produce 
enough U-233 for the replacement core (by separating and 
storing Pa-233, as discussed in Box 8, p. 95). Each additional 
year of the initial operation with HALEU would produce 
enough U-233 for twenty years of operation without HALEU. 
An MSBR with a 30-year lifetime would therefore have to 
operate for about 4.3 years with additions of HALEU. The 
natural resource efficiency (uranium plus thorium) for this 
system would be about 2 percent, or about three times that  
of an LWR—and 60 percent lower than for the unphysical  
MSBR described earlier. 
 Similarly, about 140 kg/GWe-yr of plutonium and other 
TRU would be generated during the time that HALEU is fed 
into the system, or about 600 kg in total. This additional TRU 
would contribute to the overall TRU generation of the steady-
state MSBR, estimated above at about 75 kg, for an average 
TRU generation of around 30 kg/GWe-yr. This is about  
eight times less than the average TRU generation rate for  
an LWR—again, not nearly as impressive as the reduction for 
the idealized MSBR with no transition period to steady-state 
operation, and not significant according to the factor-of-10 
standard. 
 Another obstacle is the need for an efficient on-line  
reprocessing system to at least produce sufficient U-233 to 
regenerate the fuel that was consumed, and thus allow self-
sustaining operation (see Box 8, p. 95). To break even, the  
reactor fuel would have to be reprocessed at least once every 
three days to remove the accumulating protactinium-233  
(Gehin and Powers 2016). It is not clear that such a chemical 
processing system would be feasible. The process would  
entail a complex series of steps, most of which have not been 
demonstrated beyond laboratory scale. Researchers have  
observed that “some of the separation processes are consid-
ered too difficult to be implemented” (Mathieu et al. 2006). 
 In spite of these problems, variations of the molten salt 
breeder reactor concept are being pursued by the startup 
companies Flibe Energy in the United States and Seaborg 
Technologies in Denmark. As with the original design of this 
type, both of these reactors would require continuous repro-
cessing. Seaborg Technologies bills its reactor as a “waste-
burner” that would use TRU obtained by reprocessing LWR 


spent fuel, although a 2015 technical white paper on its web-
site suggests that fresh LEU should be used, at least for its 
pilot plant (Seaborg Technologies n.d.) (It is not clear whether 
this company is aware of the studies showing the problems 
with using LEU as a startup fuel (Betzler, Powers, and  
Worrall 2017; Zou et al. 2018).


THE DENATURED MSR


Because of its need for on-line reprocessing, the molten salt 
breeder reactor would pose a high proliferation risk—some-
thing the US government recognized as far back as the 1970s. 
The concerns are two-fold. First, the need to produce and 
store large quantities of weapon-usable U-233, poses security 
risks, and second, the presence of the on-line reprocessing 
system makes the reactor much more difficult to safeguard 
than an LWR.
 In response to these concerns, the DOE developed a  
concept for a 1000 MWe “denatured” MSR that (1) would  
not have an on-line chemical separations capability, and (2) 
would dilute the fissile uranium isotopes (U-233 and U-235) 
with U-238 to a concentration comparable to that of LEU. 
(Because U-233 has a smaller critical mass than U-235, U-233 
must be diluted to less than about 12 percent in a mixture 
with U-238 to render the material impractical for use in  
nuclear weapons, compared to 20 percent for U-235.)
 Since the denatured MSR would not have on-line repro-
cessing, it would never be able to breed its own fuel, even at  
a steady state, and thus would require a constant supply of 
fresh fissile fuel, such as 19.75 percent–enriched HALEU, to 
compensate for the buildup of neutron-absorbing fission prod-
ucts. (As with all MSRs, gaseous fission products and some 
metallic fission products would still have to be removed from 
the denatured MSR’s liquid fuel, and plant operators would  
have to manage the resulting radioactive wastes.)


URANIUM UTILIZATION EFFICIENCY


While these additional features make the denatured MSR  
less proliferation-prone than the MSBR, they also make it less 
resource-efficient. Although the denatured MSR would be able 
to achieve a higher fuel burnup than an LWR, as discussed in 
chapter 3 the use of higher-assay LEU requires a greater 
quantity of natural uranium to produce each batch of fuel. 
The only way to increase natural uranium utilization in a 
once-through fuel cycle is by extending burnup by increasing 
the internal conversion of fertile to fissile fuel (in this case, 
from thorium-232 to U-233), which reduces the need for  
fissile material additions. But without on-line reprocessing, 
the reactor cannot produce new fissile material quickly 
enough to greatly reduce the demand for additional fresh 
fuel, and thus needs a steady supply of HALEU.
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 Consequently, the denatured MSR’s annual resource  
requirements (for natural uranium and thorium) would  
be about 2.5 times less than the uranium requirements for  
an LWR, a more modest reduction than the factor of five 
achieved by the idealized MSBR (Gehin and Powers 2016), 
but comparable to a more realistic MSBR system that  
takes the transition period into account.


LONG-LIVED WASTE GENERATION


Because of the need to add U-238 to denature the U-235  
and U-233, the denatured MSR produces more plutonium  
and other long-lived TRU. As a result, instead of the 75-fold 
reduction in TRU waste that the MSBR would achieve rela-
tive to an LWR, the denatured MSR would have only about  
a four-fold reduction (Gehin and Powers 2016). This is  
below the DOE’s factor-of-10 significance criterion.


THORCON


The ThorCon reactor is similar in concept to the denatured 
MSR. ThorCon’s intent is to develop a small modular reactor 
that can be rapidly commercialized (the company calls it  
the “do-able” MSR). To do so, the design utilizes currently 
available materials and technologies to the extent possible—
constraints that further limit its sustainability performance.


URANIUM UTILIZATION EFFICIENCY


“On a once through basis, ThorCon is not that uranium effi-
cient,” according to an archived page that used to be on the 
company’s website (ThorCon 2017). Information provided by 
the company’s principal engineer, Jack Devanney, illustrates 
why (Jack Devanney, email message to the author, January 4, 
2018.). A 1000 MWe ThorCon plant, consisting of four 250 
MWe reactor modules, would require 55 metric tons of  
thorium and 9.44 metric tons of 19.75 percent HALEU to  
start, and an addition of 7.2 kg of HALEU per day during eight 
years of operation. This corresponds to an average require-
ment of about 3.8 metric tons of HALEU and 6.9 metric tons 
of thorium per year. To produce this much HALEU would  
require about 160 metric tons of natural uranium per year,  
for a total natural resource requirement of about 167 metric 
tons per year, compared to about 180 metric tons per year  
of natural uranium for a similarly sized LWR. This is a  
reduction of less than 10 percent.
 According to ThorCon, one of the reasons why the  
reactor is less uranium-efficient than the denatured MSR is 
that each 250 MWe ThorCon module is smaller and uses a 
proportionately smaller amount of thorium, thereby produc-
ing less U-233 (Jack Devanney, email message to the author, 
January 4, 2018). This means that more HALEU must be  
added each year to keep the reactor operating. Also, the  


fuel needs to be replaced every eight years, as opposed to  
30 years for the denatured MSR. 
 The only way the ThorCon design could utilize uranium 
more efficiently overall is if the spent fuel salt, discharged 
after eight years, were sent to a reprocessing plant to recover 
the remaining fissile materials for reuse as fresh fuel. Of course, 
this would be inconsistent with the chief rationale for the  
denatured MSR and undo its nonproliferation benefits.


LONG-LIVED WASTE GENERATION


What about waste generation? Like the denatured MSR, 
ThorCon would generate long-lived TRU in its spent fuel at a 
lower rate than LWRs because of its use of thorium. However, 
without reprocessing and recycling its spent fuel salt, a Thor-
Con plant would not generate less long-lived nuclear waste 
than an LWR. 
 A 1000 MWe ThorCon plant would generate an average 
of about 27 metric tons of spent fuel salt per year over its 
eight-year core lifetime, compared to an average of about 22 
metric tons of spent fuel generated per year by an LWR over  
a 60-year lifetime (ThorCon 2018). The volume of this waste 
would be approximately nine cubic meters, the same as the 
nine cubic meters of LWR spent fuel discharged annually.
 ThorCon salt waste would contain approximately 11 per-
cent by weight uranium, with a U-235 enrichment of 5.2 percent 
and a U-233 enrichment of 3.4 percent. This is a higher con-
centration of fissile uranium isotopes than in LWR spent fuel, 
although this mixture of uranium isotopes would be consid-
ered “low-enriched” (Forsberg et al. 1998). It would also con-
tain about 1.5 percent by weight plutonium and other TRU—a 
slightly higher concentration than for typical LWR spent fuel. 
 Because of the large quantity of unused fissile material  
in the spent salt waste, ThorCon proposes a sequence of  
reprocessing steps, using gaseous separation methods, to  
remove the leftover uranium from the spent fuel salt and con-
vert the remainder into an ash form. The recovered uranium 
would be reused. ThorCon claims that after these processes, 
the volume of the salt waste would be reduced by more than 
80 percent. But the weight fraction of plutonium and other 
TRU in this concentrated waste would be greater than the 
weight fraction in LWR spent fuel. Combined with the fact 
that the ThorCon waste would contain less cesium-137, which 
provides the self-protecting radiation barrier in LWR spent 
fuel (see chapter 4), the ThorCon waste would be more  
attractive from a proliferation perspective.
 Like other thorium-fueled reactors, the ThorCon reactor 
would produce a smaller quantity of TRU overall than an LWR. 
A 1000 MWe plant would generate about 50 kg of TRU per 
year, compared to 220 kg for an LWR—about the same reduc-
tion factor as the denatured MSR. Neither reactor would 
meet the DOE factor-of-10 significance criterion. 







98 union of concerned scientists


 Overall, it does not appear that the ThorCon reactor 
would be significantly more sustainable than the LWR.


INTEGRAL MOLTEN SALT REACTOR  
(TERRESTRIAL ENERGY)


The IMSR being developed by the company Terrestrial  
Energy shares some features of the previous MSR designs. 
However, it differs from them in that it uses only LEU with a 
U-235 content below 5 percent (that is, no thorium or HALEU). 
Each IMSR400 module would have a power rating of approx-
imately 440 MWth and would generate “up to 195 MWe” of 
electrical power (Terrestrial Energy 2020).26 The reactor’s 
first core would contain an LEU-based fuel salt enriched to 
less than 2 percent U-235 and would use makeup fuel salt  
enriched to 4.95 percent U-235 (Choe et al. 2018). Each mod-
ule would be used for seven years—the lifetime of the graphite 
moderator—and then would be discarded and swapped out 
for a new one. In total, the reactor would operate for eight 
cycles, or 56 years. 
 The IMSR would use LEU fuel with an enrichment com-
parable to LWRs, but the maximum achievable burnup would 
be only about one-third as high as typical LWR fuel. Thus, the 
reactor would not be expected to be more sustainable than  
an LWR, as is borne out by the below discussion.


URANIUM UTILIZATION EFFICIENCY


The IMSR, operating on a seven-year once-through cycle, 
would require an average of 277 metric tons of natural ura-
nium per GWe-yr—around 50 percent more than an LWR 
(Choe et al. 2018). The designers have proposed an alter- 
native fuel cycle in which the spent fuel salt is used to start  
up new reactor modules, which would increase its uranium 
utilization. However, assuming this is even technically  
possible, it would reduce the average natural uranium  
requirement to 194 metric tons per GWe-yr, still greater  
than the LWR requirement (Choe et al. 2018).


LONG-LIVED WASTE GENERATION


Similarly, Terrestrial Energy predicts that the IMSR will  
generate about 175 kg of plutonium per GWe-yr, compared  
to about 200 kg per GWe-yr for an LWR (Choe et al. 2018). 
Using its proposed alternative fuel cycle, this would decrease 
to about 105 kg of plutonium per GWe-yr. In either case,  
the reduction would not be considered significant according 
to the DOE’s factor-of-10 criterion. 


TRANSATOMIC POWER


Transatomic Power was founded in 2011 to develop a uranium-
fueled, moderated MSR that it originally called the Waste-
Annihilating MSR (see Box 9, p. 99). As the name indicated, 


the company’s major selling point was the reactor’s sustain-
ability: Transatomic claimed its reactor could “annihilate” 
nuclear waste by running entirely on spent nuclear fuel  
(Zanolli 2015). In addition, it said that the reactor could  
also use LEU fuel 75 times more efficiently than LWRs  
(Temple 2017). The Transatomic design differed from Thor-
Con in that it would not use thorium, and it differed from the 
Terrestrial Energy IMSR in that it would utilize an extensive 
on-line reprocessing system to remove fission products to 
achieve the very high burnup it projected. 
 However, an independent review of the concept conducted 
at the Massachusetts Institute of Technology found that there 
were serious errors in the company’s calculations and that the 
reactor could not maintain a chain reaction by using the TRU 
from spent fuel as its feedstock (Temple 2017). Further analy-
sis by Oak Ridge National Laboratory, in conjunction with 
Transatomic Power, also showed that the reactor would use 
uranium far less efficiently than originally claimed (Robertson 
et al. 2017). Transatomic Power then abandoned the notion 
that its reactor could run on spent fuel and significantly  
scaled back its claims about increased uranium utilization.


URANIUM UTILIZATION EFFICIENCY


The 2017 Oak Ridge National Laboratory review of the 
Transatomic Power reactor found that if the reactor used  
5 percent–enriched uranium feed, it could only operate for  
29 years, reaching a fuel burnup of less than 10 percent. Over 
its lifetime, it would achieve a uranium utilization rate of 
about 1 percent (Robertson et al. 2017). This is only margin-
ally better than the 0.6 percent efficiency of an LWR.


LONG-LIVED WASTE GENERATION


After 29 years of operation, the 520 MWe Transatomic Power 
reactor operating on 5 percent–enriched LEU would contain 
nearly 3 metric tons of plutonium (Robertson et al. 2017).27 
This corresponds to an average plutonium production rate 
per GWe of about 200 kg of plutonium per year, which is 
about the same as for current-generation LWRs. Therefore, 
there is no advantage with respect to this metric.28 The Trans-
atomic Power reactor would actually produce plutonium at a 
greater rate than an LWR for the first 15 years of operation. 
The annual rate of plutonium production in the first five years 
would be about 670 kg per GWe—more than three times the 
LWR’s rate of plutonium production.29


 In addition to the generation of high-level waste, one 
must also consider the generation of low-level and TRU 
waste. The on-site reprocessing system would generate much 
more of these wastes than an LWR. The Oak Ridge analysis 
concluded that “the [low-level waste] associated with the 


continued on p. 100
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Transatomic Power famously burst onto the scene in 2011  
with a TED (Technology, Entertainment, Design) talk by its 
founders, Mark Massie and Leslie Dewan, introducing the 
Waste-Annihilating MSR. The company heavily promoted the 
idea that its reactor could convert spent fuel from LWRs into 
clean energy (Zanolli 2015), using this aspect as a selling point 
in radio advertisements sponsored by the Nuclear Energy 
Institute. The company also initially claimed that the reactor 
could use 1.8 percent-enriched LEU as its fuel, could run for 
100 years, and would be able to “generate up to 75 times more 
electricity per ton of mined uranium than a light-water 
reactor” (Temple 2017).
 There are technical reasons why these claims merited   
skepticism from the outset. As an MSR with a moderated 
neutron spectrum, it was unclear how the design could effec-
tively fission the TRU in spent fuel. As discussed in chapter 3, 
in thermal reactors TRU are more likely to absorb neutrons 
than fission, reducing the reactivity of the fuel and making the 
neutron chain reaction harder to maintain. Moreover, in the 
Transatomic Power reactor, TRU would build up in the fuel 
because there was no plan to extract them from the salt by 
on-line reprocessing. However, because the average neutron 
speed in this reactor would be somewhat faster than in an LWR, 
the designers claimed that there were sufficient higher-energy 
neutrons to effectively fission TRU. 
 The extremely high uranium utilization claim was also 
suspect. It corresponds to a fuel burnup of 96 percent, compared 
to around 5 percent for LWRs. As discussed here, this was a far 
higher utilization than was predicted for other MSRs, including 
the molten salt breeder reactor, which is counterintuitive.  
A 96 percent burnup means that 96 percent of all the uranium 
loaded into the reactor, including the 65 metric tons of uranium 
fuel in the initial core, would be ultimately fissioned and con-
verted to energy. Burning up this fraction of the initial core 
alone would generate enough power to run the reactor for over 
a century. But the 500 kg of fresh fuel added each year would 
also have to be burned almost completely. Thus the claim made 
little sense from the beginning. Nevertheless, Transatomic re- 
ceived very favorable media attention and attracted the interest 
of venture capitalists. 
 In late 2016 all references to nuclear waste as a fuel source 
for its reactor were removed from the company’s website. It 
then stated its goal was no longer to “reduce existing stock-
piles of spent nuclear fuel” but “to reduce nuclear waste 


BOX 9.


Transatomic Power: A Cautionary Tale
production by significantly increasing fuel burnup” (TAP 
2016a). Accordingly, the company then focused on a version of 
its reactor that would use 5 percent–enriched LEU and would 
operate for less than 30 years. And its claims for the resource 
efficiency of this design became far more modest. Instead of an 
improvement of a factor of 75, Transatomic said that the design 
allowed for only “more than twice” the fuel utilization of 
LWRs (TAP 2016a).
 This drastic scaling down of Transatomic’s claims for its 
design were made after an external review conducted at the 
Massachusetts Institute of Technology revealed serious errors, 
as revealed publicly in a Technology Review article in early 
2017 (Temple 2017).
 As Transatomic put it in the final iteration of its technical 
white paper:


This version of the [Transatomic Power] design white 
paper incorporates multiple revisions based on further 
research performed over the past year. . . . [T]his work has 
revealed new understandings about the system . . . [, and] . . . 
we have realized that our initial analyses of spent nuclear 
fuel core loadings were centered around inaccurate 
assumptions about reactor behavior that . . . had to be 
corrected (TAP 2016b).


Subsequently, the company was referred to as the “Theranos  
of nuclear power” (Baron 2017)—after the infamous company 
that marketed a finger-prick blood test that did not really work—
and it began keeping a much lower profile. The Nuclear Energy 
Institute stopped profiling Transatomic Power in its radio 
advertisements. And the company’s chief executive officer, 
Leslie Dewan, posted a video on YouTube in which she 
explained how to learn from failure.
 Transatomic Power continued operating after these missteps 
became public, but it was never able to right itself. Although 
the design itself was no less viable than those being developed 
by other MSR startups, the company’s backtracking likely led 
to a loss of confidence by investors, and it finally shut down in 
September 2018. Transatomic’s experience should serve as a 
warning to other nuclear reactor vendors not to promise more 
than they can reasonably deliver. These companies should also 
strive to make public as many details as possible about their 
systems, to ensure that their claims can be subject to rigorous 
peer review. 
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continuous or batch processing of a large amount of fuel”  
is a disadvantage (Robertson et al. 2017). 
 Thus, it does not appear that the Transatomic Power  
reactor could in fact have provided a large enough benefit  
in sustainability to justify the cost of development and the 
additional safety and proliferation risks—a realization  
that was likely a factor in the company’s demise.


FAST-NEUTRON MSRS


Given the many challenges and limitations of thermal-spectrum 
MSRs, some experts have concluded that the concept is not 
worth pursuing. Instead, they believe that fast MSRs, which 
would not require a graphite neutron moderator, are more 
promising (Mathieu et al. 2006). As with solid-fuel fast reac-
tors, a fast spectrum MSR is better than a thermal MSR for 
converting fertile material to new fuel and has a greater toler-
ance for neutron-absorbing fission products and TRU. For 
these reasons, fission products can be removed at a much 
lower rate from fast MSRs than from thermal MSRs without 
affecting the breeding potential, thus requiring a less inten-
sive on-line reprocessing system. 
 Fast MSR designs have even been proposed that may be 
able to operate for more than 20 years without the need for 
on-line fuel reprocessing or fresh fuel additions (Mathieu  
et al. 2009). Others might be able to operate longer by func-
tioning as breed-and-burn reactors with no reprocessing  
requiring enriched uranium at startup but needing only  
depleted uranium as feed (Hombourger et al. 2015). Such  
reactors, if feasible, would be able to utilize uranium more 
efficiently than thermal MSRs such as the ThorCon or 
Transatomic Power reactors. And, unlike Transatomic Power 
and other slower-neutron MSRs, fast MSRs could in principle 
be fueled with the TRU extracted from spent LWR fuel by  
reprocessing—that is, they could burn some components  
of nuclear waste. 
 After years of review, researchers in France decided  
to limit that country’s MSR research to developing a thorium-
fueled, fluoride-based fast reactor called the Molten Salt Fast 
Reactor (MSFR). In the United States, chloride-based fast 
MSRs are being pursued by a TerraPower-Southern Company 
consortium (as a complement to TerraPower’s solid-fueled 
fast reactors) and the startup Elysium Industries. The DOE 
also has made a bet on fast-spectrum MSRs, selecting South-
ern Company for an award of up to $90.3 million to build a 
test reactor called the Molten Chloride Reactor Experiment.
 However, this shift in focus has been criticized by  
supporters of thermal MSRs, who argue that fast neutron 
variants will require more development work and hence are 


less “doable” (Zwartsenberg 2016). As they note, fast-spectrum 
MSRs have not been demonstrated, even at an experimental 
scale. And structural materials that can survive bombardment 
by lots of fast neutrons in a corrosive molten salt environment 
have not even been developed yet.
 In addition, recent studies have highlighted the technical 
limitations of fast MSRs and cast further doubt on their ability 
to operate more sustainably than LWRs in practice. First, a 
fast MSR requires a large amount of fissile material—at least 
five metric tons of U-233 or more than 12 metric tons of TRU 
at startup. (Brovchenko et al. 2019). Therefore, in order to 
establish and support an expanding fleet of fast MSRs, the 
reactors must breed and separate large quan-tities of fissile 
fuels to sustain their own operations and produce fuel for 
new reactors. And even though the required rate of on-line 
reprocessing would be lower than for thermal MSRs, it is still 
significant: around 0.2 percent of the fuel would have to be 
reprocessed daily, with tons of weapon-usable materials  
separated and recycled each year. 
 Second, the necessary reprocessing technologies have 
not been demonstrated or even fully defined in some cases. 
For instance, chloride salt–based fast MSRs may require a 
pyroprocessing technology similar to that being used for the 
EBR-II spent fuel. But as discussed in chapter 5, that process 
has had major problems and would need significant perfor-
mance improvements to be useful for an MSR. And small-
scale experiments on processing the molten fluoride salts  
that would be used in the European MSFR have found  
only a “low” extraction efficiency for uranium (Rodrigues, 
Durán-Klie, and Delpech 2015).
 Third, for chloride-based fast MSRs such as the Terra-
Power design, isotopically pure chlorine-37 most likely would 
be needed for advantageous nuclear characteristics (Napier 
2020). This would require enrichment of natural chlorine,  
75 percent of which is the undesirable isotope chlorine-35. 
Chlorine-37 is not currently commercially available in bulk 
quantities (Napier 2020), but is only sold in milligram-sized 
quantities of sodium chloride. It is unclear how long it would 
take and how much it would cost to establish a bulk supply. 
One study stated that chemical methods for chlorine enrich-
ment would be “unattractive for cost reasons,” and speculated 
that laser enrichment (which is not currently available) could 
produce this material at a reasonable cost, but does not provide 
an estimate (Hombourger et al. 2015). In an admittedly  
unscientific survey, this author obtained a quote in February 
2018 from a US chlorine-37 supplier of $46 per milligram  
at 98 percent enrichment. Given that billions of times this 
quantity would be required for a fast MSR, one can see  
why the current price is “unattractive.”


continued from p. 98
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 A 2019 analysis of the MSFR provides some insight  
on its potential for improved sustainability, although it uses 
some artificial simplifying assumptions (Brovchenko et al. 
2019). The 1500 MWe reactor can be started up with a core 
consisting of 30.6 metric tons of natural thorium and 12.8 
metric tons of TRU obtained from reprocessed LWR spent 
fuel. After 60 years of operation, the core inventory of  
TRU decreases to around 800 kg. 


URANIUM UTILIZATION EFFICIENCY


To produce enough TRU to fuel the core of the 1500 MWe 
MSFR, 58 1000 MWe LWRs would have to operate for one 
year, requiring about 10,440 metric tons of natural uranium. 
(The initial amount of natural thorium required for the MSFR 
is relatively small and can be omitted from these calculations.) 
After 60 years of MSFR operation, the combined LWR-MSFR 
system would generate a total of 148 GWe-years (58 GWe-years 
of LWR operation plus 90 GWe-years of MSR operation).  
Assuming the MSFR could operate for 60 years without  
the need for additional fissile fuel, the system would require 
an average of about 70 metric tons of natural uranium per 
GWe-year—a factor of 2.5 less than an LWR. This is not a sig-
nificant improvement and is not much better than what the 
Transatomic Power moderated MSR could have achieved. 
 Chapter 8 discusses the potential for fast MSRs to oper-
ate in a self-sustaining breed-and-burn mode, which could 
increase their uranium utilization efficiency without the need 
for online reprocessing (other than removal of gaseous and 
insoluble fission products).


LONG-LIVED WASTE GENERATION


After 60 years of operation of the MSFR, the amount of  
remaining TRU—about 800 kg—can be compared to the 
amount that an LWR of the same capacity would have gen-
erated had it operated instead. A 1.5 GWe LWR of LWRs  
operating for 60 years would generate about 19.8 metric tons  
of TRU. When this is added to the quantity of TRU that would 
have been used for the first core of the MSFR, the result is 
32.6 metric tons. Thus, the TRU reduction factor would be 
32.6/0.8, or about 40—which would meet the DOE’s factor-
of-10 criterion, but not the more stringent factor-of-100 
standard.
 In practice, the reduction factor would be smaller.  
The 2019 MSFR analysis does not consider the process losses 
resulting from on-line fuel reprocessing (Brovchenko et al. 
2019). If a 1 percent process loss per cycle is assumed (an  
optimistic assumption), then more than 1 metric ton of  
unrecovered TRU would end up in the waste stream over  
60 years of operation. Taking this loss into account would 
lower the TRU reduction factor to only 11. 


ADDITIONAL MSR WASTE ISSUES


Another downside of MSRs relative to LWRs is that molten 
salt radioactive waste has physical and chemical characteris-
tics that make it far more difficult to manage and dispose of 
than the solid spent fuel generated by LWRs. This has been 
shown by real-world experience—the failure to effectively 
dispose of the waste from the MSRE at Oak Ridge National 
Laboratory, which shut down nearly 50 years ago. The legacy 
waste from this experiment has proven to be one of the most 
persistent and technically challenging cleanup problems in 
the DOE complex. 
 After the reactor was shut down in 1969, nearly five  
metric tons of spent fuel salt, along with a similar quantity  
of slightly contaminated flush salt, was dumped into storage 
tanks and allowed to cool and solidify. There were no plans 
for management of this material beyond long-term interim 
storage. Despite attempts to control the generation of gases 
due to radiolysis (radioactive decomposition of the salt), high 
concentrations of highly hazardous uranium hexafluoride 
and fluorine gas were detected more than 25 years later. The 
spent fuel salt presented severe chemical and radiological 
hazards, and it also had the potential to cause an accidental 
criticality, largely due to the presence of U-233. 
 The DOE decided in 1998 to remove all of the waste  
from the drain tanks. However, that proved to be too difficult, 
partly because some of the fuel had solidified and clogged the 
piping. Ultimately, the DOE was able to remove most of the 
U-233 through a chemical separation process, but this left  
the residual radioactive salts behind. Further work to remove 
them was suspended. The radiation doses in the waste tanks 
are still around 1,000 rem/hour, far too high to allow human 
access. The salt also continues to generate fluorine gas, which 
must be pumped out of the tanks and treated every six months 
in a system that has been experiencing failures recently after  
20 years of service and must be replaced. Given the potential 
hazards of further cleanup operations, the DOE is now seri-
ously considering entombing the remains of the reactor and 
waste tanks in concrete, creating a permanent repository  
in situ (Huotari 2017; McMillan 2019). 
 The viability of any new nuclear reactor concept de-
pends critically on whether it can be safely decommissioned 
and its nuclear waste effectively managed. In light of that, 
Oak Ridge National Laboratory’s failed experience with try-
ing to clean up the mess left behind by the MSRE contradicts 
the often-heard notion that this demonstration project was 
successful. 
 Commercial MSR operators would have to manage and 
dispose of hundreds of tons of waste salt, far more than the 
five metric tons generated by the relatively small MSRE. In 
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addition to spent fuel salt, operators would have to manage  
at least six other distinct waste streams, including captured 
noble gases and their decay products (Riley et al. 2019). MSR 
proposals cannot be regarded as credible unless they include 
feasible plans for managing and disposing of these wastes. 


Proliferation/Terrorism Risk


As discussed above, to maximize fuel burnup and sustain-
ability, liquid-fueled MSRs must have chemical processing 
systems to remove fission products from the fuel on a fre-
quent basis. In other words, such MSRs must have their own 
reprocessing plants and are thus not simply nuclear reactors, 
but are reactors with on-site fuel cycle facilities. Reactors 
with co-located reprocessing facilities would pose prolifera-
tion risks. A recent preliminary proliferation study of the  
European MSFR concluded that while it would be “impos-
sible” to divert nuclear materials directly from the reactor,  
“it would be possible to do so by misusing the salt cleaning 
[i.e., reprocessing] facility” (Allibert et al. 2020). 
 Thermal-spectrum MSRs such as the Molten Salt Breeder 
Reactor or the Transatomic Power reactor would require mul-
tiple reprocessing cycles per year. In contrast, fast-spectrum 
MSR fuel may not have to be reprocessed as frequently because 
it could potentially tolerate higher fission product levels. How-
ever, this benefit would be offset to some extent by the larger 
quantities of fissionable materials that fast MSRs require. 
 Some MSR concepts, such as ThorCon, would not have 
on-site reprocessing, but the company assumes that spent 
fuel salt would be sent off-site for reprocessing to recover  
unused fuel. In addition, LWR reprocessing facilities would 
be needed if MSRs such as the European MSFR are to burn 
TRU from LWR spent fuel.
 The potential of some MSRs to achieve a high conver-
sion ratio raises the possibility that some designs may be able 
to operate as breed-and-burn reactors, as discussed in chap-
ter 8. However, because MSRs present challenges for material 
accountancy, these reactors would have greater proliferation 
risks than solid-fueled breed-and-burn reactors operating on 
a once-through cycle. 
 While the specifics of the required chemical fuel treat-
ment processes at MSRs vary from one design to another, 
they would all present significant challenges for nonprolif-
eration and nuclear security.


MATERIAL ACCOUNTANCY AND SAFEGUARDS


MSRs are on-line fueled reactors like the pebble-bed  
HTGRs discussed in chapter 6, but they are even more  
difficult to safeguard. MSR fuel is not contained in discrete 
and countable items such as HTGR pebbles or LWR fuel  


assemblies. With regard to material accountancy, an MSR is 
more like a bulk-handling fuel cycle facility than a conven-
tional nuclear reactor. As discussed in chapter 4, bulk-handling 
facilities are especially challenging to safeguard. But in con-
trast to bulk-handling facilities where material is fed into the 
process in batches, the fuel in MSRs continuously circulates 
through the reactor and—for some designs—also through a 
co-located reprocessing facility. This makes timely detection 
of diversions of fissile material even more difficult because 
material inputs and outputs are harder to define and measure.
 Keeping track of the fissile material inventory in an  
MSR would also be a challenge because the material would be 
distributed throughout the system “in more locations in more 
forms,” requiring a “substantial increase in instrumentation 
complexity” (Qualls and Holcomb 2019). Fissile materials 
could be transported with the off-gas and deposited onto  
various reactor surfaces (Qualls and Holcomb 2019). And  
as discussed in chapter 4, the pyroprocessing technologies 
needed for fuel treatment are not very efficient, resulting in 
the discarding of significant quantities of fissile materials  
in hard-to-measure waste streams. 
 These difficulties are compounded by the fact that the 
material flow rate through the on-line reprocessing system at 
a single MSR would be considerably larger than at a central-
ized reprocessing plant designed to handle the spent fuel 
from many reactors. This is problematic for material accoun-
tancy because the measurement uncertainty is proportional 
to the facility throughput. 
 The Transatomic MSR design is a good illustration of 
those challenges. (Transatomic Power was considerably more 
transparent about the details of its design than many other 
reactor startups, and it has now made all its intellectual  
property available to other researchers.) The 520 MWe reac-
tor, fueled by LEU, would operate for 29 years without inter-
ruption. After startup, the plutonium content of the molten 
salt in the core rises steadily to a peak of about 4 metric tons 
after 20 years of operation, after which it slowly decreases  
to about 3 metric tons at shutdown (Robertson et al. 2017). 
During the first part of its 29-year operating cycle, an  
intermediate-energy neutron spectrum promotes conversion 
of U-238 to plutonium. In the second part of the cycle, a ther-
mal neutron spectrum promotes fission of the plutonium that  
has built up in the core. 
 To achieve a 29-year lifetime, the MSR core would have 
to be processed to remove neutron-absorbing lanthanide  
fission products approximately every 50 days—which means 
that the entire core would flow through the reprocessing 
plant more than seven times a year. The corresponding flow 
rate of plutonium through the plant would be as high as 80 kg 
per day, or more than 29 metric tons per year (Robertson et al. 
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2017). To put this in context, the reprocessing facility for a 
single 520 MWe Transatomic Power MSR would need to pro-
cess more than three times as much plutonium per year as a 
large industrial plant such as La Hague in France—which is 
capable of handling the spent fuel discharge of 40 1,000 MWe 
LWRs annually. This is a challenge because the greater the 
amount of plutonium flowing through the plant per year, the 
more difficult it is to accurately account for it. 
 Fast-spectrum MSRs would require lower reprocessing 
rates than thermal reactors, as discussed above. However, 
they would still have very high fissile material flow rates  
because their cores are large. For example, the initial TRU core 
of the 1500 MWe MSFR would contain about 11 metric tons of 
plutonium, which would cycle through the reprocessing plant 
every 450 days, corresponding to an initial plutonium through-
put of about nine metric tons per year (Brovchenko et al. 2019). 
 In 2014, the IAEA pointed out that more stringent nuclear 
material accountancy methods will be needed for liquid-fueled 
reactors, and the instrumentation by and large remains to be 
developed (IAEA 2014). However, such development work 
has been slow, and the statement remains true today. A 2018 
review by the national laboratories concluded that “the IAEA 
and its international safeguards system do not have the poli-
cies, concepts, approaches, or technologies needed for apply-
ing safeguards to MSR designs” (Kovacic et al. 2018). 


SAFEGUARDING PYROPROCESSING AT MSRS


The online reprocessing plants at MSRs could not use aque-
ous technologies such as PUREX but would use pyroprocess-
ing technologies, which are more challenging to safeguard 
(see chapter 4). The challenges of safeguarding pyroprocess-
ing plants would be even greater at MSRs. These would  
require co-located plants employing different types of pyro-
chemical separation processes, depending on system require-
ments. Because these plants would operate on a continuous 
basis, it would be even harder than at a batch-loaded pyropro-
cessing plant to keep track of the material flowing through 
them and separating into various product and waste streams.
 There is little public information about the details of the 
fuel processing systems that MSRs would require, including 
factors relevant to material accountancy, such as the antici-
pated uncertainties in calculating the quantities of radionu-
clides in the core, the efficiency of separating fuel and waste 
streams, and the amount of fuel expected to be contained in 
the process’s residual holdup. In fact, because the separation 
processes have not been demonstrated on a commercial scale 
or in some cases even tested, it is not known whether they 
would be possible, much less feasible on a commercial scale. 
 In 2014, a review article pointed out that fundamental 
data for the extraction processes are lacking, especially for 


the separation of actinides from lanthanide fission products 
(Serp et al. 2014). Subsequently, experimental work on sepa-
rating uranium and neodymium (a surrogate for TRU) from 
molten fluoride salt found only “low” extraction efficiencies, 
calling into question the proposed processing approach  
(Rodrigues, Durán-Klie, and Delpech 2015).
 In any event, it is highly unlikely that an effective safe-
guards approach based on material accountancy could be  
developed for the pyroprocessing systems at MSRs. Even 
with a process loss rate of 0.1 percent per year, which would 
be remarkably low, more than one SQ of plutonium would be 
discharged into waste streams every year. Accurate account-
ing for this material would be difficult and costly. 
 As is the case for pyroprocessing plants more generally, 
the safeguards approach for MSRs would likely be even less 
reliant on material accountancy than conventional fuel cycle 
facility safeguards, and would instead depend more on com-
plementary measures such as containment and surveillance 
and process monitoring. But, as discussed in chapter 4, such 
measures cannot entirely compensate for a lack of accurate 
material accountancy, and if the IAEA ultimately accepts 
them as substitutes, the risk of diversions could increase. 
Moreover, the lack of timely material accountancy also pres-
ents security concerns, as it could prevent plant operators 
from quickly determining whether a terrorist claim of theft 
were true. The safeguards and security risks of the very high 
fissile material production and processing rates of MSRs may 
well prove unmanageable and ultimately disqualify these  
reactors from widespread deployment.


RADIOACTIVE XENON RELEASES AND COMPREHENSIVE 
TEST BAN TREATY VERIFICATION


MSRs could also create problems for the nonproliferation 
regime by emitting noble gas fission products that could  
be mistaken for the radiological signatures of underground 
nuclear weapon tests (Lyman 2019). These emissions could 
interfere with the International Monitoring System set up  
to help verify the Comprehensive Test Ban Treaty (after it 
enters into force) by detecting clandestine nuclear weapon 
tests. The radioactive xenon emissions from medical radioiso-
tope production plants are already causing background noise 
today that is reducing the effectiveness of the system. As a 
result, in 2015 the United Nations asked producers of com-
mercial medical isotopes to reduce, and, if possible, eliminate 
their releases of radioactive xenon. Scientists have identified 
a target level of xenon emissions that nuclear facilities should 
keep below in order to avoid unacceptable interference with 
the International Monitoring System. However, meeting  
this goal has proven to be difficult (Jubin, Paviet, and Bresee 
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2016). Expensive and cumbersome off-gas capture and  
delay systems would be required. 
 A single 440 MWth Terrestrial Energy IMSR would  
generate a thousand times more xenon-133 per day than a  
radioisotope production facility, and 10 million times as much 
as the target level (Lyman 2019). Unless MSR designs incor-
porate the required off-gas systems to achieve emissions  
reductions to this level—which will likely be costly and dif-
ficult—deployment of only a handful of these reactors over 
the world could significantly interfere with Comprehensive 
Test Ban Treaty verification (Lyman 2019). 


Readiness for Commercial Demonstration 
and Deployment 


There is a wide range of opinion on how soon any MSR  
design could be commercialized and brought to market. On 
the low end, the Canadian company Terrestrial Energy pre-
dicts that it could bring its IMSR to commercial markets in 
the 2020s (Terrestrial Energy n.d.). Terrestrial Energy bases 
its optimistic outlook on what it calls its reliance on “proven 
and demonstrated” MSR technology (Terrestrial Energy  
n.d.). In early 2017, it announced that it planned to submit  
an application for design certification or a combined license 
to the Nuclear Regulatory Commission in 2019, although it 
ultimately failed to meet that timetable. The company is con-
tinuing to engage in pre-application interactions with the 
agency, partially supported by around $500,000 in DOE 
funding. 
 Other MSR startups, such as ThorCon and Elysium, also 
claim they will have a commercial product available by the 
mid-2020s. Kairos Power, which is developing a solid-fuel 
MSR referred to as a fluoride high-temperature reactor, 
received funding from the DOE in 2020 to build a reduced-
scale test reactor, and is aiming for a commercial demon- 
stration by 2030.
 A different view was expressed by the DOE’s 2017  
advanced demonstration and test reactor study, as discussed 
in chapter 1. The study judged that even the fluoride high-
temperature reactor, which would use a solid TRISO fuel, is  
a low-maturity technology that requires “significant research, 
development, and demonstration” before it could be commer-
cialized (Petti et al. 2017). The DOE assessed that this reactor 
would first require an engineering demonstration that would 
take 10 to 15 years to begin and cost $2 billion to $4 billion.   
 The DOE concluded that the overall technological  
readiness of liquid-fueled MSRs was comparable to that of 
the solid-fueled fluoride high-temperature reactor, despite 
the fact that liquid fuels are less mature than TRISO fuel. 
However, the report pointed out that liquid-fueled reactors 


would be harder to license and to safeguard against diversion 
of nuclear materials. The report assessed that these reactors 
would not be commercially available before 2045 to 2050—
two decades after Terrestrial Energy’s aggressive deployment 
date—and did not provide cost estimates for the additional 
development and demonstration work needed to reach that 
point (Petti et al. 2017). The main difference between the  
development timelines of the DOE and the MSR startup com-
panies is that the DOE believes that additional performance 
demonstrations are required before commercial demonstra-
tion projects can move forward. 
 The French safety agency Institut de Radioprotection  
et de Sûreté Nucléaire (IRSN) has been even more pessimistic 
than the DOE, stating that “it seems hard to imagine any 
[molten salt] reactor being built before the end of the [21st] 
century” (IRSN 2015).
 Whether one believes the projections of the vendors or 
those of the DOE and IRSN, commercialization of any MSR 
will most likely require a substantial investment of time  
and resources—moving the goal out of reach of most private 
ventures without a significant infusion of government sup-
port. As with the other NLWR designs, one must ask what 
advantages such reactors would bring, and whether these 
benefits would justify the development costs. 


PRIOR DEMONSTRATIONS AND THEIR RELEVANCE 


Whose time scale is more realistic—MSR vendors who claim 
their designs could be commercialized within a decade, or  
the DOE, who maintains that it would take several decades? 
As for other advanced reactor concepts, the timeline largely 
depends on whether a design has been successfully demon-
strated at both engineering and commercial scales—demon-
strations that incorporate the major operational and safety 
features of the proposed commercial plant to the extent 
possible. 
 Several startups believe the experience gained from the 
MSRE in the 1960s was sufficient to allow them to leapfrog 
over additional engineering or performance demonstration 
steps and proceed to commercial demonstration. However, 
the MSRE design of the 1960s is significantly different from 
the MSR designs being considered today. Moreover, the data 
sets collected during the MSRE have major gaps and are of 
limited use and relevance for the development and licensing 
of commercial MSRs.


APPLICABILITY OF THE MSRE TO THE TERRESTRIAL  
ENERGY IMSR 


The example of the Terrestrial Energy IMSR400, which is 
currently in pre-application review by the Nuclear Regulatory 
Commission, is instructive. The company says that the IMSR 
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design was “based heavily” on the MSRE, but it has not  
clearly shown how the MSRE experience was sufficient or 
even applicable. In response to a recent pre-licensing sub-
mittal document to the Nuclear Regulatory Commission, the 
agency pointed out that although Terrestrial Energy noted 
that its design builds off the MSRE work done at Oak Ridge 
National Laboratory, the submittal apparently did not indi-
cate exactly where the lab’s work was considered; it also  
did not identify any differences between the IMSR and  
the MSRE (NRC 2020b). 
 The MSRE was not similar enough to the IMSR to serve 
as a demonstration that the IMSR could run safely and reliably. 
The MSRE design, capacity, fuel salt composition, and opera-
tional parameters, as well as its system for managing the  
radioactive off-gases and other wastes, were substantially  
different from those of the IMSR.


Fuel Characteristics and Off-Gas Generation
Each IMSR module would have a power rating of 440 MWth, 
about 60 times greater than the MSRE. The fuel would con-
tain LEU with a U-235 content below 5 percent, instead of the 
HEU and U-233 used in the MSRE. As a result, the fuel salt 
would have to have a much higher concentration of total ura-
nium to achieve criticality than the MSRE fuel had, which 
would affect numerous reactor and fuel properties. Also, while 
Terrestrial Energy is vague in public about the fuel salt chem-
ical composition the IMSR would use, it has said that the fuel 
does not include either lithium or beryllium salts—two of the 
MSRE fuel constituents (LeBlanc 2021). While Terrestrial 
Energy is wise to avoid the use of beryllium—an extremely 
toxic metal—it cannot rely on the MSRE’s experience to  
support use of a different type of fuel.
 In any event, the MSRE did not shed much light on how 
to qualify MSR fuels more generally. As Oak Ridge scientists 
recently pointed out,


MSRE experience provides limited guidance as to what 
fuel salt properties would be necessary to measure at  
future MSRs. MSRE did not operate its fuel salt to high 
burnup and did not need to measure changes in thermo-
chemical properties (Holcomb, Poore, and Flanagan 
2020). 


The maximum burnup attained by the U-235-containing fuel 
salt in the MSRE was about 13,250 MWd/MTHM. The IMSR 
fuel burnup, although relatively low, would be somewhat 
higher than that (Choe et al. 2018). 
 The MSRE also did not provide sufficient data to vali-
date models of the behavior of isotopes such as xenon-135 
that have a critical impact on reactor operation. According to 
a recent survey, “no models of MSR xenon behavior that can  


be reasonably said to be validated exist” (Price, Chvala, and 
Taylor 2019). And unlike the MSRE and most MSR designs, 
the current IMSR concept would not have a means of system-
atically removing the radioactive xenon that is generated in 
the fuel, but would allow the xenon gas to accumulate until  
it is naturally released.30 Accurately modeling the impacts  
of xenon behavior under such an approach will need   
considerable experimental validation. 


Safety Systems
Terrestrial Energy claims that its reactor would not need  
any active systems to maintain safety (IAEA 2016). However, 
the IMSR would not use the conventional MSR approach of 
employing a freeze plug that would melt in the event of a loss 
of cooling accident, enabling the fuel to drain from the reac-
tor into special dump tanks. Instead, it would rely on passive 
natural convection cooling of the core (LeBlanc 2016)—a sig-
nificant difference from the MSRE, which used a freeze plug. 
As is also the case for sodium-cooled fast reactors and high-
temperature gas–cooled reactors, as discussed in previous 
chapters, such passive cooling systems have not been  
demonstrated for commercially sized units.
 And as discussed above, the DOE has stated that “the 
need for active safety systems cannot be ruled out”(Petti et al. 
2017). Thus regulators may decide that the current IMSR  
design would have to be significantly modified by adding  
active safety systems before it could be licensed.
 Given the absence of an MSR performance demonstra-
tion that is sufficiently representative of the IMSR, regulators 
should require a prototype for performance demonstration 
before the IMSR could be licensed and commercially deployed—
as the Nuclear Regulatory Commission expected in the 1990s 
for sodium-cooled fast reactors and high-temperature gas–
cooled reactors. 


Reactor Materials
The MSRE also experienced many problems with reactor  
materials, including corrosion of metallic reactor structures 
caused by high-temperature molten salts, and irradiation-
induced swelling of the MSRE’s graphite that would neces-
sitate its periodic replacement. For example, MSRE data 
suggested that graphite would need to be replaced every 
three to five years (Busby et al. 2019). However, the data are 
not very useful because MSRE’s graphite was a different 
grade than contemporary graphite. Moreover, there are flaws 
with much of the material property data that were collected, 
such as poor-quality photographic images (McFarlane et al. 
2019). Data for corrosion and neutron irradiation of structural 
materials were sparse (McFarlane et al. 2019). The incom-
plete data are of limited value for critical activities such as 
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developing materials that can perform adequately in MSR 
environments. 
 Terrestrial Energy’s approach to the materials issues  
observed at the MSRE, which is similar to ThorCon’s, would 
require significant technical review. Instead of pursuing de-
velopment of structural materials that would be more robust 
under the punishing conditions in MSRs, the IMSR designers 
would limit the service lifetime of its modular reactor units to 
seven years—although, given the MSRE experience, it is not 
even clear that the graphite could be safely used for that long. 
To accomplish this, Terrestrial Energy has proposed the use 
of “Core-units” that would consist of the fuel, pumps, heat 
exchangers, and graphite moderator, all sealed within a reac-
tor vessel (Terrestrial Energy 2020). These Core-units would 
be swapped out for new ones after reaching their seven-year  
design lifetime. To achieve a reactor lifetime of 56 years, com-
parable to today’s LWRs, each Core-unit in an IMSR would 
have to be replaced eight times. And since it would take about 
six IMSR modules to replace the capacity of a single large 
LWR, 48 Core-unit replacements would be needed to gen-
erate the equivalent amount of electricity over a normal  
plant lifetime, whereas the LWR would require none.
 Terrestrial Energy’s plan is for each Core-unit to be 
shipped to the reactor site sealed; they would not need to  
be opened by the reactor operator for any reason. Fresh fuel 
would be pumped continuously into the core and spent fuel 
would be stored within each vessel. It is unclear how the gas-
eous and noble metal fission products that would be removed 
from the fuel, including the cesium-137 waste discussed ear-
lier, would be managed and disposed of, as Terrestrial Energy 
does not plan to use the MSRE off-gas recovery and treat-
ment system. (In any event, that system would not provide an 
adequate basis for MSRs today because it experienced signifi-
cant difficulties (McFarlane et al. 2019). The off-gas system 
was also cumbersome and is not likely to be feasible for com-
mercial MSRs if they are to achieve significant reductions  
in noble gas emissions (Lyman 2019).)
 After seven years, the vessels containing the Core-units 
would be replaced, and the old ones would remain in on-site 
storage for years until they could be moved to an undeter-
mined final disposal site. The reactor vessels would not be 
small and would be difficult to handle: each is 7 meters tall, 
with a diameter of 3.6 meters, and a weight of 170 metric tons. 
Although the company portrays this as a simple approach, 
management of these vessels could become a safety and logis-
tical nightmare for a utility. Moreover, given the uncertainties 
in materials performance, it seems premature to design a 


sealed reactor vessel that workers could not access for  
inspection and maintenance.
 In addition to fundamental questions of reactor design, 
there are many other issues that would need to be resolved 
before the IMSR could be commercially deployed. For  
example, Terrestrial Energy does not say where and how  
the fuel—the composition of which is a commercial secret—
would be manufactured. The resources needed to finance, 
locate, design, license, and build a plant to manufacture this 
unique fuel are likely to be very large. Finally, as is the case 
with all the MSR startups, Terrestrial Energy does not appear 
to have a well-formulated plan for management and disposal 
of the IMSR’s spent fuel. This critical aspect of MSR opera-
tion is routinely given short shrift.


APPLICABILITY OF THE MSRE TO OTHER MSR DESIGNS


Other MSRs under development, such as the TerraPower  
fast MSR, have designs that are even more different from the 
MSRE than the IMSR. Notably, these would use a chloride-
based molten salt instead of the fluoride-based salt used in 
the MSRE. Since chloride salts have “little or no irradiation 
performance data and are generally more corrosive,” (McDuffie 
2017), such a reactor will require significant research and  
development compared to fluoride-based MSRs.


IMPACT OF SAFEGUARDS ON MSR DEPLOYMENT 


Even if MSRs were technically mature, the lack of an inter-
national safeguards approach could prove to be a stumbling 
block to near-term deployment. For instance, Terrestrial  
Energy is seeking to site its first commercial unit in Canada,  
a non-nuclear weapon state. But even though the baseline 
IMSR design would not have on-site reprocessing, monitor-
ing the continuous uranium input and accounting for spent 
fuel in sealed vessels that cannot be inspected or assayed 
would also prove difficult for safeguards. The project cannot 
proceed far until the IAEA develops the necessary techniques 
and protocols for applying material accountancy and other 
verification measures at MSRs.
 This study finds that, given the unresolved safety and 
security issues, aggressive timelines to commercially deploy 
MSRs within a decade are infeasible and would compromise 
safety. The DOE’s more conservative view—that MSRs would 
not be ready until at least the 2040s—is much more realistic 
and would allow more thorough resolution of the many safety, 
security, and environmental issues raised by reactors with 
liquid fuels. 
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Breed-and-Burn Reactors


[ chapter 8 ]


sustainability benefits of fuel cycles with reprocessing  
and recycling are far outweighed by their proliferation and 
nuclear terrorism risks.
 Nevertheless, some maintain that the LWR operating on 
a once-through cycle is a wasteful dead-end for nuclear power. 
To be sure, though some economists may disagree, there is 
some merit to the principle that natural resources should be 
used more efficiently, even those that are cheap and plentiful 
today. And, as discussed in chapter 3, developing more uranium-
efficient reactors is one approach to reduce the environ- 
mental impacts of uranium mining. 
 So it is worth considering whether technological advances 
can improve the sustainability of nuclear power without the 
need to reprocess and recycle spent fuel. This line of thinking 
has led to a renewed push for development of once-through 
“breed-and-burn” reactors. Successful  development of such 
reactors could be advantageous for security because they 
could undercut the most compelling motivations for the 
closed fuel cycle. However, although some progress has been 
made, many technical and economic challenges remain for 
the development of safe and effective breed-and-burn 
reactors.


CAN NUCLEAR POWER BE MADE MORE URANIUM-
EFFICIENT WITHOUT REPROCESSING AND RECYCLING?


More than 99 percent of natural uranium is the isotope ura-
nium-238 (U-238), which is much less likely to undergo fission 
than U-235 or plutonium-239 when struck by a neutron. To 
use natural uranium more efficiently than today’s LWRs in a 
once-through cycle, a reactor system would need to be able to 
convert a larger fraction of the U-238 component of natural 


The Rationale for Breed-and-Burn Reactors


SUSTAINABILITY AND REPROCESSING


As discussed in chapter 3, one of the main arguments for  
establishing a closed fuel cycle—reprocessing spent fuel and 
recycling recovered materials usable as new nuclear fuel in 
reactors—is that the once-through cycle is “unsustainable.” 
Advocates of reprocessing say that because light-water  
reactors (LWRs) convert only about 0.5 percent of natural 
uranium to energy, they do not use uranium efficiently and 
will rapidly deplete the world’s uranium resources. They  
also assert that LWRs generate large quantities of nuclear 
wastes that pose long-term radiological and security risks.
 Many non-light-water reactor (NLWR) vendors claim 
that by incorporating reprocessing into their fuel cycles their 
designs can burn existing nuclear wastes and/or use uranium 
more efficiently. The waste argument in particular has recent-
ly gotten more traction as most countries with nuclear power, 
including the United States, have failed to make progress in 
building geologic repositories for disposal of spent nuclear 
fuel. However, as shown in chapter 3, the potential for repro-
cessing and recycle systems to increase sustainability over 
reasonable timescales is greatly exaggerated. In practice, it  
is highly unlikely that closed fuel cycles could significantly 
reduce the need for uranium or effectively solve the nuclear 
waste problem. In any event, the world is not in danger of 
running out of uranium any time soon, as discussed in chapter 
1, and uranium remains so cheap that there is little economic 
incentive to reduce its use. Most importantly, as discussed  
in chapter 4, reprocessing and recycling raise serious pro-
liferation and nuclear terrorism concerns. The marginal  
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uranium to plutonium-239 and then fission the plutonium to 
produce energy, before a given load of fuel reaches the  
end of its useful life.
 There are two primary constraints on the amount of 
U-238 that LWRs can convert to plutonium-239 and fission  
to release energy on a once-through basis. The first is the  
burnup of current generation nuclear fuels, which is related 
to the length of time that they can be used in a reactor, and  
is limited by both physical and neutronic changes that occur 
during irradiation. The second is the inability of LWRs to use 
depleted uranium waste from enrichment directly as fuel.  
To greatly increase natural uranium utilization in the once-
through cycle, both these constraints must be addressed. 


INCREASE URANIUM UTILIZATION BY INCREASING  
PHYSICAL LIMITS ON FUEL BURNUP 


As uranium-based fuels are irradiated, some of the U-238 is 
converted to plutonium-239, and some of that plutonium is 
fissioned to produce energy. However, not enough plutonium 
is produced to make up for the decrease in U-235 due to fis-
sion and the accumulation of fission products that capture 
neutrons but do not fission. Also, certain isotopes of pluto-
nium and other transuranic (TRU) elements are more likely 
to capture a neutron rather than undergo fission, depending 
on the neutron energy. As a result, over time the fuel no lon-
ger has enough fissile material to maintain a chain reaction. 
Fuel burnups are also limited because irradiation changes the 
physical structure and material properties of the fuel pellets 
and cladding. The metal cladding also corrodes from contact 
with cooling water and fission products. Eventually, the fuel 
deteriorates to the extent that it can no longer be used safely 
and must be discharged as waste. 
 If LWR spent fuel is reprocessed, then the residual plu-
tonium that has not been fissioned (about 1 weight-percent) 
could be separated and used to manufacture new fuel for 
LWRs or NLWRs. However, more than 90 percent of the 
spent fuel is U-238, which is not useful as a fuel unless it is 
converted to plutonium. For this reason, simply reprocessing 
spent fuel and recycling plutonium does little to increase  
uranium efficiency.
 Current-generation LWR fuel stays in the reactor for  
five to six years at most, and average fuel burnups are around 
50,000 megawatts-days per metric ton (MWd/MT). At that 
burnup, about five percent of the initial uranium in the fuel 
either undergoes fission directly (the U-235 and a small  
fraction of U-238) or is converted to plutonium and fissioned 
(the U-238). To increase LWR fuel burnups, new materials, 
production processes, and fuel loading patterns would be 
needed for fuel to be safely used for longer periods of time.  
As discussed in chapters 5, 6, and 7, some types of NLWR  


fuels, in principle, can reach much higher burnups than  
current-generation LWR fuels.


INCREASE URANIUM UTILIZATION BY INCREASING  
FUEL SHUFFLING


The core of an LWR is subdivided into a few (usually three) 
batches. During a refueling outage, which occurs every  
18 months to two years, one of the batches is removed from 
the core and replaced with fresh fuel. The other two batches 
are then rearranged, or “shuffled.” This is done both to im-
prove safety and to increase uranium utilization by more  
effectively using the neutron flux in the core for power 
production. 
 Uranium utilization could be increased further by  
subdividing the core into a greater number of batches and 
increasing the number of times and/or frequency that fuel  
is shuffled (Xu 2003). (This is the principle behind current-
generation CANDU reactors, which are designed to be  
refueled while operating. They are about 30 percent more 
uranium efficient than LWRs, but their natural uranium fuel 
cannot achieve high burnups.) Reactors with the capability  
to load and shuffle fuel frequently or even continuously have 
the potential for more efficient uranium use than reactors 
with conventional batch refueling. For instance, as discussed 
in chapter 6, the on-line–refueled pebble-bed high-temperature 
gas–cooled reactor (HTGR) is about 33 percent more uranium-
efficient than the prismatic-block HTGR, although it is not  
necessarily more uranium-efficient than the LWR (Bays  
and Piet 2010). 
 The ultimate on-line–fueled reactor is the MSR, which 
allows for continuous refueling, adjustment of fuel composi-
tion, and reprocessing to extract neutron-absorbing fission 
products. The main advantage of MSRs is that in theory they 
can reach very high burnups without running up against the 
physical limits of solid fuels and cladding materials. However, 
as discussed in chapter 7, the use of liquid fuel introduces  
a host of other problems, such as the continuous release  
of fission product gases from the molten fuel. And MSRs de-
signed to maximize uranium utilization must employ on-line 
reprocessing, and therefore are not once-through systems, 
although some concepts would not require chemical separa-
tions but only physical removal of gaseous and insoluble  
fission products.


INCREASE URANIUM UTILIZATION BY IRRADIATING  
DEPLETED URANIUM


The second constraint on uranium utilization is the inability 
to use the large fraction of mined uranium that does not end 
up as fuel but is discarded as enrichment process waste. Even 
if 100 percent of LWR reactor fuel could be fissioned and  
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converted to energy, that would amount to only about  
10 percent of the amount of natural uranium mined   
to produce the fuel. 
 The remaining depleted uranium, primarily U-238, is 
contained in the enrichment waste, i.e., the uranium “tails.”  
In order to increase the uranium utilization above 10 percent,  
a reactor system would need to be able to use the depleted 
uranium tails as fuel. The challenge is that depleted uranium 
has little reactivity of its own, so it cannot be used as a reactor 
fuel without being supplied with extra neutrons from another 
source (for instance, the driver fuel in fast breeder reactors, 
as discussed in chapters 2 and 3). And burnup of the depleted 
uranium fuel would also be constrained by the same factors 
that limit other fuels (e.g.,  irradiation damage and low 
reactivity).
 Because of this uranium tails problem, simply increasing 
fuel burnup does not necessarily increase the efficiency of 
uranium utilization. Increasing fuel burnup typically requires 
using a higher level of uranium enrichment to increase the 
amount of U-235 in the fuel. But this presents a catch-22  
situation since the additional enrichment needed would  
result in more depleted uranium waste. Therefore, for the 
once-through cycle to use uranium more efficiently, a reac- 
tor system would need to (1) extend fuel burnup without the 
need to increase the level of uranium enrichment, (2) use 
U-238 as fuel in steady-state operation without the need  
for additional input of U-235 or other fissile isotopes, or  
(3) both. Reactors that could increase the internal conver- 
sion of U-238 on a once-through basis, reducing the need  
for external supply of fissile isotopes, have been studied for 
decades. Some reactors would have mixed fast and thermal 
neutron spectra within the same core. There have even been 
attempts in the past to develop so-called spectral shift LWRs, 
in which the initial neutron spectrum would be slightly faster 
to optimize conversion of U-238 to plutonium-239 and then 
later would be slowed down and made more thermal to  
optimize plutonium fission. 
 Such higher-conversion reactors would still require  
regular refueling to load additional fissile material into the 
core and thus would only meet criterion (1) above. However, 
these reactors would only have modestly greater uranium  
utilization efficiency—perhaps 50 percent at most. Larger  
increases would require a reactor that could achieve both  
(1) and (2). In principle, such a “breed-and-burn” reactor 
would use uranium much more efficiently without repro-
cessing and recycling, would require less uranium enrich-
ment, and would reduce the amount of spent fuel generated. 
A reactor that could achieve these goals on a once-through 
basis would negate the main rationale for reprocessing and 
recycling spent fuel.


Breed-and-Burn Reactors
The defining property of a breed-and-burn reactor is the  
capability of achieving a once-through steady-state mode  
of operation that can utilize U-238 as fuel without requiring 
additional inputs of fissile material such as U-235. A number 
of breed-and-burn reactor designs have been proposed in past 
decades. Most recently, the concept saw a revival with Terra-
Power’s pursuit of a traveling wave reactor. Most of these de-
signs are liquid metal–cooled fast reactors, primarily because 
they can supply extra neutrons to breed enough plutonium  
to enable self-sustaining operation. However, fast MSRs, as 
well as fast gas-cooled reactors such as General Atomics’ 
EM2, have been studied for their potential to operate in 
breed-and-burn mode.


TECHNICAL CHALLENGES


Unfortunately, breed-and-burn reactors do not appear to be 
any simpler to develop than any other type of NLWR. In fact, 
these reactors are even more technically challenging, because 
the requirements for high burnup, once-through fueling, and 
the use of U-238 impose additional constraints on design  
and operation.
 Safety is a paramount concern. Breed-and-burn reactors 
challenge the safety limits of conventional reactors, almost  
by definition. Achieving breed-and-burn operation requires 
fuel burnups far exceeding the current experience base and 
the known limits of existing materials. In addition, as dis-
cussed in chapter 2, breed-and-burn reactors must have  
very low leakage of neutrons from the core, to maximize  
the number of neutrons available for converting U-238 to  
plutonium. They also must generate a large fraction of their 
power from fission of the plutonium that is produced. For  
sodium-cooled breed-and-burn fast reactors such as Terra-
Power, these requirements lead to large, positive void reactivity 
coefficients, making them even less stable than conventional 
fast reactors and necessitating the addition of novel safety 
systems which have not yet been developed (Qvist and 
Greenspan 2012).
 Positive void coefficients and their associated instabilities 
also proved to be a significant issue in LWR spectral shift  
reactors because of the higher plutonium inventories in the 
reactor. Designs that avoided this problem only increased 
uranium use efficiency by 20 percent—an insignificant  
increase—compared to ordinary LWRs (Martin et al. 1991).
 Some observations related to the sustainability, safety, 
and security issues of breed-and-burn reactors are presented  
below. Breed-and-burn reactors must be safe and reliable  
if they are to be viable nuclear power options for the future. 
The payoff could be large if the sustainability of the once-
through cycle can be significantly improved, undercutting  
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the primary rationale for reprocessing and recycling. How-
ever, there are many significant technical obstacles in their 
development path, and it is unclear whether these can be 
overcome. Developing reactors that can achieve the multiple 
goals of enhanced safety, sustainability, and good economics 
will be a major challenge.


Breed-and-Burn Reactor Designs


TRAVELING WAVE REACTOR


The breed-and-burn reactor design that has attracted the 
most attention is the traveling wave reactor, first proposed by 
H-bomb pioneer Edward Teller. This type of reactor resem-
bles a candle: a “wick” of fissile material, such as high-assay 
low-enriched uranium (HALEU), is used to initiate a chain 
reaction at one end of a column of U-238. A wave front  
would then travel slowly along the column. As the wave front 
advances through the core, successive layers of U-238 would 
first be converted to plutonium (“bred”) and then fissioned 
(“burned”). The hope was that, once begun this process 
would be stable and sustainable, enabling the reactor to  
operate for decades without the need for refueling. 
 A number of variants of this concept have been proposed 
in the last few decades. However, the only one that has been 
seriously pursued for commercialization is the TerraPower 
traveling wave. The TerraPower design is a sodium-cooled, 
metal-fueled fast reactor modeled after the Experimental 
Breeder Reactor II (EBR-II) (see chapter 5). 
 While the original concept for the TerraPower reactor 
was a candle-like traveling wave reactor, after the company 
began to advance the design beyond preliminary feasibility 
studies, it discovered that the traveling wave approach was 
not likely to work (Hejzlar et al. 2013). TerraPower then ad-
opted a more conventional “standing wave” design in which 
the breed-and-burn wave remains stationary but the fuel  
in the reactor vessel is periodically shuffled. (Despite this  
major change, TerraPower continued to refer to its design  
as a traveling wave reactor, noting that the wave still travels  
in the reference frame of the fuel as it is shuffled, although 
not with respect to a stationary observer.)
 The reactor core has a burn zone consisting of HALEU 
driver fuel assemblies (up to 19.75 percent U-235) and a breed 
zone in which depleted uranium feed assemblies are loaded. 
The driver and feed assemblies are shuffled every 18 months 
to reduce peaks in the power distribution, which enables 
them to be irradiated more efficiently. As plutonium is bred in 
the feed assemblies, they are moved to central core positions 
to replace spent driver fuel assemblies. In order to maintain  
a lifetime core without the need to refuel the reactor vessel, a 


zone within the vessel is provided for internal storage of  
fresh feed assemblies and spent fuel assemblies (Kim and  
Taiwo 2010).
 Other institutions working on breed-and-burn designs, 
such as the Korea Advanced Institute of Science and Technol-
ogy, are intent on pursuing approaches that do not require 
shuffling, due to concerns about the potential for mishaps 
resulting from fuel movements (Yonghee Kim, professor  
in the Department of Nuclear and Quantum Engineering,  
Korea Advanced Institute of Science and Technology, con-
versation with the author, May 6, 2016). However, Terra- 
Power’s experience suggests that these concepts may  
prove infeasible in practice.


TECHNICAL OBSTACLE: DEVELOPMENT OF  
HIGHER BURNUP FUELS


Another technical challenge for breed-and-burn reactors is 
the development of fuels that can reach very high burnups. 
Depleted uranium feed assemblies must remain in the reactor 
long enough to build up a sufficient concentration of pluto-
nium and then function as driver assemblies. To sustain 
breed-and-burn operation in a TerraPower-type fast reactor, 
researchers have calculated that a batch of fuel must attain  
an average burnup of around 20 percent (that is, fission of  
20 percent of the initial heavy metal nuclei). Moreover,  
because the power distribution is not uniform in these reac-
tors, peak fuel burnup must reach 30 percent in order for  
the average burnup of a batch of fuel to reach 20 percent 
(Greenspan 2016). 
 These burnups exceed the historical irradiation experi-
ence for this type of fuel. This is true both for the uranium-
zirconium alloy fuel and for the steel cladding material 
known as HT9, which has only been demonstrated experi-
mentally to maintain its integrity to about 10 percent burnup 
in fast test reactors such as the EBR-II. The damage to the clad-
ding from bombardment by fast neutrons in a breed-and-burn 
reactor would be more than twice as great as the peak dam-
age in EBR-II fuel (Hejzlar et al. 2013). Also, irradiating fuel 
to such high burnups results in high fission gas pressure that 
puts strain on the cladding and could cause it to fail. The 
standard solution to this problem is to provide large plenums 
(empty spaces) in the fuel rods into which fission gas can 
 expand, but this is apparently not sufficient to lower pres-
sure on the cladding enough to achieve the burnups needed 
for breed-and-burn.
 Accordingly, a major focus of TerraPower had been  
developing fuel and cladding materials that can sustain high 
enough burnups to make breed-and-burn operation possible. 
This entailed painstaking and time-consuming experimental 
work, such as irradiating more than 1000 cladding samples  
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in the BOR-60 fast reactor in Russia. But to address the fis-
sion gas problem, TerraPower also had to adopt vented fuel 
pins that continuously release fission products directly into 
the coolant. These fission products must be extracted from 
the coolant and either stored or released, creating additional 
problems for safety, environmental protection, and radio- 
active waste management.
 Another way to address the burnup limitation is to  
develop reactor cores that would allow fuel to be shuffled in 
three dimensions instead of only two (along the vertical axis 
as well as the two horizontal axes). This would allow for an 
even more finely tuned matching of fuel and local neutron 
flux. Researchers have developed modified breed-and-burn 
fast reactors that would  use fuel rods subdivided into seg-
ments (Hou, Qvist, and Greenspan 2015). These segmented 
rods could be shuffled vertically as well as horizontally.  
This approach would reduce the minimum required peak 
burnup by 30 percent and nearly double the uranium utiliza-
tion. However, the segmented fuel rods could not have gas 
plenums and, therefore, like the TerraPower fuel, would have 
to allow for venting of fission product gases into the coolant. 
Moreover, even this approach would require fuel capable  
of withstanding radiation damage nearly twice the current 
demonstrated level. There are no simple fixes for these  
complex problems. 
 These technical challenges may have proved too for-
midable for TerraPower. The company, which was founded  
in 2006, initially intended to build a 600 megawatt-electric 
(MWe) demonstration plant in China as early as 2022, and in 
2017 signed a joint venture with the China National Nuclear 
Corporation to complete the design and commercialize the 
technology. However, the project was cancelled after the 
Trump administration imposed additional restrictions on  
the export of nuclear technology to China in 2018, and Terra-
Power then said it hoped to build a demonstration traveling-
wave reactor in the United States. However, it was clear that  
a near-term demonstration reactor would not have been  
able to operate in breed-and-burn mode, in part because the 
company had not yet solved the fuel burnup problem. Idaho 
National Laboratory wrote at the time that “TerraPower is 
proceeding with the first prototype while acknowledging that 
achieving their ultimate design goals in terms of high burnup 
fuels with high fluence cladding will require additional test-
ing beyond the first prototype” (INL 2018). In other words, 
the demonstration reactor would have been a conventional, 
metal-fueled fast reactor requiring periodic refueling. 
 More recently, TerraPower’s goal of building a conven-
tional demonstration fast reactor became closer to realization 
when the DOE chose the Terrapower-GE Hitachi 345 MWe 
Natrium design for the Advanced Reactor Demonstration 


Program (ARDP). Around the same time, the company said 
that it was pausing development of the traveling wave reactor 
(Freebairn 2020). As discussed in chapter 5, the Natrium will 
be less uranium-efficient than an LWR. Demonstration of  
actual breed-and-burn operation will likely not occur unless 
fuels capable of attaining ultra-high burnups are fully  
developed and qualified—potentially decades away. 


PEBBLE-BED BREED-AND-BURN REACTORS


Another design with three-dimensional fuel shuffling that  
has been proposed is a metal fuel pebble-bed fast reactor, 
which could be cooled either by gas or by liquid metal. (The 
graphite used as a matrix material for pebbles in thermal  
gas–cooled reactors would have to be replaced with a less 
moderating material in a fast reactor.) According to a Univer-
sity of California, Berkeley, study, this approach could smooth 
out burnup variations throughout the core and would use 
uranium more efficiently than designs with only two-dimen-
sional shuffling (Greenspan 2016). Unfortunately, the metal-
fueled pebble bed reactor concept ran into various problems, 
and the Berkeley group halted work on it (Greenspan 2016).


MOLTEN SALT BREED-AND-BURN REACTORS


As discussed in chapter 7, some types of MSRs may be able  
to operate as breed-and-burn reactors. Recent work indicates 
that breed-and-burn is only possible with chloride salt-based 
fast MSRs (using chlorine enriched to nearly 100 percent 
chlorine-37) with a uranium-plutonium fuel cycle (Martin et 
al. 2017). But such reactors must be very large in physical size, 
because neutrons are not effectively blocked by chlorine and 
thus are more likely to escape from the core. In addition, the 
density of plutonium and other TRU in the fuel is limited by 
the properties of the salt, which also leads to larger core vol-
umes. For example, one reactor of this type analyzed would 
require 432 metric tons of uranium contained in about 860 
metric tons of salt and have a power rating of 33,000 MWe—
more than 20 times the power rating of the largest commercial 
LWR, the 1600 MWe Evolutionary Power Reactor ((M.V.  
Martin, undergraduate student in the Department of Bio- 
engineering, University of California, Berkeley, conversation 
with the author, January 30, 2018). Such a design is clearly 
not suitable for deployment as a small modular reactor, and it 
is unlikely any utility would want to buy such a large reactor. 
 Breed-and-burn MSRs with lower power ratings are  
theoretically possible. However, for a reactor with a reason-
able power rating, such as 1000 MWe, uranium fuel fed into 
the reactor would have to remain in the reactor for hundreds  
of years before it reached a burnup that could sustain breed-
and-burn operation (M.V. Martin, undergraduate student in 
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the Department of Bioengineering, University of California, 
Berkeley, conversation with the author, January 30, 2018). 
Researchers have not yet calculated how long such reactors 
would have to run on enriched uranium before they could 
achieve breed-and-burn operation and be fueled on depleted 
uranium alone, but it is likely to be a long time for reactors  
of a feasible size. 
 It has also not been determined how high a burnup  
the fuel could actually achieve, which would determine the 
reactor’s lifetime. The reactor cannot achieve breed-and- 
burn operation unless the fuel can achieve a sufficiently high 
burnup. Unlike the traveling wave reactor, the MSR’s fuel 
burnup would not be limited by degradation of the solid fuel 
structure. But without reprocessing, fission products would 
accumulate in the salt, and eventually the concentration of 
waste products would get so high that the reactor could no 
longer operate. The impact of this issue on the feasibility  
of the concept is unclear (Hombourger et al. 2015).
 In addition, manufacturers would have to be found that 
could supply the huge quantities of enriched chlorine needed 
to make the fuel for these reactors. As discussed in chapter 7, 
this material is not currently commercially available and 
could be a huge expense.
 Therefore, although breed-and-burn operation may be  
possible in theory for certain molten salt fast reactors, such 
reactors appear completely infeasible for commercial 
deployment. 


Sustainability


URANIUM UTILIZATION COMPARED ACROSS  
REACTOR TYPES 


One of the main motivations for developing breed-and- 
burn reactors is to utilize uranium more efficiently without 
reprocessing. How well would the current concepts do in  
this respect compared to current once-through reactors?  
And how would they compare to the uranium utilization  
of a closed fuel cycle with fast breeder reactors?


URANIUM EFFICIENCY OF ONCE-THROUGH BREED- 
AND-BURN REACTORS VS. LWRS


As noted above, the uranium utilization efficiency of current-
generation LWRs is only about 0.6 percent, and, although  
the burnup of LWR fuel could be increased by using higher-
enriched fuel containing more U-235, this alone would not 
improve uranium utilization. To achieve that goal, more 
U-238 in the fuel must also be converted to plutonium and 
fissioned, a process constrained by reactor design. 
 In contrast, breed-and-burn reactors could utilize  
uranium more efficiently by being able to use depleted  


uranium as fuel, which would increase the average fuel burnup 
without increasing the enrichment required over the reactor’s 
lifetime. In a 2010 report, DOE researchers estimated the  
uranium utilization efficiency for a number of different once-
through reactors, including early traveling wave reactor con-
cepts and the TerraPower reactor (Kim and Taiwo 2010). The 
calculated utilization efficiencies ranged from 0.9 percent  
to 29.4 percent, and the highest values assumed average  
fuel burnups of nearly 30 percent. 
 One limitation of this DOE study is that it only evaluated 
the reactor’s uranium utilization at equilibrium (steady-state 
breed-and-burn operation), when it would be able to operate 
using only depleted uranium feed. In practice, however, the 
reactor would have to operate for many decades and use  
a considerable amount of HALEU fuel before it could reach 
equilibrium. This means the reactor must be initially loaded 
with a larger inventory of HALEU than would be required 
simply to make it critical. Taking the transition to equilibrium 
operation into account, current breed-and-burn reactor  
concepts would be only a few times more uranium-efficient 
than LWRs over a realistic time scale.  
 For example, TerraPower estimates that 32 metric tons 
of natural uranium on average would be needed per 1000 
MWe-yr for the TWR, assuming a 60-year lifetime (Gilleland, 
Petroski, and Weaver 2016). (Since the reactor would not  
be refueled, its lifetime would be limited by the amount of 
fuel that could be initially loaded into the reactor vessel, in 
addition to other factors such as the lifetime of reactor struc-
tures.) The amount of uranium fissioned per year would be 
around 0.9 metric ton (less than the amount for an LWR  
because fast reactors are slightly more thermally efficient 
than LWRs). The average uranium utilization would be 0.9 
divided by 32, or around 3 percent, roughly five times that  
of the LWR. As mentioned earlier, the uranium utilization 
could be doubled with a core design with segmented fuel  
assemblies that would allow three-dimensional shuffling, to 
about 6 percent. But as is the case for a fast breeder reactor 
system with reprocessing and recycling, the overall uranium 
utilization could not be greatly increased during the lifetime 
of a single reactor because a large stockpile of depleted  
uranium would have been generated to produce the initial 
core (although not as large as that needed for a plutonium 
breeder). 
 TerraPower gets around this problem by suggesting the 
possibility of transferring entire cores to a second generation 
of reactors once the first-generation reactors reach the end  
of their lifetimes, and so on (Gilleland, Petroski, and Weaver 
2016). But this assumption requires the same leap of faith  
as the assumption that a closed-cycle fast breeder reactor  
system will be completely rebuilt as many times as necessary 
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to use up all the uranium that was originally mined to start  
up the system. If we accept the assumption, however, the  
uranium utilization efficiency will increase over time and 
eventually becomes equivalent to the maximum burnup of 
the depleted uranium fuel, which would be around 20 percent 
for the metal fast reactor fuel that the TWR would use.


URANIUM UTILIZATION EFFICIENCY OF ONCE-THROUGH 
BREED-AND-BURN REACTORS VS. CLOSED-CYCLE  
FAST BREEDER REACTORS


How does the uranium utilization efficiency of once-through 
breed-and-burn reactors compare to closed-cycle fast breeder 
reactors? At first glance, not so well. Breed-and-burn does not 
come close to the nearly 100 percent uranium utilization that 
can theoretically be achieved by plutonium-fueled fast breed-
er reactors in a closed fuel cycle. However, as discussed in  
chapter 3, the 100 percent figure is misleading because it  
can only be achieved if the fast breeder reactor system and  
its associated fuel cycle operate for tens of thousands of  
years, with zero loss of material to reprocessing waste. Over  
a 60-year lifetime, the uranium utilization of the fast breeder 
at equilibrium would only be about 0.3 percent—that is,  
10 times worse than the TerraPower reactor.
 Therefore, the uranium utilization efficiency of breed-
and-burn systems appears to be as good as, or even better 
than, fast breeder reactors with reprocessing and recycle,  
at least over a time scale of centuries.
 Although breed-and-burn reactor fuel would have  
a higher burnup than LWR fuel, the spent fuel would still 
contain a substantial inventory of uranium, plutonium, and 
other TRU. One study estimates the total TRU discarded to 
waste per GW-year is about two times that of LWRs (Diego  
di Sanzo 2014). Some breed-and-burn concepts would further 
increase uranium utilization by incorporating what is re-
ferred to euphemistically as “reconditioning” or “repur-pos-
ing” irradiated fuel that has reached its burnup limit, in order 
to fabricate new fuel. These are actually euphemisms for 
types of reprocessing and would undermine the main  
purpose of the breed-and-burn reactor: to use uranium  
more efficiently without any reprocessing.


Proliferation/Terrorism Risk
There are several factors to consider in assessing whether  
a transition from today’s LWRs to once-through breed-and-
burn reactors would have overall benefits for nonproliferation 
and nuclear security. 
 First, if once-through breed-and-burn reactors could 
achieve the benefits of uranium conservation and waste man-
agement that are attributed to breeder reactors’ closed fuel 
cycles, deployment of these reactors could undercut the  


rationale for reprocessing and recycling and provide a more 
secure alternative. This is the strongest selling point of the 
breed-and-burn concept.
 Another advantage is that breed-and-burn reactors 
would require less enrichment capacity for each unit of  
electricity generated, on average. TerraPower estimates that 
the lifetime-averaged separative work for its reactor would  
be 30,000 separative work units per GWe-yr, about 25 per-
cent of that required for an LWR. If such reactors were to 
completely replace LWRs, the number and capacity of uranium 
enrichment plants around the world needed to support the 
nuclear fuel cycle would decrease, with a potential benefit  
for nonproliferation. This benefit would be offset somewhat 
by the fact that the smaller enrichment plants would need  
to produce ton quantities of HALEU up to just under 20 per-
cent U-235, which, as discussed in chapter 4, is Category  
II material that raises additional proliferation and security 
concerns relative to the lower enrichments needed for  
LWR fuel.


NEED FOR MORE FREQUENT REFUELING


A key issue affecting safeguards is the extent to which, in order 
to use uranium more efficiently, breed-and-burn reactors 
would require more frequent refueling or fuel shuffling,  
possibly even shuffling of small fuel segments in three dimen-
sions. Safeguards for current-generation on-line refueled re-
actors, such as CANDU reactors, require more inspection 
resources than LWRs. As discussed in chapters 6 and 7,  
NLWRs with on-line refueling such as pebble-bed HTGRs 
would be even more challenging to safeguard than CANDU 
reactors, given the greater number of items to be tracked and 
the increased complexity of fuel movements. Item monitoring 
for safeguards can be difficult if large numbers of items are 
involved. At the far end of the spectrum, MSRs, which would 
be continuously refueled and co-located with reprocessing 
plants, would require safeguards comparable to those at  
bulk-handling facilities.
 Therefore, additional resources and technological ad-
vances are needed for on line–refueled reactor safeguards. 
Ultimately, assurances could be provided with a combina- 
tion of unannounced and short-notice random inspections, 
unattended monitoring systems, and inspections to verify the 
absence of undeclared reprocessing facilities. Such elements 
are part of the integrated safeguards approach for Canada,  
a country with CANDU reactors but no reprocessing plants 
(Whiting, Hosoya, and Doo 2006). 
 In any event, the TerraPower traveling wave reactor  
may not be more difficult to safeguard than LWRs since it 
does not require the reactor vessel to be opened when the 
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reactor is shut down for fuel reshuffling, and would not nor-
mally require safeguards inspections over its lifetime, unless 
there were unexpected shutdowns. On the other hand, the 
inability for inspectors to directly verify the amount of fuel  
in the core could hamper their ability to accurately account 
for the quantity of fissile material over the reactor’s lifetime.


NEED FOR SPENT FUEL “RECONDITIONING”


Another safeguards issue relates to the proposals for tech-
nologies for reconditioning breed-and-burn reactor spent  
fuel to further increase uranium utilization. Although the 
processes in question might not involve a complete separation 
of weapon-usable TRU from other materials, they would  
separate out most of the cesium-137, greatly reducing the  
self-protecting radiation barrier, and thus could present pro-
liferation and security risks similar to those of conventional 
reprocessing. In addition, these bulk processes would share 
some of the same material accountancy difficulties as con-
ventional reprocessing and fuel fabrication plants, reducing 
the attractiveness of breed-and-burn systems from a non- 
proliferation perspective. The plutonium content in the dis-
charged fuel is also quite high (more than 12 percent for some 
designs), which raises safeguards concerns. Although the 
ability to reuse spent fuel in these systems remains a selling 
point for some designers, the achievable gains in uranium 
utilization would not be worth the cost and risk of these 
processes.


SPENT FUEL DISPOSAL


The ultimate fate of the spent fuel from breed-and-burn  
reactors is an open question. TerraPower is a metal-fueled 
fast reactor similar to the EBR-II, and the fuel would be high-
burnup by necessity. As discussed earlier, the Department  
of Energy continues to pyroprocess high-burnup EBR-II 
spent fuel because it maintains that such fuel cannot be safely 
disposed of in a repository. The reason for that is the presence 
of the metallic sodium bond material, which chemically reacts 
violently with water. However, it appears that sodium bond-
ing cannot be used in breed-and-burn fast reactors because  
it makes the positive void reactivity effect unacceptably large 
(Hejzlar et al. 2013). Thus, there would be no justification to 
pyroprocess the fuel for final disposal. Nevertheless, Terra-
Power has not yet developed an acceptable substitute for  
the sodium-bonded fuel. If TerraPower spent fuel has to be 
reprocessed for disposal, it would nullify the nonproliferation 
benefits of the breed-and burn concept.
 On balance, it appears that the increased risk of diver-
sion  of spent fuel at once-through reactors with on-line  
refueling or shuffling would be a reasonable tradeoff if such 
reactors could use uranium more efficiently without repro-
cessing and recycling. 
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Conclusions and Recommendations


[ chapter 9 ]


Conclusions 


The NLWR landscape is vast and complex, and it is beyond 
the scope of this report to survey the entire field in depth. 
Nevertheless, enough is clear even at this stage to draw some 
general conclusions regarding the safety and security of  
NLWRs and their prospects for rapid deployment. 
 Based on the available evidence, it is far from obvious 
that the NLWR designs currently under consideration, except 
possibly once-through, breed-and-burn reactors, offer im-
provements over LWRs significant enough to justify their 
many risks. Regulators and other policymakers would be wise 
to look more closely at the nuclear power programs underway 
to make sure they prioritize safety and security. Future appro-
priations for NLWR technology research, development, and 
deployment should be guided by realistic assessments of the 
likely societal benefits that would result from the investment 
of billions of taxpayer dollars. 


Little evidence supports claims that NLWRs will be  
significantly safer than today’s LWRs. While some NLWR 
designs offer some safety advantages, all have novel  
characteristics that could render them less safe.


All NLWR designs introduce new safety issues that will  
require substantial analysis and testing to fully understand 
and address—and it may not be possible to resolve them fully. 
To determine whether any NLWR concept will be significantly 
safer than LWRs, the reactor must achieve an advanced stage 
of technical maturity, undergo complete comprehensive safe-
ty testing and analysis, and acquire significant operating  
experience under realistic conditions.


The claim that any nuclear reactor system can “burn” or 
“consume” nuclear waste is a misleading oversimplification. 
Reactors can actually use only a fraction of spent nuclear fuel 
as new fuel, and separating that fraction increases the risks  
of nuclear proliferation and terrorism. 
 No nuclear reactor can use spent nuclear fuel directly  
as fresh fuel. Instead, spent fuel has to be “reprocessed”—
chemically treated to extract plutonium and other transura-
nic elements, which must then be refabricated into new fuel. 
This introduces a grave danger: plutonium and other trans-
uranic elements can be used in nuclear weapons. Reprocess-
ing and recycling renders these materials vulnerable to 
diversion or theft and increases the risks of nuclear prolifera-
tion and terrorism—risks that are costly to address and that 
technical and institutional measures cannot fully mitigate. 
Any fuel cycle that requires reprocessing poses inherently 
greater proliferation and terrorism risks than the “once-
through” cycle with direct disposal of spent fuel in a  
geologic repository.


Some NLWRs have the potential for greater sustain- 
ability than LWRs, but the improvements appear to be 
too small to justify their proliferation and safety risks. 


Although some NLWR systems could use uranium more  
efficiently and generate smaller quantities of long-lived  
transuranic isotopes in nuclear waste, for most designs these 
benefits could only be achieved by repeatedly reprocessing 
spent fuel to separate out these isotopes and recycle them in 
new fuel—and that presents unacceptable proliferation and 
security risks. In addition, reprocessing plants and other  
associated fuel cycle facilities are costly to build and operate, 
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and they increase the environmental and safety impacts  
compared with the LWR once-through cycle. Moreover, the 
sustainability increases in practice would not be significant  
in a reasonably foreseeable timeframe. 


Once-through, breed-and-burn reactors have the poten-
tial to use uranium more efficiently without reprocessing, 
but many technical challenges remain.


One type of NLWR system that could in principle be more 
sustainable than the LWR without increasing proliferation 
and terrorism risks is the once-through, breed-and-burn 
reactor. Concepts such as TerraPower’s traveling-wave reac-
tor could enable the use of depleted uranium waste stockpiles 
as fuel, which would increase the efficiency of uranium use. 
Although there is no economic motivation to develop more 
uranium-efficient reactors at a time when uranium is cheap 
and abundant, reducing uranium mining may be beneficial  
for other reasons, and such reactors may be useful for the  
future. However, many technical challenges would have to  
be overcome to achieve breed-and-burn operation, including 
the development of very-high-burnup fuels. The fact that 
TerraPower suspended its project after more than a decade  
of development to pursue a more conventional and far less 
uranium-efficient SFR, the Natrium, suggests that these  
challenges have proven too great.


High-assay low enriched uranium (HALEU) fuel, which  
is needed for many NLWR designs, poses higher nuclear 
proliferation and nuclear terrorism risks than the  
lower-assay LEU used by the operating LWR fleet.


Many NLWR designs require uranium enriched to higher  
levels than the 5 percent U-235 typical of light-water reactor 
fuel. Although uranium enriched to between 10 and 20 per-
cent U-235 (defined here as HALEU) is considered impracti-
cal for direct use in nuclear weapons, it is more attractive  
for weapons use—and requires more stringent security— 
than the lower-assay enriched uranium in current LWRs. 


The significant time and resources needed to safely  
commercialize any NLWR design should not be 
underestimated.


It will likely take decades and many billions of dollars  
to develop and commercially deploy any NLWR design,  
together with its associated fuel cycle facilities and other  
support activities. Such development programs would come  
with a significant risk of delay or failure and require long-
term stewardship and funding commitments. And even if a 
commercially workable design were demonstrated, it would 


take many more years after that to deploy a large number  
of units and operate them safely and reliably. 
 Vendors that claim their NLWRs could be commercial-
ized much more quickly typically assume that their designs 
will not require full-scale performance demonstrations and 
extensive safety testing, which could add well over a decade 
to the development timeline. However, current designs  
for sodium-cooled fast reactors and high-temperature gas–
cooled reactors differ enough from past reactor demonstra-
tions that they cannot afford to bypass additional full-scale 
prototype testing before licensing and commercial deploy-
ment. Molten salt–fueled reactors have only had small-scale 
demonstrations and thus are even less mature. NLWRs  
deployed commercially at premature stages of development 
run a high risk of poor performance and unexpected   
safety problems. 


Recommendations


The DOE should suspend the Advanced Reactor Demon-
stration Program pending a finding by the NRC whether 
it will require prototype testing before licensing the  
two chosen designs as commercial power reactors.


The DOE has selected two NLWR designs, the Natrium SFR 
and the Xe-100 pebble-bed HTGR, for demonstration of full-
scale commercial operation by 2027. However, the NRC has 
yet to evaluate whether these designs are mature enough that 
it can license them without first obtaining data from proto-
type plants to demonstrate novel safety features, validate 
computer codes, and qualify new types of fuel in representa-
tive environments. Without such an evaluation, the NRC will 
likely lack the information necessary to ensure safe, secure 
operation of these reactors. The DOE should suspend the  
Advanced Reactor Demonstration Program until the NRC— 
in consultation with the agency’s Advisory Committee on  
Reactor Safeguards and external experts—has determined 
whether prototypes will be needed first. 


Congress should require that an independent, transparent, 
peer-review panel direct all DOE R&D on new nuclear 
concepts, including the construction of additional test  
or demonstration reactors. 


Given the long time and high cost required to commercialize 
NLWR designs, the DOE should provide funding for NLWR 
R&D judiciously and only for reactor concepts that offer a 
strong possibility of significantly increasing safety and secu-
rity—and do not increase proliferation risks. Moreover, unlike 
the process for selecting the two reactor designs for the  
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Advanced Reactor Demonstration Program, decisionmaking 
should be transparent.31 Congress should require that the 
DOE convene an independent, public commission to thor-
oughly review the technical merits of all NLWR designs pro-
posed for development and demonstration, including those 
already selected for the ARDP. The commission, whose  
members should represent a broad range of expertise and 
perspectives, would recommend funding only for designs  
that are highly likely to be commercialized successfully while 
achieving clearly greater safety and security than current-
generation LWRs. 


The DOE and other agencies should thoroughly assess 
the implications for proliferation and nuclear terrorism 
of the greatly expanded production, processing, and 
transport of high-assay low-enriched uranium (HALEU) 
required to support the widespread deployment of 
NLWRs.


Large-scale deployment of NLWRs that use HALEU fuel  
will require establishing a new industrial infrastructure  
for producing and transporting the material. The DOE is  
actively promoting the development of HALEU-fueled reac-
tor designs for export. Given that HALEU is a material of 
higher security concern than lower-assay LEU, Congress 
should require that the DOE immediately assess the prolifera-
tion and nuclear terrorism implications of transitioning to  
the widespread use of HALEU worldwide. This assessment 
should also address the resource requirements for the secu-
rity and safeguards measures needed to ensure that such a 
transition can occur without an unacceptable increase in risk.


The United States should make all new reactors and  
associated fuel facilities eligible for IAEA safeguards and 
provide that agency with the necessary resources for  
carrying out verification activities.


The International Atomic Energy Agency, which is responsible 
for verifying that civilian nuclear facilities around the world 
are not being misused to produce materials for nuclear weapons, 
has limited or no experience in safeguarding many types of 
NLWRs and their associated fuel cycle facilities. NLWR proj-
ects being considered for deployment in the United States, 
such as the Natrium SFR and the Xe-100 pebble-bed HTGR, 
would provide ideal test beds for the IAEA to develop safe-
guards approaches. However, as a nuclear-weapon state, the 
United States is not obligated to give the IAEA access to its 
nuclear facilities. To set a good example and advance the 
cause of nonproliferation, the United States should immedi-
ately provide the IAEA with permission and funding to apply 
safeguards on all new US nuclear facilities, beginning at the 
design phase. This would help to identify safeguard challenges 
early and give the IAEA experience in verifying similar  
facilities if they are deployed in other countries.


The DOE AND Congress should consider focusing  
nuclear energy R&D on improving the safety and security 
of LWRs, rather than on commercializing immature 
NLWR designs. 


LWR technology benefits from a vast trove of information 
resulting from many decades of acquiring experimental data, 
analysis, and operating experience—far more than that avail-
able for any NLWR. This gives the LWR a significant advan-
tage over other nuclear technologies. The DOE and Congress 
should do a more thorough evaluation of the benefits of  
focusing R&D funding on addressing the outstanding safety, 
security, and cost issues of LWRs rather than attempting to 
commercialize less mature reactor concepts. If the objective 
is to expand nuclear power to help deal with the climate  
crisis over the next few decades, improving LWRs could  
be a less risky bet.
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[ appendix ]


Simple Models of Fast Burner/Breeder Cycles


This appendix presents simple models to illustrate the  
practical ability of fast burner or breeder reactors to meet  
the sustainability objectives of (1) significantly reducing long-
lived, heat-generating transuranic elements (TRU) in radio-
active wastes requiring long-term geologic disposal; and  
(2) significantly increasing natural uranium utilization.


How Long Would It Take to Reduce  
Transuranics by a Factor of 10 with a   
Burner Reactor System?


This section estimates the performance of a typical fast burner 
reactor system in terms of the operating time necessary to 
achieve a significant reduction in transuranics (TRU) relative 
to the amount generated by the light-water reactor (LWR) 
once-through cycle. Note that these estimates have large  
uncertainties because they are very sensitive to the assump-
tions going into the calculation, and thus are only illustrative. 
However, the uncertainties do not affect the general conclu-
sion that fast waste burner systems are not very effective  
over realistic timescales.
 A 1000 megawatt-electric (MWe) LWR produces about 
220 kilograms (kg) of TRU in its spent fuel each year, for a 
total of about 13.2 metric tons after 60 years of operation. How 
does this compare to the amount of TRU that would remain  
if a 1000 MWe fast burner reactor had operated instead? 
 Figures A-1 and A-2 (p. 119) illustrate the fuel cycle for 
GE-Hitachi’s 1000 MWe, PRISM metal-fueled fast reactor, 
configured as a burner. The TRU burning performance of 
such a reactor can be characterized by the conversion ratio. 
This reactor has a conversion ratio of 0.5, which means that 
in each operating cycle, one half as many TRU isotopes are  
produced as are fissioned. This is an unrealistically low con-
version ratio that was chosen to maximize the TRU-burning 
ability of the reactor in this calculation. In practice, a fast  
reactor with such a low conversion ratio would be particu-
larly challenging to operate and less safe than fast reactors 
with higher conversion ratios (Hoffman, Yang, and Hill 2006.)
 Figure A-1 shows how the TRU fuel needed for the start-
up of the fast burner reactor is obtained from reprocessing 


the spent fuel from LWRs. An amount of spent fuel equivalent 
to that generated from one year’s operation of 67 1,000-MWe 
LWRs (less than 2 percent of the current US spent fuel stock-
pile) would need to be reprocessed to obtain the TRU fuel for 
the first core and the first full reload core for the fast burner 
reactor. Also note that more than 12,000 metric tons of natural 
uranium was enriched to produce the low-enriched uranium 
fuel to supply the 67 LWRs. Enriching this uranium also gen-
erated a stockpile of more than 11,000 metric tons of depleted 
uranium waste.
 Figure A-2 shows the fueling requirement for the fast 
burner reactor after it reaches an equilibrium state (meaning 
that the fuel requirement remains constant over time). At equi-
librium, 42.7 metric tons of LWR spent fuel would be needed 
per year, corresponding to the discharge from two LWRs (or 
about 2 percent of current annual US spent fuel generation), 
to provide makeup fuel to replace the TRU fissioned in the 
fast reactor. 
 Therefore, the US spent fuel stockpile and current rate  
of spent fuel generation could fuel 50 1,000-MWe PRISM fast 
burner reactors. At first glance, this appears to say that if one 
PRISM reactor were built for every two operating LWRs in 
the United States, the PRISM reactors would be able to con-
sume all US spent fuel, as promoters of the technology claim. 
But the more important consideration in terms of waste  
burning capability is not the mass of TRU that are fed into  
the system, but what would remain when the first generation 
of facilities is shut down—at which time society would have 
to decide whether to replace them or to dispose of the left-
over material.
 After 60 years of operation, the quantity of TRU in one 
reactor core and its corresponding fuel cycle facilities would 
be about 11.7 metric tons, assuming that each facility stores 
one year’s worth of material. Compare this quantity to the 
TRU that would need to be disposed of if an LWR had operated 
over this time instead of the fast burner reactor. As discussed 
above, a 1000 MWe LWR would produce about 13.2 metric 
tons after 60 years of operation. But the 41 metric tons of 
TRU that would have been used as fuel for the burner reactor 


continued on p. 120
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FIGURE A-2. Annual Heavy Metal Mass Flow at Equilibrium for a Fast Burner Reactor


Note: Zero processed loss assumed.


SOURCE: ADAPTED FROM HOFFMAN, YANG, AND HILL 2006. 


FIGURE A-1. Heavy Metal Mass Flow for Startup and Transition Core for a Fast Burner Reactor                                     


Note: Assumes LWRs will only need to supply one full core reload before fast reactor becomes self-sustaining. Zero process loss assumed.


SOURCE: ADAPTED FROM HOFFMAN, YANG, AND HILL 2006.


67
1,000 MWe


LWRs


reprocessing
plant


enrichment
plant


1,000 MWe
fast reactor


(conversion ratio = 0.5)


12,350 t
natural U


14.7 t TRU
1,260 t U


11,010 t
depleted U


excess
0.1 t TRU
1,224 t  


reprocessed U


1,340 t
fresh fuel


14.6 t TRU
36.4 t U


42.7 t LWR 
spent fuel
12,234 t 


depleted + 
reprocessed U


0.47 t TRU 
0.55 t U deficit


1,000 MWe
fast reactor


CR = 0.5
8.33 t TRU
17,200 t U


2.41 t TRU
4.83 t U


fabricated


1.94 t TRU
4.28 t U


reprocessed







120 union of concerned scientists


also has to be counted. Thus, the total quantity of TRU that 
would have to be disposed of would be 13.2 metric tons plus 
41 metric tons, for a total of 54.2 metric tons.32 The resulting 
TRU reduction factor would be 4.4, well below the Depart-
ment of Energy’s (DOE) factor-of-10 standard (see chapter 3). 
If the reactor were to shut down at that point, the unburned 
TRU inventory would have to be either disposed of in a  
geologic repository or used in a replacement burner reactor. 
Even after another 60-year run, the reduction would be  
only about 8.8—still below the DOE criterion.
 The above model is unrealistic in that it assumes that  
the fast burner reactor’s spent fuel can be immediately repro-
cessed and recycled into new fuel. In practice, the spent fuel 
would have to be stored for several years at a minimum until 
it had cooled sufficiently to be safely reprocessed. This would 
increase the quantity of TRU in the fuel cycle that would have 
to be counted after the system shuts down. If one assumes  
a three-year cooling period in the above example, then at  
least one core’s worth of spent fuel would be stored at any 
time during the equilibrium cycle. Thus, at shutdown after  
60 years, the unfissioned TRU in the reactor and fuel cycle 
would total around 20 metric tons—and the TRU reduction 
factor would only be 2.7. If the required cooling period were 
longer, or if extra TRU had to be stored at the fuel fabrication 
facility, the reduction factor would be even less favorable.  
This example illustrates how sensitive the performance  
of a  TRU burner system is to changes in the assumptions.


IMPORTANCE OF PROCESS LOSSES 


The above model is unrealistic also because it does not  
account for process losses—TRU that ends up in the waste 
streams of the reprocessing and fuel fabrication plants and  
is not recycled. Process losses will never be zero in any realis-
tic system because it is not feasible or economical to recover 
every TRU atom from waste streams.
 The importance of process losses to the performance  
of a TRU burner system can be seen as follows. Considering 
the fast-burner reactor cycle in Figure A-2, assume that the 
quantity of TRU lost to waste streams amounts to 2 percent  
of each facility’s throughputs, which is the lower limit of the 
observed process losses from metal fast reactor fuel pyropro-
cessing and fuel fabrication operations (Westphal et al. 2017; 
Hayes 2017). (The upper limit is much higher—over 25 percent 
for metal fuel fabrication alone (Moore and Severynse 2020).)
Then, about 87 kg of TRU (and 180 kg of uranium) would end 
up as waste every year (Figure A-2, p. 119). In order to com-
pensate for this loss, an additional eight metric tons of LWR 


spent fuel would have to be reprocessed to supply the addi-
tional TRU for fuel.
 At the end of the 60-year reactor lifetime, 5.2 metric tons 
of TRU would be contained in the processing waste. Adding 
this to the TRU inventory in the reactor and fuel cycle for  
the no-cooling scenario, the TRU reduction factor would be 
(54.2 + 5.2)/(12.4 + 5.2) = 3.4, or 25 percent smaller than the 
reduction factor of a system with zero process losses. In this 
case, it would take 177 years to reach a factor-of-10 TRU 
reduction. 
 Thus, the system of reprocessing plants, fuel fabrication 
plants, fast reactors, and associated facilities would have to 
operate over a period spanning many generations—and be 
rebuilt many times—before it could achieve a significant  
reduction in TRU mass and a significant benefit for geologic 
disposal. The minor benefits of running such a system for a 
shorter period of time—one or two facility lifetimes—would 
not justify the cost premium required for development,  
deployment, and operation of a fleet of fast reactors and  
associated fuel cycle facilities compared to LWRs on a  
once-through cycle (see chapter 5).


How Long Would It Take for a Fast Breeder 
Reactor to Extract 100 Times As Much   
Energy from Uranium Ore as an LWR?


Figures A-3 and A-4 (p. 121) illustrate the fuel cycle for GE-
Hitachi’s 1000 MWe, PRISM-type metal-fueled fast reactor 
configured as a breeder, rather than a burner as in the above 
example. Rather than having a conversion ratio of less than  
1 as in the previous example, it has a breeding ratio of greater 
than 1, indicating that more TRU isotopes are produced  
during each cycle than are fissioned.
 As shown in Figure A-3, 17.3 metric tons of plutonium 
and other TRU elements would be needed as driver fuel for 
the first core and the first reloads of a 1000 MWe PRISM- 
type fast breeder reactor (Dubberly, Wu, and Kubo 2003).33 
This would require reprocessing 1600 metric tons of spent 
fuel from LWRs, corresponding to the annual discharge of  
80 1,000-MWe LWRs. About 14,750 metric tons of natural 
uranium was mined to supply the LWRs, and enrichment  
of the natural uranium generated a stockpile of more than 
13,000 metric tons of depleted uranium. (The TRU in the  
current US stockpile of spent fuel could be used to start  
up about 50 such reactors).
 Once started, the reactor would need to operate for a 
number of cycles to reach an equilibrium state. At that point, 
it would only need a fresh supply of about 1.1 metric tons of 


continued on p. 122
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FIGURE A-3. Production of Initial Core and First Reload for a Fast Breeder Reactor                      


FIGURE A-4. Annual Heavy Metal Mass Flow at Equilibrium for a Fast Breeder Reactor


Note: Zero processed loss assumed.


SOURCE: ADAPTED FROM DUBBERLY, WU, AND KUBO, 2003.


Notes: Assumes LWRs will only need to supply one full core reload before fast reactor bcomes self-sustaining. Zero process loss assumed.


SOURCE: ADAPTED FROM DUBBERLY, WU, AND KUBO, 2003.
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depleted uranium blanket fuel from the stockpile each year 
(Figure A-4, p. 121). But the reactor cannot operate on blanket 
fuel alone. Plutonium and other TRU separated from the fast  
reactor spent fuel by reprocessing would be needed to  
replenish the driver fuel.
 Over a 60-year lifetime at an 85 percent capacity factor, 
the fast breeder reactor would fission about 50 metric tons  
of heavy metal. Thus the uranium utilization of the breeder 
system would be about 0.3 percent of the 14,750 metric tons 
of natural uranium ore that was used to fuel the LWRs that 
generated the TRU for the startup core and first reloads. 
Since, however, the same quantity of uranium ore would  
have previously been used to fuel 80 LWRs for one year, the 
uranium utilization efficiency of the fast breeder plus the 
LWR system after 60 years of fast reactor operation would be 
around 0.6 percent + 0.3 percent = 0.9 percent. This is only a 
minor (50 percent) increase in uranium utilization over that 
of LWRs alone. In order for the fast breeder to achieve 100 
times the uranium utilization of LWRs alone—that is, 60 per-
cent—the system would have to operate for around 11,000 
years. And if process losses are taken into account, more ura-
nium would have to be enriched and irradiated to produce 
the same quantity of TRU in fabricated fuel, and uranium uti-
lization would be even lower.


Uranium Utilization Efficiency of Burner  
Reactors vs. Breeder Reactors


Figure A-2 illustrates why a fast reactor designed to burn  
the TRU in LWR spent fuel would not utilize uranium very 
efficiently, ultimately achieving only a 33 percent increase 
over the LWRs alone. As shown in the figure, every year the 
burner reactor is fed the TRU from 42.7 metric tons of spent 
fuel—corresponding to the annual fuel discharge from 2.1 
1000-MWe LWRs (at 20 metric tons per GWe-year). The 
quantity of uranium ore used to produce that fuel is about  
380 metric tons. The amount of heavy metal the combined 
LWR-fast burner system would fission every year would  
be about 3 metric tons; therefore, the uranium utilization  
efficiency would be 3/380 = 0.8 percent, compared to  
0.6 percent for the LWRs. 


Waste Reduction Factor of a Breeder Reactor


Similarly, if one operates a fast reactor system as a breeder 
reactor, it will not be effective in reducing the quantity of 
long-lived TRU that would require disposal in a geologic 
repository. 


 How does the quantity of TRU discarded to waste by a 
breeder reactor system compare to that generated by an LWR? 
 First, consider only the steady-state production of waste 
TRU that would be generated each year. As discussed earlier, 
a 1000 MWe LWR discharges about 220 kg of TRU in its 
spent fuel each year. For the fast breeder reactor cycle, most 
of the TRU in the spent fuel is recycled, but each time that 
exceeds 10 percent, which is more realistic, 
 Consider the process losses for the fast breeder reactor 
cycle in Figure A-4. Assume, as in the earlier example, that 
the quantity of TRU lost to waste streams amount to 2 percent 
of each facility’s throughputs. Then, from Figure A-2, about 
60 kg of plutonium and other TRU (and more than 500 kg  
of uranium) would end up as waste every year. (The TRU  
process loss could be made up for by a portion of the excess 
230 kg of TRU bred every year, reducing the effective breed-
ing ratio and the excess TRU amount to 170 kg.) Thus, even if 
the material in the system is not taken into account, the quan-
tity of TRU that would need to be sent to a repository would 
be reduced only by a factor of four (60 kg/220 kg) compared 
to the LWR, a reduction that does not meet the DOE’s factor-
of-10 criterion. And if the process loss approaches 10 percent, 
the TRU in the breeder waste stream could actually exceed 
the amount discharged by LWRs in a once-through cycle.
 To compare apples to apples, a more rigorous calculation 
would also account for the quantities of the TRU in the cores 
and fuel cycles of both the LWR and the LWR plus fast breeder 
systems. From Figure A-3, it can be seen that one 1000 MWe 
LWR would need to run for 80 years to provide the startup 
TRU for one 1000 MWe fast breeder reactor. What is the net 
TRU waste generated by this LWR and fast breeder system? 
 By the end of the 60-year fast breeder reactor lifetime, 
the system would have generated 140,000 MWe-years of elec-
tricity (80,000 in the LWR and 60,000 in the fast breeder). 
The remaining TRU to be disposed of would include, in addi-
tion to the 3.6 metric tons of TRU in the processing waste,  
8.7 metric tons of TRU in the reactor core and 2.8 metric tons 
of TRU in fuel fabrication and reprocessing plants servicing 
the reactor. (This does not include the 170 kg of excess TRU 
that was bred over the reactor’s lifetime, which presumably 
has been used to start up another fast reactor and thus does 
not count as waste.) This unburned TRU would either have  
to be disposed of in a geologic repository or used in a replace-
ment breeder reactor. If the next generation of humans  
decides not to replace this fast breeder reactor in 60 years, 
the total amount of plutonium to be disposed of would in-
clude the material in the system—which is 11.5 metric tons. 
Thus, including the TRU waste from process losses, more 
than 15 metric tons of TRU in the fast breeder core and fuel 
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cycle would require disposal. The core of the shutdown  
LWR would also contain about 0.5 metric ton of TRU  
requiring disposal, for a total of about 15.5 metric tons.
 This figure should be compared to the TRU that would 
have to be disposed of after 140,000 MWe of LWR generation, 
which would be 140 x 220 kg plus the 0.5 metric ton in the 
reactor core, for a total of about 31 metric tons of TRU. Thus, 
the TRU reduction factor would be 31/15.5 = 2, also far below 
the DOE’s criterion. 
 If the next generation did decide to build a replacement 
breeder reactor and operate the system for another 60 years, 
there would be 7.2 metric tons of TRU in the waste stream  
but still 11.5 metric tons in the reactor and fuel cycle, for a  
total of 18.7 metric tons of TRU. The TRU reduction factor 
would only be slightly better at 2.35. Again, this is far below 
the DOE’s factor-of-10 criterion. In this model, analysis shows 
that a factor-of-10 TRU reduction would be impossible to 
achieve, no matter how long the system operated.


 The assumed size of the process losses is a critical  
factor in this analysis, since they represent TRU that is  
lost from the system and cannot be burned. The DOE often 
assumes a much lower process loss fraction of 0.1 percent, 
which is hundreds of times smaller than what has been 
achieved for pyroprocessing and metal fuel fabrication in 
practice. But even with such a low process loss, the leftover 
TRU from the breeder reactor after 60 years would be 11.7 
metric tons, resulting in a reduction factor of 2.65 instead  
of 2. This idealized system would be able to meet the DOE’s  
factor of 10 reduction eventually, but it would have to operate  
for over 500 years—nine reactor lifetimes.
 These examples illustrate that in practice a reactor  
and fuel cycle system configured to increase the efficient use 
of uranium by breeding TRU cannot effectively burn TRU, 
and vice-versa.
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1  About 10 percent of reactors today use heavy water (in which hydrogen  
is replaced by the isotope deuterium) as a coolant. 


2  The projected nuclear power capacity in 2050 in the IAEA’s 2020 high case  
is about four percent lower than its 2018 projection and 18 percent lower 
than its 2017 projection, illustrating the variability in such forecasts.


3  The think tank Third Way has identified 71 “advanced” nuclear power  
development projects in North America, of which nearly all are NLWRs 
(Milko, Allen and Fitzpatrick 2018). Of those, 64 are private sector projects, 
with the others housed at US national laboratories and universities that 
receive government funding. This list also includes many nuclear fusion 
reactor projects, which are further away from commercialization than  
fission-based reactors. The actual number of fission reactor ventures with 
significant private funding is relatively small. See, for example, Morgan  
et al. 2018. 


4  This report addresses only NLWRs, and not small modular LWRs such as 
NuScale or other novel LWR concepts such as the supercritical light-water 
reactor. The Union of Concerned Scientists previously evaluated issues  
related to small modular LWRs in its report Small Isn’t Always Beautiful 
(Lyman 2013). The present report also does not discuss nuclear fusion  
reactors. 


5  Some analysts have rightfully questioned the effectiveness of the DOE’s  
reactor research and development programs for new nuclear reactor  
technologies (Ford et al. 2017).


6  NLWRs are not the only reactor options for providing high-temperature 
process heat. A type of light-water reactor called the “supercritical light-water 
reactor” could also operate at high temperature. While operating experience 
from current-generation LWRs could give the supercritical LWR an advantage 
over NLWRs, the design still would require significant research and develop-
ment. Although the DOE stopped funding supercritical LWR research years 
ago, other countries continue to pursue it. Also, it is possible to amplify the 
outlet temperature of a LWR. In addition, the DOE is also pur-suing the 
production of hydrogen fuel—one important use of nuclear process heat— 
at currently operating LWRs. Thus higher-temperature reactors are not  
essential for this application, although they may be preferred.


7  This estimate assumes that the feed material for the demonstration plant 
will be 4.95 percent–enriched uranium purchased on the open market  
(Dyke 2020). However, it is unclear whether a supply of enriched feed could 
be found that would be entirely US-origin. The DOE says that production  
of US-origin fuel is one of the key reasons for its support of this project.  
If natural uranium must be used, then the facility could only produce  
about 130 kilograms of 19.75 percent–enriched HALEU per year, based  
on company information (Dyke 2020).


8  There is currently no consistent definition of HALEU in the literature. Some 
sources define it as the entire range of enrichments between 5 and 20 percent. 
This report adopts the working definition introduced by URENCO-USA for 
LEU+ and HALEU, which directly corresponds to their different security 
requirements (Fletcher 2020). 


9  Oxide spent fuels can only be pyroprocessed if they are first “reduced”—
chemically treated to remove oxygen and convert them to a metal form. 


10  The Global Nuclear Energy Partnership’s Nonproliferation Impact Assess-
ment was never issued in final form because President Obama cancelled  
the program soon after he took office in January 2009.


11  For micro-reactors such as the Aurora, the engineering demonstration  
and performance demonstration steps would be the same since scale-up 
would not be necessary. 


12  In 1954, prior to the EBR-1 accident, Argonne National Laboratory conducted 
a series of tests in Idaho called BORAX in which reactor cores were  
deliberately destroyed.


13  The Nuclear Energy Agency’s fuel cycle calculations assume that the fleet 
consists of 82.5 percent LWRs and 17.5 percent fast reactors. It uses a fast 
reactor cost premium of 20 percent but also assumes that the cost of non-
reactor facilities are the same for processing plutonium fuel for both thermal 
and fast reactors, based on the limited share of fast reactors in the mix. This 
assumption is unrealistic with respect to both safety and security costs.


14  There are differing opinions on how to interpret this statement, and the  
NRC is currently considering a proposal to relax the criterion for NLWRs  
by changing the language to “the reactor core and associated systems that 
contribute to reactivity feedback” (emphasis added). This change would  
give credit to factors other than prompt feedback that could reduce reactivity. 
It would remove a potential obstacle to the licensing of fast reactors or other 
systems that have troublesome inherent instabilities and may need to rely  
on other feedback effects, such as expansion of core structures, to provide 
negative reactivity.


15  This burnup may actually be too high. The DOE has limited the average 
discharge burnup for PRISM-type metal fuel for the very similar Versatile 
Test Reactor to about 6 percent (approximately 60,000 MWd/MTHM)  
in order to remain within the envelope of the current fuel qualification  
database (Youinou et al. 2020). 


16  This is different from the Very High Temperature Reactor, or VHTR, a less 
mature design originally included in the Generation IV program that would 
have an outlet temperature up to 950°C. New materials would need to be 
developed and qualified for performance at such high temperatures (Petti  
et al. 2017).


17  The 2017 DOE advanced demonstration and test reactor study considers 
Peach Bottom to be an engineering demonstration and the latter two to  
be performance demonstrations (and not commercial demonstrations)  
for current-design HTGRs, which would be less than 300 MWe and have 
different features such as passive safety systems (Petti et al. 2017).


18  While China refers to the HTR-10 as a test reactor, the 2017 DOE demon-
stration and test reactor study categorizes it as an engineering-scale  
demonstration reactor (Petti et al. 2017).


19  One may reasonably wonder why a reactor called the Xe-100 would have  
a generating capacity of 200 MWth. The answer is that the original reactor 
concept was only 100 MWth (DOE-NE 2014). As is the case with other small 
modular reactors, including the NuScale small modular reactor (SMR),  
designers have steadily increased the power ratings of each module, pre-
sumably to improve the economics. Also, the reported electrical generating 
capacity of each module recently increased from 75 MWe to 80 MWe.


20 General Atomics is also developing “accident tolerant” fuels for operating 
LWRs that are based on silicon carbide technology, in an example of  
technology transfer from HTGRs to LWRs.


21  Because of the generally poor economics of small modular reactors (Lyman 
2013), this limitation could pose a problem for the eventual commercial  
viability of HTGRs.


22  This reactor may actually not be a pebble-bed design, given that a reactor 
requiring continuous refueling likely would not be suitable for this  
application.


23  A molten core draining mechanism is not a unique feature of MSRs but  
can also be incorporated into LWRs. The EPR under construction at sites  
in Finland and France, is a Generation III LWR with a “core catcher.” In the 
event of a Fukushima-like accident where the fuel melts through the bottom 
of the reactor vessel, the EPR is designed so that the molten core will flow 
into a chamber below the containment floor where it can be safely cooled. 
Unlike the MSR, though, this is a last-resort measure  in the unlikely event  
of a core melt. For the MSR, core draining is the first line of defense.


24  The data in Gehin and Powers (2016) were adjusted here by using a uranium 
tails assay of 0.25 percent, to be consistent with other calculations in the 
present report.


25  The MSBR TRU waste quantity here is about twice the value quoted in  
Table V of Gehin and Powers (2016) because it also includes the end-of-life 
MSBR core inventory, which the study did not consider as waste material.


26  These numbers reflect that in recent documents Terrestrial Energy has  
uprated the IMSR400 from its original capacity of 400 MWth (190 MWe). 
In addition, the anticipated thermal efficiency has apparently decreased  
from over 48 percent to 43 percent or less. 


27  To arrive at this figure, one must adjust the results in Figure 9 of Betzler, 
Powers, and Worrall (2017), which presents the results of a two-dimensional 
simulation, by adding the additional plutonium predicted by the three- 
dimensional simulation in Figure 43. 


[ endnotes ]
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28  The Oak Ridge review found that the Transatomic Power reactor’s spent  
fuel would contain only about half of the total amount of “actinide waste” 
that a comparable LWR would generate (Robertson et al. 2017). However,  
the category of “actinide waste” includes uranium as well as the long-lived 
transuranic elements, and excluding the uranium in the spent fuel paints  
a different picture.


29  The reason is that the Transatomic Power reactor is a spectral shift reactor 
that uses movable moderator rods to control the neutron spectrum over the 
reactor’s lifetime. In the early years of operation, the neutron spectrum is 
relatively hard, which results in a rapid buildup of plutonium. The plutonium 
inventory in the core rises to nearly four metric tons. Subsequently, the spectrum 
is softened, which promotes fission of the accumulated plutonium, but the 
in-core inventory remains high. 


30  As of early 2021, Terrestrial Energy has said that final design of its off-gas 
system is still under development, but “presently the off-gas system is NOT 
used as a system that would clean up containment airborne radionuclides” 
(Terrestrial Energy 2021).


31  Although the DOE has said that an external review of its selections took 
place, it has not publicly released the reviewers’ names and affiliations— 
nor has it publicly documented their findings. 


32  The quantity of TRU fed into the burner reactor cycle over 60 years is the 
quantity in the initial core and first reloads (which last for four years) plus  
56 times the annual TRU feed requirement: 14.6 metric tons + 56 x 0.47  
metric ton = 41 metric tons of TRU.


33  The additional reloads are necessary because the fast reactor will require 
fissile makeup until it reaches equilibrium (and achieves either break-even or 
breeding). Studies by GE assume that it will take about a decade of operation 
for its PRISM reactor to reach equilibrium (Dubberly, Wu, and Kubo 2003); 
a shorter period is assumed here for ease of illustration.
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find this document online:  
www.ucsusa.org/resources/advanced-isnt-always-better


If nuclear power is to play an expanded role in helping to mitigate 
climate change, newly built reactors must be demonstrably safer, 
more secure, and more economical than current generation reac-
tors. One approach to improving nuclear power has been to pursue 
the development of non-light-water nuclear reactors, which differ 
fundamentally from today’s light-water-reactors. But is different 
actually better? The answer is “no” for most designs considered 


in this assessment comparing non-light-water reactors to light-
water reactors with regard to safety and security, sustainability, 
and the risks of nuclear proliferation and nuclear terrorism. The 
study from the Union of Concerned Scientists (UCS) recom-
mends that policymakers, private investors, and regulators fully 
vet the risks and benefits of these technologies before committing 
the vast time and resources needed to commercialize them.


“Advanced” Isn’t  
Always Better
Assessing the Safety, Security, and Environmental  
Impacts of Non-Light-Water Nuclear Reactors


Given the urgency of the climate crisis, rigorous 
evaluation is needed to avoid wasting time or 
resources in the pursuit of high-risk energy 
concepts.







used as fuel? 

Recalling the failed mixed oxide fuel (MOX) project at DOE's Savannah River Site, how much would a
plutonium fuel facility cost? That MOX debacle serves as a warning to production of plutonium fuel, for
which there will be little demand. How much would it cost to produce plutonium or HALEU fuel and what
would be the associated waste streams?

As the DOE's Waste Isolation Pilot Plant (WIPP) may well be oversubscribed, due to the volume cap
under the Land Withdrawal Act and due to large amounts of TRU slated for that facility, where would TRU
waste from any aspect of the so-called "advanced reactors" go? Demonstrate that WIPP with the current
volume cap has capacity for any TRU from "advanced reactors." As TRU from plutonium disposition,
nuclear warhead pit production and the Versatile Test Reactor are slated for WIPP, explain how TRU
from "advanced reactors" fits in the WIPP pecking order for disposition. 

How much volume and weight of TRU would be produced? How much LLW and Mixed LLW would be
produced? Would any waste go to commercial facilities in Utah or Texas, or to DOE's National Nuclear
Security Site in Nevada? What would local environmental impacts be of waste disposal at those sites?

I recall that in the mid-201os that boosters and contractors at the Savannah River Site proposed a fanciful
"Energy Park," with "advanced" SMRs, reprocessing and plutonium fuel fabrication. The Clinch River
project sounds similar. The SRS Energy Park never got off the ground. See 

The news release by the Union of Concerned Scientist about the advanced reactor report is posted here -
points raised here must be addressed as part of the PEIS record:

"Report Finds That ‘Advanced’ Nuclear Reactor Designs Are No Better Than Current Reactors—
and Some Are Worse
Proposed Non-Light-Water Reactors Not Clearly Safer and Will Likely Take Decades to Achieve
Reliable Commercial Operation"

Published Mar 18, 2021

WASHINGTON (March 18, 2021)—A report released today by the Union of Concerned Scientists (UCS)
analyzed the designs of a number of so-called “advanced” non-light-water nuclear reactors currently in
development and found that they are no better—and in some respects significantly worse—than the light-
water reactors in operation today.

The 140-page report, “Advanced” Isn’t Always Better, assesses the pros and cons of three main types of
non-light-water reactors: sodium-cooled fast reactors, high-temperature gas-cooled reactors, and molten
salt-fueled reactors. It rates them on three broad criteria: safety and security; nuclear proliferation and
terrorism risks; and “sustainability,” which refers to how efficiently they use uranium and how much long-
lived nuclear waste they generate.

“If nuclear power is to play a larger role to address climate change, it is essential for new reactor designs
to be safer, more secure, and pose comparable or—better yet—lower risks of nuclear proliferation and
nuclear terrorism than the existing reactor fleet,” says report author Dr. Edwin Lyman, a physicist and
director of nuclear power safety at UCS. “Despite the hype surrounding them, none of the non-light-water
reactors on the drawing board that we reviewed meet all of those requirements.”

The report takes a close look at unsubstantiated claims developers are making about their designs, which
are largely based on unproven concepts from more than 50 years ago. With little hard evidence, they
assert that their reactors have the potential to lower costs, reduce nuclear waste, burn uranium more
efficiently, strengthen safety, and lower the risk of nuclear proliferation.
One of the proposed sodium-cooled fast reactors, TerraPower’s 345 megawatt Natrium, has received
considerable media attention recently because TerraPower founder Bill Gates has been citing it during
interviews about his new book, How to Avoid a Climate Disaster. In mid-February, Gates told 60 Minutes
correspondent Anderson Cooper that the Natrium reactor will produce less nuclear waste and be safer

https://ucsusa.org/resources/advanced-isnt-always-better
https://ucsusa.org/about/people/edwin-lyman
https://www.cbsnews.com/news/bill-gates-climate-change-disaster-60-minutes-2021-02-14/


than a conventional light-water reactor.

In fact, according to the UCS report, sodium-cooled fast reactors such as the Natrium would likely be less
“uranium-efficient.” They would not reduce the amount of waste that requires long-term isolation in a
geologic repository. They also could experience safety problems that are not an issue for light-water
reactors. Sodium coolant, for example, can burn when exposed to air or water, and a sodium-cooled fast
reactor could experience uncontrollable power increases that result in rapid core melting.

“When it comes to safety and security, sodium-cooled fast reactors and molten salt-fueled reactors are
significantly worse than conventional light-water reactors,” says Dr. Lyman. “High-temperature, gas-
cooled reactors may have the potential to be safer, but that remains unproven, and problems have come
up during recent fuel safety tests.”

Timing is also an issue. Some developers promise that they can demonstrate, license and deploy their
non-light-water reactors on a commercial scale as early as the end of this decade, enabling them to
address the climate crisis in the near term. For example, last fall the Department of Energy (DOE) gave
both TerraPower and X-Energy, developer of a high-temperature, gas-cooled “pebble-bed” reactor, $80
million grants to begin operating first-of-a-kind commercial units by 2027, most likely at the Columbia
Generating Station site in Washington.

According to the report, if federal regulators require the necessary safety demonstrations, it could take at
least 20 years—and billions of dollars in additional costs—to commercialize non-light-water reactors, their
associated fuel cycle facilities, and other related infrastructure.

“One of the new reactor designs being considered, the ‘breed-and-burn’ reactor, has the most potential
because it doesn’t require reprocessing—or recycling—spent nuclear fuel, which poses unacceptable
proliferation risks,” says Dr. Lyman. “But the concept is still saddled with considerable technical obstacles
and safety hazards due to the fact that fuel would remain in the reactor longer than in a light-water
reactor, allowing fission gases and pressure to build.”

The report recommends that the DOE suspend its advanced reactor demonstration program until the
Nuclear Regulatory Commission determines whether it will require full-scale prototype tests before
licensing any designs for commercial deployment, which the report argues are essential. It also calls on
Congress to require the DOE to convene an independent commission to review the technical merits of all
proposed non-light-water reactors and only approve projects with a high likelihood of commercialization
that are clearly safer and more secure than the current fleet. Finally, the DOE and Congress should
consider spending more research and development dollars on improving the safety and security of light-
water reactors, rather than on commercializing immature, overhyped non-light-water reactor designs.

-----

Thank you for considering these comments for the PEIS record.



From: Tom Clements
To: nepa
Subject: Additional Comment of Clinch River Nuclear Site PEIS Fwd: Comment and attachments on Draft VTR EIS, by SRS

Watch - please confirm receipt
Date: Thursday, March 18, 2021 8:22:47 PM
Attachments: Greg Jones on VTR Nov 19 2019.pdf

plutonium disposition scoping comments by SRS Watch Jan 28 2021.pdf
plutonium-inventory-SRS-2020-FOIA-rcvd-Sep-22-2020.pdf
Comment by SRS Watch on draft VTR EIS Feb 12 2021.pdf

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Comment for PEIS on Clinch River Nuclear Site Advanced Nuclear Reactor
Technology Park

Submitted by Tom Clements, Director, Savannah River Site Watch, Columbia, SC, https://srswatch.org/,
March 19, 2021

In support of the No Action Alternative and for the PEIS record, I hereby submit my comments (and
attachments) submitted on February 12, 2021 into the draft EIS record for the Versatile Test Reactor. Oak
Ridge National Lab is considered an alternate site for that reactor. I supported the No Action Alternative in
that NEPA process. Comments on the VTR are applicable to so-called "advanced reactors" that might be
considered for the Clinch River site.

Please confirm receipt of this additional comment and four attachments (which must be considered in the
PEIS). 

The attached plutonium disposition comment is relevant given the issue of TRU disposal from "advanced
reactors" in the Waste Isolation Pilot Plant. Such waste must be part of the requested PEIS needed on
plutonium waste (TRU) disposal from various projects - plutonium disposition, pit production (for nuclear
warheads) and the Versatile Test Reactor- in WIPP.

Thank you.

-----Original Message-----
From: Tom Clements 
To: 
Sent: Fri, Feb 12, 2021 10:27 am
Subject: Comment and attachments on Draft VTR EIS, by SRS Watch - please confirm receipt

February 12, 2021

To: Mr. James Lovejoy
Document Manager
U.S. Department of Energy
Idaho Operations Office

I hereby submit the attached comments for the record of the draft EIA on the VTR. Please confirm receipt.

I have also attached three documents for the record. Please confirm receipt of them.

mailto:tomclements329@cs.com
mailto:nepa@tva.gov
https://srswatch.org/
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Gregory S. Jones1 


November 18, 2019 


 


The Versatile Test Reactor: Wasting Money While Undermining Nonproliferation Goals 


 


In February 2019, U.S. Secretary of Energy Rick Perry announced the start of a project to build 


the Versatile Test Reactor (VTR).  The VTR will be a type of research reactor known as a 


“materials testing reactor.”  The VTR will “produce neutrons to test how fuels, materials, 


components and instrumentation will perform if used in commercial power reactors.”2  The 


current project will develop the reactor’s design, cost and construction schedule but the final 


decision to proceed with the VTR will not be made until 2022.3   


 


When neutrons are released by fission, they have a high energy and are traveling at high speed.  


These are said to be “fast” neutrons.  All commercial nuclear power reactors, as well as most 


research reactors contain a light material known as a moderator (usually either water, graphite, 


heavy water or zirconium hydride) which slows the neutrons.  Such reactors are known as 


“thermal” reactors.4  The VTR will not contain any moderator resulting in the reactor using fast 


neutrons and will be a fast reactor.   


 


Fast reactors cannot use water as a coolant and the VTR will use liquid metallic sodium instead.  


The reactor could be fueled using 20% enriched uranium but the requirements for the VTR have 


been set in such a way that plutonium will be needed.5  For the base case it is currently planned 


to use a metallic alloy as the fuel, which would be 20% plutonium, 10% zirconium and 70% 


uranium enriched to 5% (i.e. the uranium will be 5% U-235 and 95% U-238).   


 


The U.S. Department of Energy (DOE) has said that the VTR is needed to develop and deploy 


what it has termed “advanced” nuclear energy technologies.  DOE has said that these advanced 


reactor technologies could be deployed by 2030.6  It has also said that these advanced nuclear 


reactor types will be developed “with or without the United States” and if the U.S. does not build 


                                                           
1 This paper is the product of the author’s personal research and the analysis and views contained in it are solely his 


responsibility.  Though the author is also a part-time adjunct staff member at the RAND Corporation, this paper is 


not related to any RAND project and therefore RAND should not be mentioned in relation to this paper.  I can be 


reached at GregJones@proliferationmatters.com   
2 “Versatile Test Reactor,” Office of Nuclear Energy, U.S. Department of Energy, “Frequently Asked Questions: 


What is a test reactor?”  https://www.energy.gov/ne/nuclear-reactor-technologies/versatile-test-reactor  
3 Ibid., “Frequently Asked Questions: Has a decision been made to build a VTR?”  
4 The thermal agitation of the moderator atoms limits how much the neutrons can be slowed.  Neutrons moving at 


this speed are termed thermal neutrons and hence the term thermal reactors.   
5 Specifically, the reactor must provide a neutron flux of “at least 4 x 1015 neutrons/cm2-sec.”  “Notice of Intent To 


Prepare an Environmental Impact Statement for a Versatile Test Reactor,” Office of Nuclear Energy, Department of 


Energy, Federal Register, Vol. 84, No. 150, August 5, 2019, p. 38023.  https://www.govinfo.gov/content/pkg/FR-


2019-08-05/pdf/2019-16578.pdf  This requirement can only be met by using fuel containing plutonium.  Kemal 


Pasamehmetoglu, “Versatile Test Reactor Overview,” Advanced Reactors Summit VI, San Diego, California, 


January 29-31, 2019, p. 4.  https://gain.inl.gov/SiteAssets/VersatileTestReactor/VTR_OVERVIEW.pdf 
6 “3 Advanced Reactor Systems to Watch by 2030,” Office of Nuclear Energy, U.S. Department of Energy, March 


7, 2018.  https://www.energy.gov/ne/articles/3-advanced-reactor-systems-watch-2030  
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the VTR “U.S. companies will have no choice but to rely on foreign countries like Russia and 


China to develop their technologies.”7   


 


In reality, the VTR will be a waste of money and undermine the broader nonproliferation goals 


of the U.S.  The need for the VTR is doubtful as it is very unlikely that any of these advanced 


technologies will be deployed on a significant scale even by 2050 and they could easily never be 


deployed.  Further, given the low technological maturity of the technology to be used in the 


VTR, combined with DOE’s desire to build the VTR on what it calls “an accelerated schedule,” 


it is very likely that there will be significant delays and cost overruns.  In addition, DOE needs to 


examine the safety risks of fast reactors, including the VTR, in a realistic and even-handed 


manner.  Finally, the use of plutonium fuel in the VTR will undermine U.S. nonproliferation 


goals to eliminate the separation of plutonium, plutonium stockpiles and plutonium fuels in non-


nuclear weapon states.   


 


“Advanced” Does Not Mean Advanced 


 


Naturally one would want nuclear reactors that are “advanced.”  The implication that the U.S. is 


falling behind Russia and China in developing advanced reactors sounds concerning.  The VTR 


is being promoted as being necessary to deal with this problem and help keep pace with Russia 


and China.  However, a 2017 report by the Idaho National Laboratory makes clear that 


“advanced” does not mean advanced, but rather “reactors that use coolants other than water.”8  


Falling behind Russia and China in the development of advanced nuclear reactors is concerning 


but falling behind in the development of nonaqueous cooled reactors leads to the question, “So 


what?”  Nonaqueous cooled reactors have been around for more than fifty years but they have 


seen little use.  Nor, as will be discussed below, are they likely to come into widespread use 


soon.   


 


In the 1970s, the U.S. was considering the development of a passenger jet that could fly faster 


than the speed of sound, the Supersonic Transport (SST).  The Soviet Union and a UK/France 


consortium were also developing SSTs and a similar argument was made that the U.S. could not 


afford to fall behind.  In the end the U.S. stopped its SST program as being uneconomical.  The 


Soviet Union dropped out as well but the UK/France consortium continued and they developed 


the Concorde.  While in some ways a remarkable airplane, it was not “advanced” in the way that 


mattered, i.e. providing economical air travel.  The Concorde operated for 27 years as a prestige 


project but it has now ceased operation.  Though air travel has greatly expanded since the 1970s, 


there are no SSTs in operation today.   


 


Similarly, nonaqueous cooled reactors have a number of characteristics that differ when 


compared to the current type of commercial power reactors which are mainly light water reactors 


(LWRs).  Some of the characteristics are more favorable and some (including some safety 


                                                           
7 Dan Brouillette, Deputy Secretary, U.S. Department of Energy, “DOE: There’s a Definite Need for a Fast Test 


Reactor,” Office of Nuclear Energy, U.S. Department of Energy, March 1, 2019.  


https://www.energy.gov/ne/articles/doe-theres-definite-need-fast-test-reactor  
8 D. Petti et. al., “Advanced Demonstration and Test Reactor Options Study,” INL/EXT-16-37867, Idaho National 


Laboratory, January 2017, p. viii.  


https://art.inl.gov/ART%20Document%20Library/Advanced%20Demonstration%20and%20Test%20Reactor%20O


ptions%20Study/ADTR_Options_Study_Rev3.pdf  
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https://art.inl.gov/ART%20Document%20Library/Advanced%20Demonstration%20and%20Test%20Reactor%20Options%20Study/ADTR_Options_Study_Rev3.pdf

https://art.inl.gov/ART%20Document%20Library/Advanced%20Demonstration%20and%20Test%20Reactor%20Options%20Study/ADTR_Options_Study_Rev3.pdf
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characteristics) are less so.  But over the last 50 years their unfavorable economics have meant 


they have not been used commercially.  Advocates for the VTR have not provided any evidence 


that this has or will change.   


 


The Plutonium Fast Breeder Reactor Dream 


 


During World War II the first nuclear reactors were designed to produce plutonium.  It was 


recognized that if these reactors were modified to increase the temperature of the coolant, then 


useful amounts of electricity could be generated.  The problem was that at the time very little 


uranium was known to exist in concentrations that could be economically mined.  What is worse, 


nuclear power reactors whose design was derived from plutonium production reactors, as well as 


the LWRs which are in widespread use today, obtain their energy from mainly the U-235 in the 


uranium.  But natural uranium is only 0.7% U-235 (U-238 makes up 99.3%) and with the known 


uranium resources of the time, nuclear power’s contribution to energy production could not be 


large.   


 


In the early 1950s, the solution to this problem was believed to be the fast breeder reactor.  


Current LWRs convert some U-238 into plutonium but these reactors produce less plutonium 


than they consume U-235.  However, reactors can be designed that use plutonium fuel and as 


they operate, actually convert more U-238 to plutonium than is consumed in the process.  The 


nuclear characteristics of plutonium are such that for this to occur, the use of fast neutrons is 


required.  As a result, water cannot be used as a coolant.  Instead reactors were designed that 


used liquid metallic sodium as a coolant which does not slow down the fast neutrons produced 


by fission.  By “breeding” more plutonium than is consumed, this type of reactor has the 


potential to utilize a large fraction of the U-238 contained in uranium and could increase the 


amount of energy extracted from uranium by roughly one hundred-fold.   


 


Technologically, the fast breeder reactor is an elegant solution to the problem of the lack of 


uranium.  In the 1960s and 1970s extravagant projections were made as to the fast breeder 


reactor’s future.  It was expected that commercial breeder reactors would come into service 


around 1980 and by 2000 all new reactors would be breeders.  Given that oil and natural gas 


were also expected to be depleted soon, most energy would be produced by breeder reactors.  In 


1974, the U.S. Atomic Energy Commission estimated that today there would be almost 2,000 


gigawatts of breeder reactors in the U.S. alone.9   


 


The Reality Behind the Dream 


 


The driving factor behind these plans for the plutonium fueled fast breeder reactor was the belief 


that supplies of uranium were not very large.  However, the only reason that world reserves of 


uranium were so low in the 1940s and early 1950s is because no one had tried very hard to look 


for uranium.  Before the nuclear age there was no need to do so.  In the 1950s, the U.S. used a 


price incentive program and provided technical information to spur uranium exploration in the 


                                                           
9 Albert Wohlstetter, Gregory Jones, and Roberta Wohlstetter, “Towards a New Consensus on Nuclear Technology, 


Volume I, Why the Rules Need Changing,” Pan Heuristics, PH-78-04-832-33, July 6, 1979, p. 16.  


http://www.npolicy.org/files/19790706-TowardsANewConsensus-Vol01.pdf  



http://www.npolicy.org/files/19790706-TowardsANewConsensus-Vol01.pdf
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U.S. and large quantities of uranium were discovered in the Western U.S.10  Further oil and 


natural gas supplies were not nearly so limited as were believed at the time and as energy prices 


rose it was economical to use less energy more efficiently.  As a result, today the total electricity 


generating capacity of the U.S. is only about 1,100 gigawatts, of which only about 100 gigawatts 


is from nuclear power.  With the greatly reduced demand for nuclear electricity and increased 


uranium supplies, uranium resources have been more than adequate and the real price of uranium 


has not increased in 50 years.  In this economic environment, there are no commercial breeder 


reactors in the U.S. or anywhere else in the world.   


 


In 1974 India conducted a nuclear weapon test using plutonium that it had ostensibly produced in 


anticipation of its use in fast breeder reactors.  This event led the U.S. to realize that there were 


substantial nonproliferation dangers in the use of plutonium as nuclear fuel.  Consequently, in 


1977 the U.S. adopted a policy against the separation of plutonium, plutonium stockpiles and 


plutonium fuels in nonnuclear weapon states.  The U.S. breeder reactor program ended in 1983.  


Programs continued in some other countries, most notably France, Japan and the Soviet Union.  


However, in the twentieth century, little progress was made in developing a commercial breeder 


reactor.   


 


Still, there were some who could not give up on the breeder reactor dream.  In 2000 the DOE 


initiated the Generation IV International Forum.  This was a group of ten countries (now 


fourteen) which intend to develop what they call “fourth generation” commercial nuclear power 


systems.  In 2002, the forum selected six different types of reactor systems for further 


development, one of which was a sodium-cooled, plutonium fueled, fast reactor.11   


 


The term “Generation IV,” like the term “advanced,” is a marketing tool rather than a technical 


description.  There is no reason to think that these reactors will produce electricity more 


economically than current LWRs.  There has been no rush to develop and deploy any of these six 


“Gen IV” reactor types including the sodium-cooled fast reactor.  Indeed, a Generation IV 


International Forum update in 2013 showed that in the eleven years since 2002, little progress 


had been made in reaching the demonstration phase for any of these six reactor types.12  For 


example, the projected demonstration of sodium-cooled fast reactor had slipped nine years from 


2021 to 2030.   


 


A slippage of nine years in an eleven year period throws into doubt whether such reactors will 


ever be built and recent events tend to support this view.  In 1994, Japan completed building a 


small test fast breeder reactor, Monju.  This reactor suffered a major accident in 1995 when over 


three tons of metallic sodium leaked out of the cooling system.  Metallic sodium is chemically 


highly reactive and the oxygen and water in the atmosphere caused the formation of highly 


caustic fumes.  The heat from the reaction was enough to warp several steel structures outside 


the reactor.  In 2016, after various other safety issues, the reactor was shutdown for good.  It had 


                                                           
10 Robert D. Nininger, Minerals for Atomic Energy, D. Van Nostrand Company, Inc., 1954.   
11 “A Technology Roadmap for Generation IV Nuclear Energy Systems,” GIF-002-00, U.S. DOE Nuclear Energy 


Research Advisory Committee and the Generation IV International Forum, December 2002.  https://www.gen-


4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf  
12 “Technology Roadmap Update for Generation IV Nuclear Energy Systems,” OECD Nuclear Energy Agency for 


the Generation IV International Forum, January 2014, p. 9.  https://www.gen-


4.org/gif/upload/docs/application/pdf/2014-03/gif-tru2014.pdf  



https://www.gen-4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf

https://www.gen-4.org/gif/upload/docs/application/pdf/2013-09/genivroadmap2002.pdf

https://www.gen-4.org/gif/upload/docs/application/pdf/2014-03/gif-tru2014.pdf

https://www.gen-4.org/gif/upload/docs/application/pdf/2014-03/gif-tru2014.pdf
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barely operated since it first became critical.  Japan does not plan to build another fast breeder 


reactor but had hoped to be involved in France’s ASTRID prototype breeder program. 


 


France had a small prototype breeder reactor, Phenix, which started operation in 1973.  France 


then built a full-scale breeder reactor, the Superphenix.  It started operation in 1986 but was 


shutdown in 1996 due to court challenges.  Phenix, which had experienced unexplained power 


surges was shutdown in 2009.  France’s breeder program then depended on its plans to build 


another prototype breeder, ASTRID.  However, in August 2019 it announced that it had 


abandoned these plans.  This decision effectively ended the breeder reactor program not only in 


France but also in Japan.   


 


India is building its Prototype Fast Breeder Reactor (PFBR).  It was originally planned to start 


operation in 2010 but now the PFBR will not start until 2020 at the earliest.  Only Russia has two 


breeder prototypes in operation, the BN-600 and BN-800.  Russia had planned to build a full-


scale breeder reactor, the BN-1200, which was to start operation in 2030.  However, in August 


2019, Russia announced that the BN-1200 is now planned to start operation in 2036.   


 


Given the large number of delays and reactor shutdowns, the plutonium fast breeder reactor is no 


closer to reality today than it was 40 years ago.  Yet the sodium-cooled fast reactor has had by 


far the most development effort of any of the six “Gen IV” reactor types.  It is hard to see how 


the DOE can claim as a justification for the VTR that “Many of the advanced reactor designs that 


will likely produce power in the future will be fast reactors.”13  If there are not going to be any 


commercial fast nuclear power reactors, there is no need for the VTR.   


 


Versatile Test Reactor Design Not Technically Mature 


 


The DOE mission need statement for the VTR has stated that its capability requirements should 


include: 


 


An accelerated schedule to regain and sustain U.S. technology leadership and 


enable the competiveness of U.S-based industry entities in the advanced reactor 


markets.  This can be achieved through use of mature technologies for the reactor 


design (e.g. sodium coolant in a pool-type, metallic-alloy fueled fast reactor) 


while enabling innovative experimentation.14  [Emphasis added]   


 


Elsewhere the mission need statement calls for “Use of proven technologies with high 


technology readiness level (TRL).”15  Specifically DOE has said, “The current VTR concept 


                                                           
13 “DOE: There’s a Definite Need for a Fast Test Reactor,” Office of Nuclear Energy, U.S. DOE, March 1, 2019.  


https://www.energy.gov/ne/articles/doe-theres-definite-need-fast-test-reactor  
14 “Mission Need Statement for the VERSATILE TEST REACTOR (VTR) PROJECT: A Major Acquisition 


Project,” Office of Nuclear Technology Research and Development, Office of Nuclear Energy, U.S. Department of 


Energy, December 2018, p. 9.  https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-


Need-Statement-for+Versatile-Test-Reactor-Project.pdf  
15 Ibid., p. 10.   



https://www.energy.gov/ne/articles/doe-theres-definite-need-fast-test-reactor

https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-Need-Statement-for+Versatile-Test-Reactor-Project.pdf

https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-Need-Statement-for+Versatile-Test-Reactor-Project.pdf





6 


 


would make use of the proven, existing technologies incorporated in the small, modular GE 


Hitachi Power Reactor Innovative Small Module (PRISM) design.”16 


 


The UK has recently independently evaluated the GE Hitachi PRISM design and found it to be 


anything but mature.  The UK has had an extensive nuclear power program and has extracted a 


total of about 120 metric tons of plutonium from their reactors’ spent fuel.  Like most countries, 


the UK, at one time, planned to use this plutonium in breeder reactors but its breeder reactor 


program ended in 1994.  The task has fallen to the UK Nuclear Decommissioning Authority 


(NDA) to devise a method to dispose of the vast stockpile of plutonium.   


 


GE Hitachi (GEH) proposed building two PRISM reactors to reuse this plutonium.  However, in 


March 2019, the UK NDA rejected this proposal saying: 


 


PRISM fast reactors were put forward by GEH as commercially viable, “ready to 


deploy” and capable of quickly dispositioning the complete plutonium stockpile.  


However, the studies undertaken by NDA with GEH over the past few years have 


shown that a major research and development programme would be required, 


indicating a low level of technical maturity for the option with no guarantee of 


success.17  [Emphasis added] 


 


UK NDA raised particular concerns about the fabrication of the unusual fuel required by the 


PRISM design.18  It considered the work up to now “preliminary” and said that the building of a 


fuel fabrication facility without “further plutonium-active testing” was a “major technical risk” 


which GEH intended be borne solely by the UK NDA.   


 


The UK NDA has good reason to be concerned about the fabrication of plutonium fuel.  The UK 


built the Sellafield MOX Plant to produce fuel which was a mixture of plutonium and uranium 


oxides (MOX).  Though there was far more commercial experience producing this kind of fuel 


compared to the PRISM metallic fuel, the plant was a complete failure.  Despite being designed 


to produce 120 metric tons of MOX fuel per year, during its operational life of ten years (2001-


2011) it produced a total of only 13.8 metric tons (only about one percent of its design 


capacity).19  Nor has the U.S. had better luck.  In October 2018 the U.S. National Nuclear 


Security Administration terminated work on a partially built facility in South Carolina which was 


intended to turn former weapons plutonium into oxide fuel to be burned in commercial LWRs.20   


 


DOE’s plans to produce the fuel for the VTR are very preliminary and non-specific:  


                                                           
16 “Notice of Intent To Prepare an Environmental Impact Statement for a Versatile Test Reactor,” Office of Nuclear 


Energy, Department of Energy, Federal Register, Vol. 84, No. 150, August 5, 2019, p. 38023.  


https://www.govinfo.gov/content/pkg/FR-2019-08-05/pdf/2019-16578.pdf  
17 “Progress on Plutonium Consolidation, Storage and Disposition,” UK NDA, March 2019, p. 11.  


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/791046/Progress_


on_Plutonium.pdf  
18 The plutonium, uranium, zirconium metal alloy described earlier.   
19 “Sellafield MOX Plant—Lessons Learned Review,” Department of Energy and Climate Change, United 


Kingdom, July 18, 2012.  http://fissilematerials.org/library/2012/07/sellafield_mox_plant_lessons_l.html  
20 “NRC terminates US MOX plant authorization,” World Nuclear News, February 13, 2019.  http://world-nuclear-


news.org/Articles/NRC-terminates-US-MOX-plant-authorisation  



https://www.govinfo.gov/content/pkg/FR-2019-08-05/pdf/2019-16578.pdf

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/791046/Progress_on_Plutonium.pdf

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/791046/Progress_on_Plutonium.pdf

http://fissilematerials.org/library/2012/07/sellafield_mox_plant_lessons_l.html

http://world-nuclear-news.org/Articles/NRC-terminates-US-MOX-plant-authorisation

http://world-nuclear-news.org/Articles/NRC-terminates-US-MOX-plant-authorisation
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Nuclear materials for the VTR driver fuel could come from several locations 


including from within the DOE complex, commercial facilities, or possibly 


foreign sources.  The nuclear materials and zirconium would be alloyed and 


formed into ingots from which the fuel would be fabricated.  The alloy ingots 


could be produced at one of the locations providing the nuclear materials or the 


materials could be shipped to a location within the DOE complex for creating the 


alloy.  DOE anticipates fabricating the driver fuel from ingots at the Savanah 


River site or the Idaho National Laboratory.21   


 


DOE is also vague about how the spent fuel will be disposed.  It says it will not be reprocessed 


but rather “conditioned for disposal.”22  DOE has not stated how this will be accomplished given 


that the more reactive metallic fuel is a less suitable waste form than the stable ceramic oxide 


fuel that is used in commercial nuclear power reactors.   


 


Clearly the GEH PRISM technology and especially the technology required to produce the 


plutonium fuel for the VTR, is nowhere close to being mature. The use of this reactor design, 


especially on an “accelerated” basis, runs a substantial risk of major delays and cost overruns.   


 


Fast Reactor Safety Issues 


 


The PRISM design has certain safety features that are superior to the design of the current LWR 


power reactors.  In particular the core is submerged in a large pool of metallic sodium.  It has a 


high heat storage capacity and combined with a passive heat removal system, the reactor would 


be able to survive the loss of emergency power which was the cause of the Fukushima accident.  


This has led at least one advocate for the VTR to claim “these reactors can’t melt down.23  


Unfortunately this is untrue.   


 


One of the problems with the PRISM design is its use of metallic fuel.  This fuel has a much 


lower melting point (about 1,500o C) compared to the melting point of the oxide fuels (about 


3,000o C) that are used in LWRs.  There are reasons other than just the loss of power that the 


cooling of the fuel might be interrupted and if it is the metallic fuel will melt far more readily.  


Such an accident occurred more than 50 years ago at the Enrico Fermi Unit 1 near Detroit.  This 


was a small prototype sodium cooled fast breeder reactor which used a uranium molybdenum 


alloy fuel similar to the fuel proposed for the VTR.  A piece of metal broke off from the interior 


of the reactor and blocked the coolant flow resulting in the partial melting of two of the reactor’s 


fuel elements.  There was no release of radiation off-site but the reactor was shut down for nearly 


four years as a result of the damage.   


 


                                                           
21 “Notice of Intent To Prepare an Environmental Impact Statement for a Versatile Test Reactor,” Office of Nuclear 


Energy, Department of Energy, Federal Register, Vol. 84, No. 150, August 5, 2019, p. 38024.  


https://www.govinfo.gov/content/pkg/FR-2019-08-05/pdf/2019-16578.pdf  
22 Ibid. 
23 James Conca, “Should the U.S. Build a Fast Nuclear Test Reactor or Continue to be Beholden to Russia?” 


Forbes.com, July 26, 2018.  https://www.forbes.com/sites/jamesconca/2018/07/26/should-we-build-a-fast-nuclear-


test-reactor-or-continue-to-be-beholden-to-russia/#3efccdbc82bb  



https://www.govinfo.gov/content/pkg/FR-2019-08-05/pdf/2019-16578.pdf

https://www.forbes.com/sites/jamesconca/2018/07/26/should-we-build-a-fast-nuclear-test-reactor-or-continue-to-be-beholden-to-russia/#3efccdbc82bb

https://www.forbes.com/sites/jamesconca/2018/07/26/should-we-build-a-fast-nuclear-test-reactor-or-continue-to-be-beholden-to-russia/#3efccdbc82bb
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A major meltdown in a fast reactor would have consequences more serious than those from a 


similar meltdown in an LWR.  As was discussed above, thermal reactors use a moderator and 


sustaining the nuclear chain reaction requires that the fuel and the moderator be interwoven.  If 


the fuel in a thermal reactor melts, then the moderator is excluded and the nuclear chain reaction 


stops.  In a fast reactor, the melting of the fuel would lead to the exclusion of the coolant, 


increasing the rate of the chain reaction complicating efforts to bring the accident under control.   


 


There are a number of other safety concerns.  The decrease in the delayed neutron fraction 


associated with the use of plutonium fuel makes the control of the reactor more delicate.  The 


chemical reactivity of the sodium coolant if it leaks out of the reactor as happened in the accident 


at Monju, can damage equipment and generate toxic fumes.  The fast neutrons in the reactor 


damage structural materials in a much shorter time than do thermal neutrons.   


 


It is clear that fast reactors, including the VTR, have significant safety pluses and minuses that 


will have to be carefully evaluated.  It is not clear that DOE is up to the task.  In the mission need 


statement for the VTR, DOE has claimed “The nuclear industry, which has always provided safe, 


clean, reliable energy…”24  This apparent denial of the serious accidents that occurred at Three 


Mile Island, Chernobyl and Fukushima raises concerns as to whether DOE can get beyond its 


role as an advocate for nuclear power to examine the safety of fast reactors in a realistic and 


even-handed manner.   


 


Plutonium Fuel and U.S. Nonproliferation Concerns 


 


As was discussed above, the requirements for the VTR appear to have been deliberately set so as 


to require the use of plutonium fuel.  Plutonium is a well-known nuclear weapon material.  This 


includes so-called reactor-grade plutonium.25  In 1974 India conducted a nuclear weapon test 


using plutonium that it had ostensibly produced to use as fuel in fast breeder reactors.  This event 


led the U.S. to realize that there were substantial nonproliferation dangers in the use of 


plutonium as nuclear fuel.  As a result, in 1977 the U.S. adopted a policy against the use of 


plutonium separation, plutonium stockpiles and plutonium fuel in nonnuclear weapon states.  


This U.S. policy has not been universally accepted but the lack of progress in the development of 


breeder reactors has lessened some of the resistance.  Still, there are concerns that countries 


might use plutonium produced by their commercial power reactors to acquire nuclear weapons 


and that breeder reactor development might be used as a cover to acquire or retain plutonium that 


has been separated from commercial reactors’ spent fuel.  Two countries of current concern are 


Japan and South Korea.   


 


Japan has already separated large quantities of plutonium for its breeder reactor program.  It 


currently has nine metric tons of separated plutonium (enough for over 1,000 nuclear weapons) 


                                                           
24 “Mission Need Statement for the VERSATILE TEST REACTOR (VTR) PROJECT: A Major Acquisition 


Project,” Office of Nuclear Technology Research and Development, Office of Nuclear Energy, U.S. Department of 


Energy, December 2018, p. 5.  https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-


Need-Statement-for+Versatile-Test-Reactor-Project.pdf  
25 Gregory S. Jones, Reactor-Grade Plutonium and Nuclear Weapons: Exploding the Myths, Nonproliferation Policy 


Education Center, 2018.  


https://nebula.wsimg.com/3fd1e3cfbbf101d6c4f562e17bc8604c?AccessKeyId=40C80D0B51471CD86975&disposit


ion=0&alloworigin=1  



https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-Need-Statement-for+Versatile-Test-Reactor-Project.pdf

https://s3.amazonaws.com/ucs-documents/nuclear-power/FOIA-Approved-Mission-Need-Statement-for+Versatile-Test-Reactor-Project.pdf

https://nebula.wsimg.com/3fd1e3cfbbf101d6c4f562e17bc8604c?AccessKeyId=40C80D0B51471CD86975&disposition=0&alloworigin=1

https://nebula.wsimg.com/3fd1e3cfbbf101d6c4f562e17bc8604c?AccessKeyId=40C80D0B51471CD86975&disposition=0&alloworigin=1





9 


 


in Japan and another 36.7 metric tons stored in the UK and France.26  Though the prospects for 


Japan’s breeder reactor program have faded, pressure on Japan to develop nuclear weapons has 


grown.  In particular, the pressure has come from North Korea’s nuclear weapon and ballistic 


missile tests and candidate Trump’s suggestion that Japan and South Korea should develop their 


own nuclear weapons (a suggestion that has been retracted by President Trump).  As a result, 


there has been increased concern about Japan’s large separated plutonium stockpile and calls for 


Japan to eliminate its stocks of separated plutonium.  The use of plutonium fuel in the VTR 


undermines this effort.   


 


South Korea does not have any stocks of separated plutonium.  It does have a large commercial 


nuclear power program and the spent fuel from these reactors contains about 100 metric tons of 


plutonium.27  Candidate Trump’s call for South Korea to develop it own nuclear weapons 


combined with North Korea’s nuclear weapon and ballistic missile tests (which threaten South 


Korea even more than they do Japan) has led to open discussions in South Korea about obtaining 


its own nuclear weapons.  Breeder reactor development could be used as a cover for South Korea 


to obtain separated plutonium for nuclear weapons.  The use of plutonium fuel in the VTR 


enhances the credibility of this cover.   


 


To make matters worse, the U.S. is taking on both Japan and South Korea as collaborators to 


perform research in the VTR.28  In January 2019 a memorandum of understanding with South 


Korea was in final review and in June 2019, a memorandum of understanding was signed with 


Japan.   


 


The use of plutonium fuel in the VTR helps provide cover for Japan to retain and for South 


Korea to obtain separated plutonium which could be used to produce nuclear weapons.  This is 


an additional reason why the VTR should not be built.   


 


Conclusions 


 


The need that the VTR is intended to meet does not exist.  Commercial nuclear power reactors 


that use nonaqueous coolants (so-called advanced reactors), will certainly not start operation by 


2030.  Though much effort has been taken to develop such reactors in the last 50 years, they are 


no closer to development today than they were 40 years ago.  Given the recent cancellation of 


fast breeder reactor programs in Japan and France and the delays to the programs in Russia and 


India, such reactors may well never be deployed commercially.   


 


Despite DOE’s claims that the technology to be used in the VTR is mature, an independent 


evaluation by the UK NDA found “a low level of technical maturity.”  The UK NDA raised 


particular concerns about the manufacture of the fuel, calling it a “major technical risk.”  DOE’s 


                                                           
26 “The Status Report of Plutonium Management in Japan-2018,” Japan Office of Atomic Energy Policy, July 30, 


2019.  http://www.aec.go.jp/jicst/NC/iinkai/teirei/3-3set_20190730.pdf  
27 David Albright et. al., “Civil Plutonium Stocks Worldwide: End of 2014,” Institute for Science and International 


Security, November 16, 2015, p. 4.  https://isis-online.org/uploads/isis-


reports/documents/Civil_Plutonium_Stocks_Worldwide_November_16_2015_FINAL.pdf  
28 Kemal Pasamehmetoglu, “Versatile Test Reactor Overview,” Advanced Reactors Summit VI, San Diego, 


California, January 29-31, 2019, p. 8.  https://gain.inl.gov/SiteAssets/VersatileTestReactor/VTR_OVERVIEW.pdf  



http://www.aec.go.jp/jicst/NC/iinkai/teirei/3-3set_20190730.pdf

https://isis-online.org/uploads/isis-reports/documents/Civil_Plutonium_Stocks_Worldwide_November_16_2015_FINAL.pdf

https://isis-online.org/uploads/isis-reports/documents/Civil_Plutonium_Stocks_Worldwide_November_16_2015_FINAL.pdf

https://gain.inl.gov/SiteAssets/VersatileTestReactor/VTR_OVERVIEW.pdf
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plans for the manufacture of this fuel are very preliminary and nonspecific and its plan to build 


the VTR on an accelerated schedule runs a high risk of major delays and cost overruns.   


 


Though the technology used in the VTR has some safety advantages, it has some significant 


disadvantages as well.  DOE needs to move beyond its role as an advocate for nuclear power and 


examine the safety of fast reactor technology options in a realistic and even-handed manner.   


 


The use of plutonium fuel in the VTR undermines U.S. nonproliferation goals to eliminate the 


separation of plutonium, plutonium stockpiles and plutonium fuels in non-nuclear weapon states.  


To make matters worse, the U.S. is taking on both Japan and South Korea as collaborators to 


perform research in the VTR, which could help provide cover for potential nuclear weapon 


programs in these two countries.   


 


The VTR will be a waste of money and undermines U.S. nonproliferation goals.  This reactor 


program should not continue.   
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January 28, 2021 
 
Mr. Jeffrey Galan 
NEPA Document Manager 
NNSA Office of Material Management and Minimization 
Savannah River Site 
P.O. Box A 
Bldg. 730–2B, Rm. 328 
Aiken, SC 29802 
SPDP-EIS@NNSA.DOE.GOV 
 


Comments by Tom Clements, Director of Savannah River Site Watch (SRS Watch) in response 
to Federal Register Notice of December 16, 2020: “Notice of Intent To Prepare an 
Environmental Impact Statement for the Surplus Plutonium Disposition Program” 


(https://www.govinfo.gov/content/pkg/FR-2020-12-16/pdf/2020-27674.pdf) 


 
Programmatic Environmental Impact Statement (PEIS) Needed on Plutonium Disposition and 


All Plutonium Waste Streams Designated for the Waste Isolation Pilot Plant (WIPP) -  
including from Plutonium Disposition, Proposed SRS Plutonium Bomb Plant (PBP) & Fuel 


Fabrication for Versatile Test Reactor (VTR) 
 
These scoping comments are being formally submitted by Savannah River Site Watch 
(https://srswatch.org/) for the record in response to the Federal Register notice on surplus 
plutonium disposition. I expect that there will be a response in the draft Environmental Impact 
Statement to each and every comment below.  Thank you in advance for that. 
 
These scoping comments are being submitted based on the knowledge gained from having 
been involved from the public-interest perspective in DOE’s plutonium disposition efforts since 
1995, when the first National Academies of Sciences reports on the matter were released.  
From the start of the plutonium disposition efforts, I supported immobilization of plutonium as 
waste. It was a colossal and costly mistake on DOE’s part to terminate that effort, influenced by 
self-serving pro-MOX forces inside and outside DOE, underscoring that wisdom on the matter 
at hand was with public interest groups that supported immobilization and that opposed the 
MOX boondoggle. (The MOX debacle still merits investigation by Congress and other entities.) 
 
I request that all documents referenced in the draft EIS will be made available on line and easily 
available for public review.  
 



https://www.govinfo.gov/content/pkg/FR-2020-12-16/pdf/2020-27674.pdf
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I also request that all “data call” documents solicited to prepare the draft EIS be made part of 
the public record and be made available via the internet. Further, I request that all Critical 
Decision-0 and Critical Decsion-1 documents related to the expanded plutonium disposition 
facilities in the K-Area at SRS be made part of the public NEPA record. 
 
Additionally, I request that all scoping comments be published in the draft EIS, along with the 
responses to them. 
 
The on-line scoping webinar on January 25, 2021 posed problems due to a broken link in an 
email notice sent by NNSA and due to an incorrect link printed in The State newspaper in 
Columbia, SC.  The transcript of that meeting will show that I made an oral comment about this 
during the meeting. The problem with the links is simply unacceptable given the NNSA financial 
resources and personnel involved in the scoping process. When the draft EIS is announced, 
much better performance will be expected. 
 
Please acknowledge receipt of these comments, which are being emailed and, due to poor 
handling of emailed comments during the plutonium pit NEPA process, are also being mailed. 
 


----- 
 
Claims have been made that disposal of plutonium is being done for nuclear non-proliferation 
reasons.  While plutonium undergoing disposal might not be readily available for nuclear 
weapons use, what impact does plutonium disposition have on the maintenance of around 
4000 active and reserve weapons and plans for several new weapon designs? Is there any 
connection or impact?  
 
Amount of plutonium covered in the NOI needs clarification 
 
The Notice of Intent states that “in August 2020 NNSA prepared a Supplement Analysis (SA) 
based on the analysis presented in the 2015 SPD SEIS to evaluate using dilute and dispose for 
disposition of 7.1 MT of non-pit plutonium that comprises a part of the 34 MT (DOE/EIS–0283–
SA–4, August 2020)” and “This same dilute and dispose process is being proposed to disposition 
the full 34 MT of surplus plutonium that is the responsibility of the Surplus Plutonium 
Disposition Program.”  
 
Thus, will the draft EIS apply to an additional 26.9 MT of surplus plutonium or not?  Please 
clarify the amount of plutonium to be covered by the draft EIS and why the NOI was issued for 
34 MT when the actual amount appears to be 26.9 MT. 
 
How does the 6 MT of plutonium designed for dilute & dispose in 2016 relate to the 34 metric 
tons covered in the NOI? (See Record of Decision, April 5, 2016: 
https://www.govinfo.gov/content/pkg/FR-2016-04-05/pdf/2016-07738.pdf)  Is D&D now 
proposed for 40 MT (34 MT + 6 MT) of surplus plutonium? 
 



https://www.govinfo.gov/content/pkg/FR-2016-04-05/pdf/2016-07738.pdf
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How much plutonium designated for disposition is now managed and will be managed during 
storage, processing and disposal by DOE’s National Nuclear Security Administration and/or 
DOE’s Office of Environmental Management? What is the relationship between the offices of 
NNSA, EM and WIPP site management in the D&D project?  
 
The National Academies of Sciences indicates in its plutonium disposition report that 48.2 MT 
of plutonium could go to WIPP.  From the report: “Therefore, this report reviews and assesses 
the viability of DOE’s plans to process up to 48.2 MT of surplus plutonium—the amount that is 
under consideration or slated for disposal—as diluted surplus plutonium transuranic (DSP-TRU) 
waste in WIPP.”  Does DOE/NNSA agree that 48.2 MT would eventually be processed for 
disposal in WIPP?  Does that mean that an additional 8.2 MT would eventually go to WIPP (40 
MT now apparently designated by DOE to go to WIPP + 8.2 MT not yet designated)? 
 
How much plutonium is currently surplus? In total, how much surplus plutonium will eventually 
be disposed of? How does plutonium not yet designated for future disposition impact current 
planned development of facilities? How would the draft EIS and final EIS before us now relate 
to or impact preparation of future NEPA documents on plutonium disposition? 
 
If more plutonium than mentioned in the NOI were to be formally considered for disposition, 
which appears to be the plan, what type of NEPA document(s) would be prepared? Why isn’t 
the full amount of surplus plutonium being considered now?  If more plutonium is added later 
and reviewed under NEPA how does that not comprise “segmentation” under NEPA?  
 
Programmatic Environmental Impact Statements (PEISs) Required 
 
Concerning plutonium processing and disposition, at least two Programmatic Environmental 
Impact Statements (PEISs) are needed. 
 
The first PEIS that is needed, as has been communicated several times to NNSA by the lawyer 
for Savannah River Site Watch, Nuclear Watch New Mexico and Tri-Valley CAREs, concerns 
system-wide impacts of plutonium pit production. Though a PEIS is legally required, NNSA went 
immediately to preparation of site-specific NEPA documents for Los Alamos National Lab and 
the Savannah River Site (SRS) and skipped the required PEIS. The mandated PEIS would include 
an overview of all DOE sites that would have pit-production impacts, then the site-specific 
documents would be prepared. The PEIS would review capacity of the Waste Isolation Pilot 
Plant to receive TRU from pit production and that document would thus be integrally related to 
other plutonium and TRU waste streams designated for WIPP. 
 
The second PEIS that is needed and hereby requested would be on generation and disposal of 
transuranic waste (TRU) from the various plutonium-related programs in the Waste isolation 
Pilot Plant (WIPP) or a second TRU repository. Three plutonium-centered projects will generate 
large volumes of TRU which, along with existing TRU, may cause the WIPP capacity to be over 
subscribed. Those projects are: 1) plutonium disposal as discussed in the NOI now at hand (plus 
future amounts of plutonium designated for disposal), 2) TRU from fabrication of plutonium 







4 
 


pits for nuclear warheads and 3) TRU from fabrication of fuel for the Versatile Test Reactor 
(VTR), either at SRS or Idaho National Lab. None of those three plutonium projects can be 
analyzed in a stand-alone manner so as to ignore the significant amounts of TRU waste 
generated and the impacts of such generation and disposal by all the projects. Thus, a PEIS on 
overall plutonium management and disposal issues is needed. That PEIS would include a full 
review of WIPP and planned and future TRU going to that facility, with the 2024 New Mexico 
Environment Department license renewal date in mind.  
 
Given WIPP license renewal complications and the volume cap of WIPP under the Land 
Withdrawal Act (LWA), there may well be no place for all TRU to go unless a new repository is 
constructed or unless TRU generation is curtailed (such as cancellation of the proposed 
Plutonium Bomb Plant at SRS or termination of the VTR project).  
 
Given WIPP volume pressures, plans for a second TRU waste repository must be considered in 
the draft EIS. 
 
The National Academies of Sciences is supportive of a PEIS on plutonium disposal in WIPP, as 
recommended in Review of the Department of Energy's Plans for Disposal of Surplus Plutonium 
in the Waste Isolation Pilot Plant (2020), by the Committee on Disposal of Surplus Plutonium at 
the Waste Isolation Pilot Plant, Nuclear and Radiation Studies Board, Division on Earth and Life 
Studies). See pertinent recommendation on page 101 of the report:  
 


RECOMMENDATION 5-5: The Department of Energy should implement a new 
comprehensive programmatic environmental impact statement (PEIS) to consider 
fully the environmental impacts of the total diluted surplus plutonium transuranic 
(DSP-TRU) waste inventory (up to an additional 48.2 MT) targeted for dilution at the 
Savannah River Site and disposal at the Waste Isolation Pilot Plant (WIPP). Given the 
scale and character of the diluted surplus plutonium inventory, the effect it has on 
redefining the character of the WIPP, the involvement of several facilities at several 
sites to prepare the plutonium for dilution, a schedule of decades requiring 
sustained support, and the environmental and programmatic significance of the 
changes therein, a PEIS for the whole of surplus plutonium that considers all 
affected sites as a system is appropriate to address the intent and direction of the 
National Environmental Policy Act and would better support the need for public 
acceptance and stakeholder engagement by affording all the opportunity to 
contemplate the full picture. 


 
The Final Environmental Impact Statement for Plutonium Pit Production at the Savannah River 
Site in South Carolina (SRS Pit Production EIS) (DOE/EIS-0541) states this about the significant 
volume of TRU from pit production for nuclear weapons at SRS and Los Alamos: 
 


TRU Waste: Under the Proposed Action, significant quantities of TRU waste could 
be generated at SRS and shipped to WIPP for disposal. It is estimated that 
approximately 22,950 cubic meters (30,000 cubic yards) of TRU waste could be 
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generated over the life of the project (i.e., 50 years) at SRS, assuming a production 
rate of 50 pits per year. In addition, approximately 5,350 cubic meters (6,998 cubic 
yards) of TRU waste could be generated over the life of the project (i.e., 50 years) at 
LANL, assuming a production rate of 30 pits per year. For NEPA purposes, it is 
assumed that the available volume capacity of the WIPP facility would 
accommodate the conservatively estimated TRU waste volume from pit production 
that could be generated over the next 50 years. (page S-32) 


 
The Draft Versatile Test Reactor Environmental Impact Statement (VTR EIS) (DOE/EIS-0542) also 
reveals a large amount of TRU as a by-product of fuel fabrication at either SRS or Los Alamos: 
 


The Waste Isolation Pilot Plant (WIPP) is currently the only disposal option for TRU waste. 
WIPP’s Land Withdrawal Act total TRU waste volume limit is 175,564 cubic meters. As of 
the reporting date for the 2019 Annual Transuranic Waste Inventory Report (ATWIR), 
67,400 cubic meters of TRU waste were disposed of at the WIPP facility. The alternatives 
and options evaluated in this EIS would generate an estimated 24,000 cubic meters of 
TRU waste. TRU waste volume estimates such as those provided in NEPA documents, 
cannot be used to determine compliance with the WIPP Land Withdrawal Act TRU waste 
volume capacity limit. These wastes and waste from other actions will be incorporated, 
as appropriate, into future ATWIR TRU waste inventory estimates.  (page S-40) 


 
If pit production were to produce 28,300 cubic meters of TRU and VTR fuel fabrication were to 
produce 24,000 cubic meters of TRU, for a total of 52,300 cubic meters, about 120,000 cubic 
meters remains in WIPP for all other TRU disposal. As the Land Withdrawal Act volume cap may 
not be increased, or may not be increased without constraints on the license by the New 
Mexico Environment Department, there may not be adequate space in WIPP for plutonium 
disposition.  The draft EIS on surplus plutonium disposition simply can’t assume that more drifts 
will be added to WIPP to accommodate the vast amount of plutonium slated for disposal in 
WIPP. 
 
If about 6 MT of plutonium are TRU waste from VTR fuel fabrication - a figure from an expert on 
the matter - then this could imply that disposal of 34 MT of plutonium will create a far larger 
amount of waste than 24,000 cubic meters. Thus, how many cubic meters of TRU would 
disposal of 34 MT of plutonium in WIPP comprise?  How many cubic meters of TRU would be 
generated by disposal of 40 MT of plutonium in WIPP?  What percentage of the LWA volume 
cap would plutonium disposal compromise? 
 
Taking into account all other TRU planned for disposal in WIPP, the draft EIS on surplus 
plutonium disposition must decisively prove that there is space for 34 MT or 40 MT of surplus 
plutonium in WIPP. Unless the ill-conceived VTR project were to be canceled, which is very 
possible, or if the proposed and unjustified SRS Plutonium Bomb Plant (PBP) were to be 
canceled, a growing possibility, there simply isn’t volume in WIPP for all the surplus plutonium 
slated for disposal. This underscores the urgent need for preparation of a PEIS addressing all 
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plutonium to WIPP, to be prepared before the Environmental Impact Statement for the Surplus 
Plutonium Disposition Program is prepared. 
 
DOE has ignored the recommendation by the NAS concerning the PEIS but it is unknown why 
the suggested approach has been rejected. The NOI failed to explain this but the draft EIS must 
do so. 
 
Does DOE have a “pecking order” of the various planned plutonium waste streams to WIPP, 
including from the pit project, the VTR project, surplus plutonium disposition and other TRU? 
 
To reiterate, considering the above, large impacts to WIPP of the three above-named 
plutonium projects, I request that the PEIS be conducted before any site-specific EIS for 
plutonium disposition is conducted. 
 
A NNSA official has stated that WIPP is a “choke point” for the pit project (for nuclear weapons) 
and this also may apply to surplus plutonium disposition and disposal of TRU from the VTR 
project. See Exchange Monitor article of September 10, 2020: TRU Waste ‘Far and Away’ 
Largest Challenge for NNSA Pit Mission, Official Says: “Far and away the biggest challenge for 
NNSA is to make sure that the disposal system for transuranic waste is robust enough to not 
become a choke point for our mission,” McConnell said.” (James McConnell, NNSA’s Associate 
Administrator for Safety, Infrastructure and Operations) This underscores the need for the PEIS 
on WIPP volume.  Is WIPP also a “choke point” for the 34 MT of plutonium covered in the NOI? 
 
As part of the draft EIS on “plutonium disposition,” a stand-alone review of overall WIPP 
volume and impacts of other TRU disposal programs must be conducted. 34 metric tons or 
more of plutonium, when downblended, will take up a huge volume in WIPP and put pressure 
on the legal volume cap as stipulated in the LWA.  An expansion of WIPP to receive more 
volume that currently specified by the LWA cannot be assumed.  Likewise, a NMED license 
extension for WIPP, especially with no conditions attached, cannot be assumed. 
 
What would happen to the surplus plutonium disposition project if disposal space at WIPP is 
limited?  Would the SRS project slow down or be halted?  Would shipments of plutonium or 
storage of plutonium at SRS or other sites be impacted?  If WIPP volume were to be a limiting 
factor, how would space be assigned to plutonium from the surplus plutonium disposition 
project (and the other plutonium TRU-generating projects, such as plutonium pits for nuclear 
weapons and from the VTR project)?  These issues would be covered in the requested PEIS as 
well as the draft EIS at hand. 
 
The PEIS and draft EIS must consider the need for a second TRU repository. For plutonium 
disposition, is NNSA counting on either a second repository of an increase by Congress in the 
volume cap as legally established by the Land Withdrawal Act?  Is DOE counting on no 
constraining conditions being applied by the New Mexico Environment Department on any 
WIPP license extension, or not? 
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I request that the draft EIS report anticipated TRU waste amounts both in weight and in cubic 
meters. 
 
Sources of plutonium to be disposed of? 
 
Where is the plutonium stored that is slated to undergo disposition? Does it primarily consist of 
plutonium pits now stored in bunkers at Pantex? How will the plutonium scheduled for 
disposition be selected?  Are some pits unable to be used again in a nuclear warhead and 
therefor at the top of the list for disposition? 
 
How much of the approximately 11.5 metric tons of plutonium now stored at SRS - see 
attached DOE document confirming this amount - will undergo disposition? Will this material 
already at SRS be processed before more plutonium is brought into South Carolina?  What is 
the schedule for bringing more plutonium into South Carolina, processing it and shipping it out? 
 
I request that no more plutonium be brought to SRS until the 11.5 MT now at the site are 
removed. Is this the plan or not? 
 
What are the amounts of plutonium to be shipped to SRS and processed on an annual basis and 
cumulative basis and in what form will the incoming plutonium be?  
 
Will more plutonium be declared surplus? 
 
How will such plutonium be shipped to SRS? Will pits or other plutonium need to be processed 
into unclassified forms before transport?  Will intact pits be transported to SRS? (Have any pits   
ever been shipped to SRS or stored or processed at SRS?)  How much plutonium slated for 
disposition will be at SRS at any given time? Please present plutonium amounts to be at SRS 
from now to the end of the plutonium disposition n project. 
 
What firm guarantee can DOE give that “new” plutonium brought into South Carolina will not 
be stranded at SRS?  What would be the environmental impacts be of additional “stranded” 
plutonium at SRS?  Will DOE/NNSA agree to a formal agreement with the State of South 
Carolina concerning removal of all plutonium imported for D&D (as well as for VTR fuel 
fabrication and pit production)? As this has environmental impacts, these matters must be 
discussed in the draft EIS. 
 
As the VTR would operate for 60 years and use about 0.5 MT of plutonium per year, likely from 
surplus pits, for fuel fabrication, it could create around 6 MT of TRU in fuel fabrication. Would 
any of this TRU from VTR fuel fabrication be counted as part of the 34 MT covered in the NOI? 
Would that VTR TRU undergo dilute & dispose?  If not, what process would prepare that waste 
for disposition? 
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Please explain the role of TA55 and PF4 at LANL in plutonium disposition. Which facilities or 
equipment would be located there? How much plutonium could be staged at those facilities, 
for plutonium disposition as well as for pits and what is the relationship between the pit and 
disposition programs?  For example, is any facility or any equipment common to both 
programs?  If there are common facilities and/or equipment which project gets priority in their 
use? 
 
How much plutonium has undergone “dilute & dispose” at SRS and how much of that has 
been disposed of it WIPP? 
 
The “dilute & dispose” process for surplus plutonium has been underway at SRS at low 


processing rates for a numbers of years. When did it begin? What has the performance of this 


project been? How much plutonium has been processed via this manner? In what type of 


containers has disposal taken place, and in what amounts, such as via Pipe Overpack Containers 


or Criticality Control Overpacks?  How many POCs and CCOs from SRS have been disposed of it 


WIPP?  How much plutonium from SRS been disposed of in WIPP? 


 


Are there plans as plutonium disposition expands at SRS for use of containers with larger 


amounts of plutonium? In the past, SRS officials have said that containers with 1 kilogram of 


D&D plutonium had been considered. Is this still the case?  Are plans for direct disposal of 


plutonium metal being considered, including pits? Are plans for direct disposal of plutonium-


bearing 3013 cans being considered?  Would these forms meet the WIPP WAC? 


 


What type of safeguards are in place or will be put in place to monitor the amount of plutonium 


that goes into WIPP? Will such safeguards be part of the US-Russia plutonium disposition 


agreement (which Russia has abrogated)?  Will the International Atomic Energy Agency (IAEA) 


monitor disposal of plutonium in WIPP and verify the amounts of plutonium processed at SRS 


going into WIPP? What will be the steps used for termination of safeguards at SRS, or upon 


disposal in WIPP? How will implementation of IAEA safeguards impact processing and 


packaging of plutonium at SRS and will there be associated environmental impacts? 


 


I note that the NAS Review of the Department of Energy's Plans for Disposal of 
Surplus Plutonium in the Waste Isolation Pilot Plant underscores the importance of IAEA 
safeguards for the processing of plutonium and emplacement in WIPP of plutonium containers, 
see page 82: 
 


5.1.1 Uncertain Protocols for International Inspection and Verification for 
Emplaced Waste 
IAEA monitoring and inspections are an important component of the PMDA 
requirements and they could also provide enhanced public and international 
confidence that the material is properly accounted for and emplaced in WIPP. As 
noted in Chapter 2, the director of the Office of International Nuclear Safeguards at 
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the DOE-NNSA reported to the committee that the DOE-NNSA is in the process of 
working with the IAEA to discuss what role, if any, IAEA involvement might play in 
the disposition of DOE-EM’s 6 MT (Veal, 2019). Typical international safeguards 
(monitoring and verification) use accountancy to ensure that declared nuclear 
material is present as intended, coupled with a containment and surveillance 
system to ensure that no changes occur between inspections. Implementation of 
IAEA protocols for verification and monitoring of materials for pre-disposal are well 
established, but IAEA verification protocols for material emplacement in any 
repository are still under development. Inspection and verification protocols for 
repository emplacement, where access for monitoring may be a challenge and 
remote devices may compromise required passive safety measures, could have a 
significant impact on both repository operations and design (Haddal et al., 2014). 
 


The DOE-NNSA dilute and dispose Master Schedule for the 34 MT (see Figure 3-1; 
DOE-NNSA, 2018a) indicates verification protocols for the activities at SRS are to be 
in-place in in FY 2022 and for WIPP in FY 2023, yet the DOE-NNSA may emplace 
DSP-TRU waste with or without IAEA inspection protocols in place. Therefore, 
substantial uncertainty remains on the applicability and possible implementation of 
IAEA monitoring and verification protocols. Resolution of this uncertainty holds 
substantial implications for WIPP operations and future design changes (such as the 
new shaft and panels now under development), and therefore this issue remains a 
significant system vulnerability. 
 


The issues raised by the NAS about impacts at SRS and to WIPP of IAEA monitoring and 


verification must be addressed in the draft EIS.  Have comments in response to the NOI been 


solicited from the IAEA? 


 


Additionally, as some plutonium already stored at SRS is under IAEA monitoring, will processing 


and packaging of this material be handled in any special way? 


 


I request that the IAEA be involved in safeguards matters concerning plutonium disposition and 


that such a role be discussed in the draft EIS. 


 


What facilities at SRS are involved in plutonium receipt storage and processing? 


 


All the facilities at SRS that are currently being used or that have been used for plutonium 


receipt, storage and processing must be discussed in the draft EIS.  Facilities that might be 


involved in the future obviously need full discussion. 


 


At the “category 1” facility at the K-Reactor, are there plans to expand category 1 security in the 


K-Area or beyond the K Area?   Would this include any new plutonium container storage pad 


outside the K-Reactor building? Would the E-Area continue to be used for staging of CCOs? 
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Are there low-level waste streams or chemical waste streams from the D&D process? The 


status of creation of any chemical or nuclear waste streams during the D&D process and how 


they will be disposed of needs discussion. Would D&D result in any on-site disposal of waste at 


SRS or disposal at other DOE or private waste disposal sites? Would there be disposal of D&D 


waste in unlined trenches at SRS?  Which federal laws would apply to disposal of this waste? 


 


It has been stated that the goal at SRS is to increase the number of gloveboxes involved in 


dilute and dispose. Please discuss how many gloveboxes would be installed, where they would 


be installed and discuss the capacity and schedule and timetable of ramping up the D&D 


process in them. How many kilograms of plutonium would be processed per year in the 


gloveboxes until the 34 MT or 40 MT have been disposed of? 


 


How many jobs would be involved at SRS as the D&D rate increases?  How many jobs would 


D&D entail at WIPP and at other sites or DOE offices (such as transport, via the Office of Secure 


Transportation)?  How much would D&D cost on an annual basis from start to finish? 


 


Could the shell of the mixed oxide fuel plant at SRS be considered for the D&D process or 


plutonium feedstock preparation?  It is not a given that the proposed SRS Plutonium Bomb 


Plant (PBP), for pit production for old and new nuclear warheads, would be located in the old 


MOX plant, thus making it potentially available for other uses. Could the MOX building be used 


for staging of D&D containers before shipment off site? 


 


Could the mothballed Waste Solidification Building (WSB) at SRS, built as part of the failed MOX 


project, have a role in the D&D projects, such as staging for D&D containers or other waste? 


 


What are risks, including corrosion and gas generation, to plutonium storage containers over 


lengthy periods of storage?  What is the monitoring program of the inner and outer containers 


holding plutonium slated for D&D? 


 


Plutonium for Dilute & Dispose process? 


 


From which site(s) and which processes would plutonium oxide or pulverized plutonium 


originate?  Will the ARIES process be used to prepare plutonium for disposal? 


 


Could the ARIES process or other processes to prepare plutonium for D&D be located at Los 


Alamos, SRS and/or Pantex? Would the entire D&D process itself be located at Los Alamos, 


Pantex or another site?  A full evaluation of locating all the D&D process at LANL or Pantex, in 


addition to SRS, must be included in the draft EIS. (See attached paper for more discussion 


about the Pantex-only option.) 
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How is ARIES adopted to process plutonium with different levels of impurities, e.g. pits vs non-


pit “alternate feedstock?”  What level of plutonium purity is needed for the dilute & dispose 


process?  How much impurities are allowed in plutonium feedstock? 


 


Are there plans for the ARIES process to be made more efficient or improved? If the ARIES 


process is modified in any way, will this be communicated to the public as part of a NEPA 


analysis?  


Could an aqueous process be used for plutonium purification? Could the 66-year-old H-Canyon 


reprocessing plant at SRS be used for this purpose? 


 


As plutonium pits that would be processed for disposal are located at Pantex, does it makes 


sense to locate the entire D&D program at Pantex? Locating all D&D activities at Pantex, as well 


as the process to produce plutonium oxide, would mean far less distance that plutonium would 


be shipped for processing and disposal, resulting in less risk in transport and less security risks. 


Additionally, security at Pantex is high. I request that an all-Pantex option be considered. 


 


The Virtual Test Reactor fuel fabrication process at SRS or LANL would produce a large amount 


of plutonium waste and this material might have to be downblended and under safeguards. 


Would the D&D process for surplus plutonium disposition be applied to VTR TRU and would 


there be any overlap with D&D and management of VTR TRU waste?  


 


The nature of the “inert material” known as “stardust” (also called a “multicomponent 


adulterant” by NNSA) used in the dilute & dispose process needs full discussion. What is the 


nature of the “inert material” into which the plutonium would be downblended? Has the make-


up of the stardust material changed since the initial D&D was implemented? What is the 


“proliferation resistance” of this material to the removal of weapon-grade plutonium, via 


reprocessing or other techniques? Does the material itself pose health or environmental risks in 


handling or disposal?  Could the formulation of stardust change in the future? 


 


The plutonium currently undergoing D&D at SRS is going into CCOs, which may hold 300-380 


grams of plutonium per container. How many grams/container will be analyzed in the draft EIS? 


Will larger amounts of plutonium be considered for loading into CCOs or larger containers?  Will 


plutonium be approximately 10% or less of the material in the D&D container? How will the 


amount of plutonium per container be verified by DOE/NNSA (and the IAEA)? What will be the 


“attractiveness level” of plutonium containers going into WIPP? 


 


For plutonium already disposed of in WIPP, whether from Rocky Flats or in POCs or CCOs from 


SRS, have there been shown to be risks of such disposal in WIPP?  Such as heat or gas 


generation of concern or chemical reactions of concern? How is placement of plutonium POCs 


or CCOs taken into consideration in WIPP? Is such placement near to containers that could be 


at risk of explosion?   
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Will containers additional new plutonium brought into SRS for disposal undergo “destructive 


examination” or “non-destructive examination” during storage? What are the environmental 


impacts of this? Will SRS have the capacity to weld shut the 3013 cans that might be examined 


via DE, for long-term storage?  Will cans that are not welded shut be stored and for how long? 


 


Does dilute & dispose meet the “spent fuel standard” or “stored weapons standard” as 


established by the National Academies of Sciences in 1995 and in the DOE’s initial plutonium 


disposition EIS process?  If not, why not?  Has DOE/NNSA established an equivalent of the 


“spent fuel standard” or “stored weapons standard” with the D&D process now being 


deployed?  Have the “spent fuel standard” and “stored weapons standard” been abandoned? 


 


Will some form of proliferation risk assessment of disposing of D&D container of plutonium in 


WIPP be prepared and made a part of the draft EIS record? If not, why not?  I request 


preparation of this proliferation assessment as part of this NEPA process.  Is WIPP at risk of 


becoming a “plutonium mine?” 


 


What happens if the D&D project for 34 MT/40 MT is begun and stops midstream? How will the 


plutonium already at SRS be managed? Will it be returned to the site of origin?  How long can 


such plutonium safely be stored at SRS and in which type of container? 


 


What are the criticality risks of operating various gloveboxes for D&D? What are risks to 


workers and the environment in case of an accidental release of plutonium or unanticipated 


nuclear criticality? Would a plutonium fire be possible and what would be the impacts? 


 


How many shipments of both pure plutonium and downblended plutonium and how many 


shipment miles would be involved in the various disposition options? 


 


Immobilization 


 


The most promising method to process and dispose of plutonium was immobilization of 


ceramic pucks containing plutonium in vitrified high-level waste as SRS. The process evidently 


was killed for political reasons in 2002, by those backing the failed, mismanaged plutonium fuel 


(MOX) project. 


 


Discuss why the can-in-canister immobilization project was killed. Discuss the possibility of 


reviving such immobilization at SRS. 


 


Another approach to immobilization was transfer to high-level waste tanks of plutonium, for 
direct vitrification along with high-level waste. In 2009, DOE issued an "Interim Action 
Determination" - Processing of Plutonium Materials in H-Canyon at the Savannah River Site - 
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authorizing disposal of 420 kg of plutonium materials via H-Canyon into the SRS tank system. 
How much plutonium was vitrified in this manner and what were the results of such 
vitrification?  What was the impact to systems at the Defense Waste Processing Facility (DWPF) 
with this program?  Was a criticality risk posed at DWPF or any other point in the tank-waste 
system?  How much of that plutonium transferred to HLW tanks remains there?  Why was that 
approach terminated?  Can it be revived?  There must be a full discussion of this in the draft EIS. 
Other processes for plutonium processing? 
 


Other processes for the plutonium downblending process should be considered, such as mixing 


into a stainless steel matrix or using a ceramic form, such as the Hot Isostatic Pressing (HIP) 


process that has been developed in the United Kingdom. 


 


For unique surplus plutonium materials, is processing directly through the H-Canyon into the 


SRS waste tanks being considered?  For example, SRS is evidently planning to process the 


stainless-steel-clad Fast Critical Assemblies (FCAs) from Japan, containing about 331 kilograms 


of plutonium, directly into the waste tanks, as part of the 6 MT designated for disposal. Would 


other such unique materials, such as plutonium from Europe, be part of the 34 MT being 


considered for disposal in this NEPA process?   


 


### 


 


Attachments submitted into the record and for consideration and response in the draft EIS:   
 
#1   “Charting the Best Path Forward for Surplus Plutonium Disposition,” paper presented at the 
July 2020 meeting of the Institute for Nuclear Materials Management (INMM), by Dr. Edwin S. 
Lyman, Director of Nuclear Power Safety, Climate and Energy Program, Union of Concerned 
Scientists, Washington, DC. 
 
#2   DOE document “2020 Savannah River Site Plutonium Inventory Update” 
 
 


 


Thank you for consideration of these comments submitted by: 


 


Tom Clements 


Director, Savannah River Site Watch 


1112 Florence Street 


Columbia, SC 29201 


srswatch@gmail.com 


https://srswatch.org/ 


https://www.facebook.com/SavannahRiverSiteWatch 








 


 
M3‐SR‐20‐0009 


2020 Savannah River Site Plutonium Inventory Update 


 


The  inventory of surplus plutonium managed by the K‐Area 


Materials Storage (KAMS) facility at the Savannah River Site 


(SRS) was approximately 11.5 metric tons (MT) at the end of 


FY 2019. 1  The KAMS inventory contains ~3.7 MT of fuel‐grade 


plutonium  (approximately  one‐third  of  the  inventory)  and 


~7.9 MT  of  weapon‐grade  plutonium  (approximately  two‐


thirds of the inventory) as shown in Figure 1.2   


Under  the  MOX  law,  the  Department  of  Energy  (DOE)  is 


required  to  remove  an  amount  of  surplus  plutonium 


equivalent to the amount that was brought into the State of 


South  Carolina  (SC)  after  April  of  2002.    This  amount  is 


approximately  10.5  MT.    In  FY  2019,  the  Department  of 


Energy  (DOE)  completed  removal of 1 MT of plutonium by 


transferring this material to other DOE facilities.  As a result, 


approximately 9.5 MT of surplus plutonium inventory, that is 


subject to the terms of the MOX  law, remained  in KAMS at 


the end of FY 2019.  


The surplus plutonium materials stored in KAMS include a wide range of plutonium‐bearing materials with 


various chemical and radiological  impurities, material forms, and plutonium  isotopes.   These variations 


create  complexities  in  the  rate  at which disposition  activities  (i.e., downblending)  are performed  and 


present operational challenges when handled (i.e., radiation dose to workers) that must be addressed to 


achieve the NNSA plutonium disposition objectives.   


In keeping with U.S. international nuclear safeguards commitments, approximately 2.8 MT of the KAMS 
plutonium inventory remains under International Atomic Energy Agency (IAEA) safeguards.  This material 
is included in the inventory. 


The KAMS inventory also includes approximately 0.7 MT of unirradiated mixed oxide fuel which contains 
fuel‐grade plutonium and  is stored  in Type B shipping casks.   The Department  is evaluating alternative 
approaches for processing of this fuel‐grade plutonium material which significantly reduces handling time 
and the associated worker radiation dose for removal from SC and final disposition.   


 
1 Note:  This inventory data is current as of September 2019.  
2 Note:  Inventory breakdown does not sum to 11.5 MT based on rounding of inventory values. 


UNCLASSIFIED 
DOES NOT CONTAIN UNCLASSIFED 


CONTROLLED NUCLEAR INFORMATION 
Reviewing Official:  C. R. Dyer, Sr. QA Specialist, 3/11/2020 


Figure 1.   Breakdown of KAMS  


Surplus Plutonium Inventory 
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February 12, 2021 
 
Mr. James Lovejoy 
Document Manager 
U.S. Department of Energy 
Idaho Operations Office 
1955 Fremont Avenue, MS 1235 
Idaho Falls, Idaho 83415 
VTR.EIS@nuclear.energy.gov 


 
Comments by Tom Clements, Director, Savannah River Site Watch, on  


Draft Versatile Test Reactor Environmental Impact Statement (VTR EIS; DOE/EIS-0542) - 
https://www.energy.gov/nepa/downloads/doeeis-0542-draft-environmental-impact-statement 


 


These scoping comments are being formally submitted for the record in support of the “No 
Action Alternative” by Savannah River Site Watch (https://srswatch.org/) , a non-profit 
501(c)(3) organization incorporated in South Carolina, in response to the Federal Register 
notice on the draft EIS on the Versatile Test Reactor (VTR). I expect that there will be a response 
in the final Environmental Impact Statement, if it were to be prepared, to each and every 
comment below.  Thank you in advance for that. 
 
I request that all documents referenced in the EIS be made available on line and be made easily 
available for public review, including via links in references sections. 
 


I also request that all “data call” documents solicited to prepare the EIS be made part of the 
public record and be made available via the internet. For example, please provide a link to this 
document and please provide it to me via email:  “2020, Savannah River Site Data Call Response 
for the Versatile Test Reactor Fuel Fabrication Facility, SRNS-RP-2020-00286, Rev. 2, Aiken, 
South Carolina, July 22.” 
 
Further, I request that all Critical Decision-0 (Approve Mission Need) and Critical Decsion-1 
documents related to the VTR be made part of the public NEPA record. 
 
Additionally, I request that all comments be published in the EIS, along with the responses to 
them. 
 



mailto:VTR.EIS@nuclear.energy.gov
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Please acknowledge receipt of these comments, which are being emailed and, due to poor 
handling of emailed comments during the plutonium pit NEPA process, are also being mailed. 
 


----- 
 


It is recognized that the VTR project has not garnered the financial support hoped for by 
boosters. Though $295 million was requested by DOE of Congress for Fiscal Year 2021, only $45 
million was appropriated for Fiscal Year 2021. The estimated overall cost as DOE stated in the 
FY 2021 budget request that the VTR has “an estimated cost range of $3.0B to $6.0B and an 
estimated schedule completion range of 2026 to 2030.”  Especially given flaccid financial 
support by Congress, and no private financial supporters, there is no way the project will be 
completed on that schedule.   
 
And, the budget request holds evidence of looming cost overruns: “The VTR is anticipated to 
follow a design-build project delivery method utilizing a cost plus incentive fee contract, with 
the incentives contingent upon successfully meeting project deliverables.”  Plus, low levels of 
annual funding will mean the overall cost will increase 
 
Please explain how the VTR can be constructed by the end of 2025 and what impact such an 
unrealistic timeline will have on project costs as well as on the safety of design and 
construction. How far is the schedule projected to slip given the low federal financing level and, 
apparently, no funding from private entities? Is the project even finically viable at this point? 
 
If a final EIS is issued, I support the “No Action Alternative.” But, I request that no final EIS be 
issued. Given severe shortcomings with the project and no justification for it, I request that the 
entire NEPA process for the VTR be terminated and the project as presented be canceled. 
 
Use of Other Facilities Must be Reexamined, Need for VTR not Established  
 
The need for a VTR is ill-defined in the draft EIS and unconvincing concerning “need.”  The DOE 
claims to need a fast-neutron reactor for experimentation purposes, but little documentation is 
presented that public or private entities would are clamoring for it. Likewise, I am not aware of 
private entities offering financial support for the VTR. In the event there is a research need for a 
reactor with the presented VTR capabilities, DOE could modify existing facilities to meet such 
need. That option must be fully reviewed in the EIS and not dismissed in a few words.  
 
The EIS must thoroughly reevaluate use of the Advanced Test Reactor or the High Flux Isotope 
Reactor to generate an adequate flux of fast neutrons for user needs. The draft EIS states on 
page S-17: “Modifying either of these reactors would create some fast flux testing capability, 
but could compromise the United States’ ability to regain and sustain a technology leadership 
position. Therefore, these two reactors were dismissed from further evaluation in this EIS.” But 
there is no presentation of facts that other missions will fully occupy these reactors or that they 
could serve the role that some are pitching for the VTR. Use of these reactors must be 
reexamined. 
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Please provide a discussion about processed spent fuel meeting the “waste acceptance criteria” 
for disposal in a geologic repository. Please confirm the irradiated material is high-level nuclear 
waste under US law. 
 
Please provide documents in the references sections, with links to them that demonstrate a 
thorough science-based and unbiased review of non-VTR options. 
 
First Step:  Final EIS, if it were to be Issued, is Premature as PEIS First Needed on Plutonium 
Disposal from all DOE Plutonium Projects 
 
Issuance of a final EIS would be premature. A Programmatic EIS on transuranic waste from the 
VTR project is needed before any VTR EIS is completed. That PEIS would also analyze other TRU 
streams going into the Waste Isolation Pilot Plant, including large amounts from plutonium pit 
production and from the plutonium disposition project. To not to fully review WIPP capacity in 
a PEIS could be setting up projects, like the VTR, for failure for lack of space to dispose of TRU. 
  
On the matter of TRU waste generation, the draft VTR EIS says this: 
 


Annually, about 710 to 880 cubic meters of LLW, 40 to 42 cubic meters of MLLW, 
200 to 400 cubic meters of TRU waste, and 8.2 to 9.2 cubic meters of hazardous and 
TSCA wastes would be generated The characteristics of most of these wastes would 
be similar to wastes currently generated from existing activities and would be 
managed within the current waste management system. The project would provide 
preparation and packaging capabilities for the 200 to 400 cubic meters of TRU 
waste that would be generated from fuel production. All wastes would be shipped 
off site for treatment and/or disposal. Treatment and disposal of these wastes are 
well within the current capacities of existing offsite facilities. (page S-24) 
 
The Waste Isolation Pilot Plant (WIPP) is currently the only disposal option for TRU 
waste. WIPP’s Land Withdrawal Act total TRU waste volume limit is 175,564 cubic 
meters. As of the reporting date for the 2019 Annual Transuranic Waste Inventory 
Report (ATWIR), 67,400 cubic meters of TRU waste were disposed of at the WIPP 
facility. The alternatives and options evaluated in this EIS would generate an 
estimated 24,000 cubic meters of TRU waste. TRU waste volume estimates such as 
those provided in NEPA documents, cannot be used to determine compliance with 
the WIPP Land Withdrawal Act TRU waste volume capacity limit. These wastes and 
waste from other actions will be incorporated, as appropriate, into future ATWIR 
TRU waste inventory estimates. Any GTCC-like waste (e.g., non-defense TRU waste 
not eligible for disposal at WIPP) generated from the proposed action would be 
stored at the generator site in accordance with applicable requirements until a 
disposal capability is available. (page S-40) 
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If 34 MT are to go to VTR fuel fabrication, what amount of this, in percentage, weight and cubic 
meters ends up as waste? 
 
The National Academies of Sciences is supportive of a PEIS on plutonium disposal in WIPP, as 
recommended in Review of the Department of Energy's Plans for Disposal of Surplus Plutonium 
in the Waste Isolation Pilot Plant (2020), by the Committee on Disposal of Surplus Plutonium at 
the Waste Isolation Pilot Plant, Nuclear and Radiation Studies Board, Division on Earth and Life 
Studies). See pertinent recommendation on page 101 of the report:  
 


RECOMMENDATION 5-5: The Department of Energy should implement a new 
comprehensive programmatic environmental impact statement (PEIS) to consider 
fully the environmental impacts of the total diluted surplus plutonium transuranic 
(DSP-TRU) waste inventory (up to an additional 48.2 MT) targeted for dilution at the 
Savannah River Site and disposal at the Waste Isolation Pilot Plant (WIPP). Given the 
scale and character of the diluted surplus plutonium inventory, the effect it has on 
redefining the character of the WIPP, the involvement of several facilities at several 
sites to prepare the plutonium for dilution, a schedule of decades requiring 
sustained support, and the environmental and programmatic significance of the 
changes therein, a PEIS for the whole of surplus plutonium that considers all 
affected sites as a system is appropriate to address the intent and direction of the 
National Environmental Policy Act and would better support the need for public 
acceptance and stakeholder engagement by affording all the opportunity to 
contemplate the full picture. 


 
The Final Environmental Impact Statement for Plutonium Pit Production at the Savannah River 
Site in South Carolina (SRS Pit Production EIS) (DOE/EIS-0541) states this about the significant 
volume of TRU from pit production for nuclear weapons at SRS and Los Alamos: 
 


TRU Waste: Under the Proposed Action, significant quantities of TRU waste could 
be generated at SRS and shipped to WIPP for disposal. It is estimated that 
approximately 22,950 cubic meters (30,000 cubic yards) of TRU waste could be 
generated over the life of the project (i.e., 50 years) at SRS, assuming a production 
rate of 50 pits per year. In addition, approximately 5,350 cubic meters (6,998 cubic 
yards) of TRU waste could be generated over the life of the project (i.e., 50 years) at 
LANL, assuming a production rate of 30 pits per year. For NEPA purposes, it is 
assumed that the available volume capacity of the WIPP facility would 
accommodate the conservatively estimated TRU waste volume from pit production 
that could be generated over the next 50 years. (page S-32) 


 
If pit production were to produce 28,300 cubic meters of TRU and VTR fuel fabrication were to 
produce 24,000 cubic meters of TRU, for a total of 52,300 cubic meters, about 120,000 cubic 
meters remains in WIPP for all other TRU disposal. As the Land Withdrawal Act volume cap may 
not be increased, or may not be increased without constraints on the license by the New 
Mexico Environment Department, there may not be adequate space in WIPP for all TRU from 
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plutonium projects, including the VTR.  The EIS on the VTR simply can’t assume that more drifts 
will be added to WIPP to accommodate the vast amount of plutonium slated for disposal in 
WIPP and can’t assume that WIPP volume is endless and that the volume cap under the Land 
Withdrawal Act (LWA) will be increased. 
 
Taking into account all other TRU planned for disposal in WIPP, the EIS on the VTR, if it goes 
forward, must decisively prove that there is space for ~6 MT of plutonium waste (TRU) from the 
VTR in WIPP. Unless the ill-conceived VTR project were to be canceled, which is very possible, 
or if the proposed and unjustified SRS Plutonium Bomb Plant (PBP) at SRS were to be canceled, 
a growing possibility, then there may not be volume in WIPP for all the TRU slated for disposal. 
This underscores the urgent need for preparation of a PEIS addressing all plutonium to WIPP, to 
be prepared before the final EIS on the VTR goes forward. 
 
To underscore the need for a PEIS on all TRU from plutonium projects (as well as other DOE 
TRU) going to WIPP, I have include my January 28, 201 “scoping comments” on the plutonium 
disposition program’s NEPA process. Please review this document submitted for the record. 
 
DOE and the draft EIS have ignored the recommendation by the NAS concerning the PEIS on 
plutonium disposition but it is unknown why the suggested approach has been rejected. Why? 
 
Does DOE, or NE,  have a “pecking order” of the various planned plutonium waste streams to 
WIPP, including from the pit project, the VTR project, surplus plutonium disposition and other 
TRU?  Please discuss. 
 
To reiterate, considering the above, large impacts to WIPP of the three above-named 
plutonium projects, I request that the PEIS be conducted before any EIS on the VTR is finalized. 
 
A NNSA official has stated that WIPP is a “choke point” for the pit project (for nuclear weapons) 
and this also may apply to surplus plutonium disposition and disposal of TRU from the VTR 
project. See Exchange Monitor article of September 10, 2020: TRU Waste ‘Far and Away’ 
Largest Challenge for NNSA Pit Mission, Official Says: “Far and away the biggest challenge for 
NNSA is to make sure that the disposal system for transuranic waste is robust enough to not 
become a choke point for our mission,” McConnell said.” (James McConnell, NNSA’s Associate 
Administrator for Safety, Infrastructure and Operations) This underscores the need for the PEIS 
on WIPP volume.  Is WIPP also a “choke point” for other TRU-producing projects, like the VTR? 
 
As part of the EIS on the VTR, if it goes forward, a stand-alone review of overall WIPP volume 
and impacts of other TRU disposal programs must be conducted. An expansion of WIPP to 
receive more volume that currently specified by the LWA cannot be assumed.  Likewise, a New 
Mexico Environment Department license extension for WIPP, especially with no conditions 
attached, cannot be assumed. (I note that constraints could be placed on new TRU disposal 
generated by DOE projects outside New Mexico, as an example.) 
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Please include documents in the references sections demonstrating a full analysis of WIPP 
volume as discussed above. 
 
What would happen to the VTR project if disposal space at WIPP is limited?  Would it slow 
down or be halted?   If WIPP volume were to be a limiting factor, how would space be assigned 
to TRU from the VTR project? 
 
The PEIS and VTR EIS must consider the need for a second TRU repository.  Is the Office of 
Nuclear Energy counting on either a second repository of an increase by Congress in the volume 
cap as legally established by the Land Withdrawal Act?  Is DOE counting on no constraining 
conditions being applied by the New Mexico Environment Department on any WIPP license 
extension, or not? 
 
I request that the EIS report anticipated TRU waste amounts both in weight and in cubic 
meters. Thus, how much plutonium in metric tons, would be contained in the projected 24,000 
cubic meters of TRU for the VTR project?  How much of this is from fuel fabrication and other 
named processes? 
  
The draft EIS states on page S-30: “The proposed action would provide preparation and packaging  


capabilities for the 200 to 400 cubic  meters of TRU waste that would be generated from fuel  


production; TRU waste would be shipped to the Waste Isolation Pilot Plant for disposal.” Why  


such a large range in the amount of waste produced by fuel fabrication? This sounds more like  


a guess than an accurate amount. This must be clarified in the EIS. 


 
How much weight is this and how much plutonium?  What percentage of 34 MT of Pu ends up 
as waste?  Around 6 MT? 
 
If plutonium pits stored at Panetx were to be used for VTR fuel, please discuss how such pits 
will be selected. 
 
If plutonium from Europe were to be used, please discuss details about this material, where it 
came from, its isotopic content, how it would be transported overland in Europe and how it 
would be transported by sea to the United states. Which shipping company would be used?  
Which US ports would be considered for importation?  Would military facilities or the public 
port in Charleston, South Carolina be used?  Please discuss more details of potential overland 
shipments impacts, including accident and terrorist attack or diversion. 
 
Nuclear Proliferation Concerns of VTR – Not Covered in Draft EIS 
 
From page S-12:  “Accounting for additional material that ends up in the waste during the 
reactor fuel production process, up to 34 metric tons of plutonium could be needed for startup 
and 60 years of VTR operation. “  This 34 MT is enough for a minimum of 4350 nuclear 
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weapons, using the International Atomic Energy Agency’s figure of 8 kilograms for a “significant 
quantity.” 
 
The documents states on page S-12 that between 0.4 and 0.54 MT of plutonium would be used 
annual for fuel fabrication: “Annual heavy metal requirements would be approximately 1.8 
metric tons of fuel material (between 1.3 metric tons and 1.4 metric tons of uranium and 
between 0.4 and 0.54 metric tons of plutonium, depending on the ratio of uranium to 
plutonium) (INL 2019a; Pasamehmetoglu 2019).  Feedstock for this fuel could be acquired from 
several existing sources.”  What is the source of this plutonium and could it be used for nuclear 
weapons? 
 
Would the VTR plutonium be from pits under the control of NNSA? Is a memorandum of 
Understanding in place about producing such plutonium, or other NNSA plutonium, to NE for 
the VTR project? Please include any MOU(s) in references. 
 
Where is the risk analysis of handling these amounts of plutonium, from a proliferation 
perspective, including diversion and the insider threat? 
 
To summarize the proliferation risk of the VTR, which must be analyzed in NEPA documents, 
Gregory Jones states this in his 2019 report entitled The Versatile Test Reactor: Wasting Money 
While Undermining Nonproliferation Goals, which I am submitting for the record: 
 


In reality, the VTR will be a waste of money and undermine the broader 
nonproliferation goals of the U.S. The need for the VTR is doubtful as it is very 
unlikely that any of these advanced technologies will be deployed on a significant 
scale even by 2050 and they could easily never be deployed. Further, given the low 
technological maturity of the technology to be used in the VTR, combined with 
DOE’s desire to build the VTR on what it calls “an accelerated schedule,” it is very 
likely that there will be significant delays and cost overruns. In addition, DOE needs 
to examine the safety risks of fast reactors, including the VTR, in a realistic and 
even-handed manner. Finally, the use of plutonium fuel in the VTR will undermine 
U.S. nonproliferation goals to eliminate the separation of plutonium, plutonium 
stockpiles and plutonium fuels in non-nuclear weapon states. 


 
The points raised in the paper cited above, which is attached, must be considered in the EIS, if it 
were to proceed. 
 
Does establishment of facilities for VTR fuel fabrication have implications for future plutonium 
proliferation?  Could such facilities be used for non-VTR programs? 
 
Why is 60 years being presented for the length of operation? Will the U.S. Nuclear Regulatory 
Commission or any other agency, such as the defense nuclear Facilities Safety Board (DNFSB), 
provide any oversight at any stage of the VTR project? 
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DOE has stated that the VTR would not be operated as a plutonium “breeder” reactor. Where is 
this written into VTR documents, law or regulation? What is to guarantee that the reactor will 
never be operated in breeding mode? Please provide any document that reviewed the VTR’s 
breeding capabilities. Has operating in a non-breeding mode been made for non-proliferation 
or other reasons? Please provide documentation analyzing not operating the reactor as a 
breeder. 
 
It has been stated that the spent fuel would not be reprocessed to remove uranium and 
plutonium.  Is this written into law or regulation? What constraint is there on reprocessing of 
VTR spent fuel? Please provide an analysis of this and any documents analyzing reprocessing of 
the spent VTR fuel. 
 
Please see the attached document submitted for the record: “The Versatile Test Reactor: 
Wasting Money While Undermining Nonproliferation Goals.” I requested this document be 
reviewed and the points raised in it be responded to.  Please confirm if NE has prepared a 
rebuttal to this document or not; if so, please provide it for the record. 
 
Will the DOE’s National Nuclear Security Administration (NNSA) have a role in any aspect of VTR 
fuel fabrication, operation or transport?  Will NNSA interface with the IAEA on safeguards 
issues?  Is NNSA reviewing proliferation aspects of the project? If not, why not? 
 
Need for IAEA Safeguards Overlooked in Draft EIS 
 
The draft EIS fails to discuss the issue of safeguards by DOE or the International Atomic Energy 
Agency of plutonium to be processed into fuel or plutonium to be disposed of as TRU in WIPP. 
This must be addressed in the final EIS.  Please full address safeguards in plutonium handling, 
processing and disposal. 
 
Is terrorism a risk in the transport, handling or processing of materials for VTR fuel fabrication 
or in fuel transport?  Please fully discuss. 
 
I note that the NAS Review of the Department of Energy's Plans for Disposal of 
Surplus Plutonium in the Waste Isolation Pilot Plant underscores the importance of IAEA 
safeguards for the processing of plutonium and emplacement in WIPP of plutonium containers, 
see page 82: 
 


5.1.1 Uncertain Protocols for International Inspection and Verification for 
Emplaced Waste 
IAEA monitoring and inspections are an important component of the PMDA 
requirements and they could also provide enhanced public and international 
confidence that the material is properly accounted for and emplaced in WIPP. As 
noted in Chapter 2, the director of the Office of International Nuclear Safeguards at 
the DOE-NNSA reported to the committee that the DOE-NNSA is in the process of 
working with the IAEA to discuss what role, if any, IAEA involvement might play in 
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the disposition of DOE-EM’s 6 MT (Veal, 2019). Typical international safeguards 
(monitoring and verification) use accountancy to ensure that declared nuclear 
material is present as intended, coupled with a containment and surveillance 
system to ensure that no changes occur between inspections. Implementation of 
IAEA protocols for verification and monitoring of materials for pre-disposal are well 
established, but IAEA verification protocols for material emplacement in any 
repository are still under development. Inspection and verification protocols for 
repository emplacement, where access for monitoring may be a challenge and 
remote devices may compromise required passive safety measures, could have a 
significant impact on both repository operations and design (Haddal et al., 2014). 
 


The DOE-NNSA dilute and dispose Master Schedule for the 34 MT (see Figure 3-1; 
DOE-NNSA, 2018a) indicates verification protocols for the activities at SRS are to be 
in-place in in FY 2022 and for WIPP in FY 2023, yet the DOE-NNSA may emplace 
DSP-TRU waste with or without IAEA inspection protocols in place. Therefore, 
substantial uncertainty remains on the applicability and possible implementation of 
IAEA monitoring and verification protocols. Resolution of this uncertainty holds 
substantial implications for WIPP operations and future design changes (such as the 
new shaft and panels now under development), and therefore this issue remains a 
significant system vulnerability. 
 


DOE is currently engaging a NEPA process on plutonium disposition that focuses on the dilute & 


dispose method, with disposal of the resulting TRU to undergo termination of safeguards, with 


disposal of the TRU in WIPP. The draft VTR EIS does not say in what form the TRU from the VTR 


project will be disposed of in WIPP. The final EIS must discuss this. Will VTR TRU containers go 


directly to WIPP?  Will any VTR TRU undergo dilute & dispose or any other processing?  Please 


give details of preparation of VTR TRU for disposal in WIPP. The final EIS can’t dodge this issue 


given environmental impacts at INL and/or SRS and WIPP in handling and disposal of the VTR 


TRU. 


 
The VTR draft EIS states on page S-1: “Specifically, “DOE will continue to explore advanced 
concepts in nuclear energy that may lead to new types of reactors with further safety 
improvements and reduced environmental and nonproliferation concerns.”  Where is proof 
that “nonproliferation concerns” are being reviewed in this NEPA process?   
 


Along with any final EIS, please include a non-proliferation risk assessment for the VTR project.  
If NE does not prepare such documents this must be tasked to another office in DOE. 
 
Would any plutonium stored at SRS that is under IAEA safeguards be used for VTR fuel? Please 
discuss. 
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Risks of Using Sodium as a Coolant” Fires and Explosions 
 
I note what Greg Jones states in his earlier-cited paper on the VTR, about the risks of lower 
melting point of VTR fuel and potential threat of post-accident criticality. The risks of metallic 
fuel with a lower melting point, as well as risks posed by use of a sodium coolant, must be more 
thoroughly analyzed in the EIS. 
 


A major meltdown in a fast reactor would have consequences more serious than 
those from a similar meltdown in an LWR. As was discussed above, thermal reactors 
use a moderator and sustaining the nuclear chain reaction requires that the fuel 
and the moderator be interwoven. If the fuel in a thermal reactor melts, then the 
moderator is excluded and the nuclear chain reaction stops. In a fast reactor, the 
melting of the fuel would lead to the exclusion of the coolant, increasing the rate of 
the chain reaction complicating efforts to bring the accident under control. 
 


There are a number of other safety concerns. The decrease in the delayed neutron 
fraction associated with the use of plutonium fuel makes the control of the reactor 
more delicate. The chemical reactivity of the sodium coolant if it leaks out of the 
reactor as happened in the accident at Monju, can damage equipment and 
generate toxic fumes. The fast neutrons in the reactor damage structural materials 
in a much shorter time than do thermal neutrons. 


 
The risks of using sodium as a coolant are well known, as we can see from breeder reactor 
accidents at the Fermi plant in Michigan and the problem-plagued Moju reactor in Japan, which 
suffered a debilitating sodium fire in 1995, leading to its eventual shutdown. Fully discuss the 
risk of sodium leakage and sodium fires. Please discuss risk of a sodium explosion, with possible 
criticality. Would a criticality and nuclear explosion be possible in a VTR accident? 
 
Re: “Savannah River Site Reactor Fuel Production Options” & VTR Fuel Risks 
 
The section of fuel fabrication is cursory and speculative at best. Any final EIS must include 
details so that we can analyze potential worker, public and environmental impacts at SRS or off 
site. 
 
The draft EIS says: 
 


Existing sources of U.S. excess plutonium14 managed by DOE and the National 
Nuclear Security Administration (NNSA) would be sufficient to meet the needs of 
the VTR project. Potential DOE/NNSA plutonium materials include surplus pit 
plutonium (metal), other plutonium metal, oxide, and plutonium from other 
sources (DOE 2015). If the U.S. sources cannot be made available for the VTR 
project or to supplement the domestic supply, DOE has identified potential sources 
of plutonium in Europe. (page S-12) 
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Please explain exactly which NNSA plutonium might be used for VTR fuel. As stated earlier, 
lease provide for the NEPA record copies of any “memorandum of understanding” (MOU) 
between NNSA and the DOE’s Office of Nuclear Energy concerning plutonium supply. If NNSA 
were to provide plutonium who would own it - NE or NNSA? What role would the Office of 
Environmental Management have in any aspect of fuel fabrication or disposal of resulting TRU 
waste? 
 
Exactly which European plutonium would be considered for VTR fuel fabrication and how 
much? 
 
How much plutonium would be at SRS or INL at any one time?  What would happen if fuel 
fabrication began and was halted? Would plutonium be stranded at the fuel fabrication sites or 
returned to the site of origin?  Will NE guarantee to the State of South Carolina that no 
additional plutonium will be stranded in the state? 
 
It is accurate to say that the K-Reactor is used for “material storage,” that being plutonium.  But 
it is also designated to be used for “plutonium disposition.”  That project, currently at the start 
of an EIS process, is not mentioned in the draft EIS. 
 
See attached document confirming that 11.5 metric tons of plutonium are stored in the K-
Reactor at SRS. Would any of this material be used for VTR fuel fabrication? Would plutonium 
for VTR fuel fabrication be stored in the same manner as the existing plutonium? 
 
Could there be an overlap in any space or equipment between feedstock preparation for the 
VTR and plutonium preparation for the dilute & dispose technique for plutonium disposition? If 
so, why isn’t this discussed? Could the ARIES process be common to both projects? If so, could 
ARIES for the VTR be located at Los Alamos or Pantex? 
 
What would be the impact of an accident in the VTR fuel fabrication on facility on other 
operations at the K-Reactor, especially the dilute & dispose project? Please provide this 
analysis. 
 
How would much fresh fuel be stored at the fuel fabrication site at any one time and where 
would it be stored? 
 
Given that SRS has no recent history of fuel fabrication, no history of metallic fuel fabrication, 
no history of working with sodium-bonded fuel, and little recent experience with plutonium  
handling and processing (beyond small-scale D&D operations in the K-Reactor), the learning 
curve for VTR fuel fabrication would be very steep and thus could be problematic. Especially 
given the lack of experience at SRS, please more fully explain and justify this conclusion in the 
draft EIS: “DOE has no preferred option at this time for where it would perform reactor fuel 
production (feedstock preparation or driver fuel fabrication) for the VTR.” 
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The draft EIS states this on page S-18 : “SRS and Savannah River National Laboratory (SRNL) 
have extensive history in nuclear reactor operation and offer a full range of supporting 
infrastructure for transportation, construction and operation, safety, security, nuclear material 
management, and regulatory compliance.” This statement is very misleading, as current SRS 
staff likely have almost no experience in reactor operation as the last on-going reactor 
operation at SRS ended in the mid-1980s.  Likewise, the “supporting infrastructure” for reactor 
operation was deactivated. Please clarify this misleading statement in the draft EIS. 
 
The draft EIS says “aqueous or pyrochemical” processes could be used. The document must 
present a clear chosen option so that it can be fully analyzed. 
 
What is, as the title of this document in references reflects, “VTR Add-on Processing 
Capability?” at SRS? What would be the waste streams form this processing? Please provide a 
link to this document. 
 
On page S-15 it is stated: “If the aqueous processing were to be selected, an estimated 10 
glovebox lines may be necessary. Glovebox lines would be constructed for feed preparation, 
plutonium dissolution, plutonium extraction, oxide conversion, waste processing, and acid 
recycling. This scenario considers the most equipment-intensive process under consideration. 
Other processes would be expected to require fewer gloveboxes and less operational space. All 
feedstock preparation equipment would be newly installed equipment (SRNL 2020).” 
 
This description of fuel fabrication at SRS is woefully inadequate and speculative and must be 
fully explained and expanded: “The description that follows assumes installation of reactor fuel 
production capabilities at K Area. A notional equipment configuration was developed to assess 
the capability to house the fuel production equipment within the identified structures. But, the 
equipment layout that would be used has not been determined and would be finalized during 
the detailed design of the fuel production facility.” (page B-78) 
 
The purification process must be named, not just include in a list of options:  “The identified 
area would be suitable for pretreatment operations like molten salt removal of the americium 
from plutonium (polishing), electrorefining, and direct oxide reduction to convert fuel 
compounds (e.g., fuel oxides) into their metallic form.” (page B-78)  Which pretreatment of 
purification option would be used and what are potential health and environmental impacts? 
What is the criticality risk? 
 
On page S-15, the draft EIS states:  “Due to its use as a special nuclear material storage facility, 
the K-Reactor Building is a Hazard Category 1 nuclear facility. K-Reactor, constructed in the 
1950s was shut down in 1996, and subsequently deactivated. Nuclear fuel and equipment 
needed for reactor operation were removed. The building was later modified for nuclear 
material storage (DNFSB 2003).” What impact would VTR fuel fabrication have on the hard 
category of the old K-Reactor? 
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The draft EIS ill defines where purification and fuel fabrication facilities would be located in the 
K-Reactor. Likewise, the relationship to other activities in the K-Reactor are not included in the 
draft EIS, specifically plutonium storage and the dilute & dispose facilities (current or 
expanded).   
 
Surprisingly, there is no mention of the development of a draft EIS on plutonium disposition 
and its relationship to the VTR project as far as plutonium purification goes. Could the two 
projects share purification activities?  The relationship must be explained if an EIS goes forward. 
 
What is the relationship between the VTR NEPA process and 1) the pit production EIS and 2) the 
surplus plutonium disposition NEPA process that is now underway? The overlaps could be 
numerous. Please discuss in detail. 
 
 
In conclusion, given the unpredictably high cost of the project, the lack of need for it and the 
associated environmental and proliferation risks of the VTR, I support the “No Action 
Alternative.” I further request that no final EIS be issued and that, accordingly, no Record of 
Decision be issued. 
 


----- 
 
Attachments to these comments, to be considered in full in any EIS, if it is issued: 
 
1. SRS Watch scoping comments on plutonium disposition, January 28, 2021, underscores the 


overlap with the VTR project and other projects with large amounts of plutonium waste and 
presents the need for PEIS on plutonium waste (TRU) to WIPP; posted on SRS Watch 
website:  https://srswatch.org/wp-content/uploads/2021/01/SRS-Watch-scoping-
comments-plutonium-disposition-Jan-28-2021.pdf 


 
2. Paper The Versatile Test Reactor: Wasting Money While Undermining Nonproliferation 


Goals, by Gregory S. Jones, November 19, 2019, 
https://nebula.wsimg.com/36cfc0b60c4368a263ec13569e054b0e?AccessKeyId=40C80D0B5
1471CD86975&disposition=0&alloworigin=1 


 
3. Document from SRS, obtained by SRS Watch via a Freedom of Information Act request, 


documenting 11.5 metric tons of plutonium now stored in the K-Reactor, 2020 Savannah 
River Site Plutonium Inventory Update, posted on SRS Watch website:  
https://srswatch.org/wp-content/uploads/2020/09/plutonium-inventory-SRS-2020-FOIA-
rcvd-Sep-22-2020.pdf 


 
### 
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Comments submitted by: 
 
Tom Clements 
Director, Savannah River Site Watch 
1112 Florence Street 
Columbia, SC 29201 
srswatch@gmail.com 
https://srswatch.org/ 



mailto:srswatch@gmail.com





The comment has been posted on the SRS Watch website at:

https://srswatch.org/srs-watch-comments-on-plutonium-fueled-versatile-test-reactor-halt-eis-
process-for-unjustified-sodium-cooled-reactor/

I will also be mailing the above-mentioned documents.

I may submit other comments before the new comment period deadline of March 2, if I deem such
comments to be relevant.

Thank you.

Tom Clements
Director, Savannah River Site Watch

https://srswatch.org/

https://srswatch.org/srs-watch-comments-on-plutonium-fueled-versatile-test-reactor-halt-eis-process-for-unjustified-sodium-cooled-reactor/
https://srswatch.org/srs-watch-comments-on-plutonium-fueled-versatile-test-reactor-halt-eis-process-for-unjustified-sodium-cooled-reactor/
https://srswatch.org/


TVA March 18, 2021 
 
Programmatic Environmental Impact Statement Comments to Consider for 
Proposed Advanced Nuclear Reactor Technology Park at Clinch River Nuclear 
Site in Oak Ridge, Roane County, Tennessee 
 

To whom it may concern, 
 

Concerning the potential environmental effects association with the construction, 
operation, and decommissioning of an advanced nuclear reactor technology park 
that would produce up to 800 megawatts, thank you for listing the no-action 
alternative (A).  Federal Register/Vol. 86, No. 23/Friday, February5, 2021/Notices 
 

The PEIS evaluation lists a large number of possible impacts to be addressed 
including those of biological and environmental justice.  The one not listed that 
should be included is climate change impacts.  With increasing climate change 
disruptions and possible triggering feedback systems, any scoping should seek to 
determine whether advanced nuclear power will provide the clean, reliable and 
low-cost energy TVA has listed as the project purpose: 
 

1. First, SMRS is not clean energy. Nuclear energy of any kind is not carbon 
free if one includes the uranium mining along with the processing and 
transportation emissions required to deliver a pellet to a fuel rod.  Data 
shows us many worker illnesses from this fuel chain preparation.  In these 
small modular reactors (SMRs), what will be the level of hydrogen buildup?  
Is there daily venting?  What are the common wind patterns showing the 
path of any emissions and who will any releases impact?  Is there water 
from the reactor being placed in the river and what is the level of tritium 
being deposited?  

2. Is it reliable?  No.  Numerous shutdowns and accidents attributed to TVA 
nuclear reactors over the years give pause to think that we can rely on 
nuclear power.  This base-load thinking is not going to be reliable in a 
climate heated world since the technology must have cool water.  There 
have already been examples of nuclear power stations shutting down due 
to water being too hot or flooding and catastrophic storms.  Please 
compare the option of renewable energy reliability when coupled with 
battery storage to the reliability of small nuclear reactors being 
considered. 

3. What about low cost?  Numerous studies have shown that renewable 
energy costs come in lower than that produced from nuclear reactors.  
Further, the building costs and building times are enormous and always 
more than originally declared e.g. seemingly never-ending Vogtle work.  
These upfront costs are supported by numerous loans and subsidies from 
DOE/taxpayers.  The $4 million going to prepare this PEIS is wasted when 
the time to effectively constrain climate change impacts comes sooner 
than it will take to build a technology park.  Not one kilowatt before 2030?  
What is the cost for equal equivalent of renewable energy construction 



and megawatts production to 800MWe of nuclear power and how quickly 
can it come on line? 
  

Safety 
Not only does an advanced nuclear technology park not meet TVA’s list of 
purposes for a project, but there is the matter of safety that is always of concern 
with nuclear power.  Radiation exposure of course can be deadly.  Is it worth the 
risk?  Dr. Edwin Lyman from the Union of Concerned Scientists says it is not. In his 
report “Advanced Isn’t Always Better” he states, “Nearly all of the NLWRs 
currently on the drawing board fail to provide significant enough improvements 
over LWRs to justify their considerable risks.”    
The report compares NLWRs to LWRs and shows that safety, sustainability and 
proliferation risk shows their safety is ‘significantly worse’.   
https://www.ucsusa.org/resources/advanced-isnt-always-better 
Given Dr. Lyman’s report pointing out the poor safety of advanced nuclear 
reactors, a safety perimeter and evacuation zones should not be lessened from 
those used for existing nuclear sites.  
 

Then there is the radioactive waste issue.  To date, no permanent solution has 
been found.  The PEIS must address waste questions.  How large is a spent fuel 
pool to accommodate fuel cells at appropriate distance?  What storage casks will 
be used and where will they be stored or will the waste be transported to Western 
U.S. waste sites exposing humans along highways?  What is the stewardship 
burden required to care for this long-lasting radioactive waste?  What is the cost 
of dealing with waste.  Consider this cost as part of the total cost for the park?  
What happens when decommissioning is required and what is the lifespan of 
these reactors?   
 

Here are conclusions from a study and event by Dr. Lindsay Krall from the Stanford 
University Freeman Spogli Institute for International Studies regarding the various 
SMR designs. https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-
management-consequences-small-modular-reactors 

By analyzing the published design specifications for water-, sodium-, and molten 
salt-cooled SMRs, I here characterize their notional, high-level waste streams in 
terms of decay heat, radiochemistry, and fissile isotope concentration, each of 
which have implications for geologic repository design and long-term safety. 
Volumes of low- and intermediate-level decommissioning waste, in the form of 
reactor components, coolants, and moderators, have also been estimated. 

The results show that SMRs will not reduce the size of a geologic repository for 
spent nuclear fuel, nor the associated future dose rates. Rather, SMRs are poised 
to discharge spent fuel with relatively high concentrations of fissile material, which 
may pose re-criticality risks in a geologic repository. Furthermore, SMRs—in 
particular, designs that call for molten salt or sodium coolants—entail increased 
volumes of decommissioning waste, as compared to a standard 1100 MWe, water-
cooled reactor. Many of the anticipated SMR waste challenges are a consequence 

https://www.ucsusa.org/resources/advanced-isnt-always-better
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors


of neutron leakage, a basic physical process that reduces the fuel burnup efficiency 
in small reactor cores. Common approaches to attenuating neutron leakage from 
SMRs, such as the introduction of radial neutron reflectors, will increase the 
generation of decommissioning waste. The feasibility of managing SMR waste 
streams should be performed before these reactors are licensed, and future clean 
energy policies should acknowledge the adverse impact that SMRs will have on 
radioactive waste management and disposal.   

More information may also be found on this subject in the “Handbook of Small 
Modular Nuclear Reactors” (ISBN  9780857098511). 
 

Environmental Concerns 
The site sits on a peninsula at an elevation of about 800 feet surrounded by the 
Clinch River which is at an elevation of about 740 feet.  The proposed nuclear 
reactors will require that water be taken from the river.  This will require a system 
to both pump the water to the reactors and return it to the river.  The site map 
shows a canal cut.  Due to the height between the top of the site and the river, 
inevitably there will be erosion and perhaps landslides due to increased heavy rain 
events already occurring in the Tennessee Valley.  Management costs must be 
included in the site preparation.   
 

While the land was cleared for the earlier nuclear reactor planned that was 
disbanded, the land has since returned to its forested state with accompanying 
flora and fauna that protect the riverbank.  Please assess the economic value of 
carbon sequestration for the forest on this site during the years of reactor life (60 
years?).  How will the temperature of the coolant water be returned to the river in 
such a way as to not limit the well-being of aquatic species? 
 
In conclusion one might ask who needs this energy?  Given climate change 
impacts, the safety risks, high relative costs, waste issues, questionable designs, 
length of time to build, and damage to the environment, the non-action option A 
is the best choice.  The real solution to meet energy demand is to quickly move to 
renewable energy with battery storage at suitable sites. If SMR research comes to 
fruition at all, other locations should be considered including brownfields.  Surely, 
there are places in and around the already compromised Oak Ridge National 
Laboratory.  The Clinch River site is better used as a forested carbon sequestration 
site in order to address climate change in the most meaningful, effective and low-
cost way.    
 
Respectfully,  

 
Sandra Kurtz 
For BEST (Bellefonte Efficiency & Sustainability Team) 
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TVA Advanced Reactor Scoping Comments for PEIS Advanced Reactor Technology Park  - March 2021 

These comments are respectfully submitted by the Tennessee Environmental Council and the Tennessee 

Chapter of the Sierra Club with the sincere hope they aid TVA making a comprehensive, unbiased 

Programmatic Environmental Impact Statement for the range of alternatives in this proposal for an 

advanced reactor technology park at the Clinch River Site. 

It is the belief of both environmental advocacy non-profits that the successful completion of a 

comprehensive and unbiased PEIS should result in the adoption of Alternative A: The No Action 

Alternative.  Unfortunately, TVA’s pro-nuclear power biases make this unlikely.  The very fact that TVA is 

willing to spend $4 million on this PEIS while eliminating consideration of construction of alternative 

energy generation sources is a key indicator.  Even more troubling is TVA CEO Jeffrey Lyash’s conflict of 

interest created by his role as Vice Chairman of the Nuclear Energy Institute (NEI).  NEI is self-described 

as the voice of the US nuclear industry; its mission is “to promote the use and growth of nuclear 

energy.” 

It is troubling that after 70 years of commercial nuclear power in the US, billions upon billions of dollars 

of research world-wide, scores of failed reactor concepts and projects (thirteen of these TVA projects) 

that TVA can not identify a single proven reactor project to move forward with but is proposing 8 

different technologies to consider. 

How can TVA prolong its fascination with new nuclear power after its well-documented failed projects, 

cost over-runs, and schedule delays?  Especially those in this century, after TVA should have already 

learned from its past mistakes. Watts Bar Unit 2 took over 40 years to complete:  

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-

tale/ .  Original cost estimates to finish both Watts Bar units was around $845 million.  By the time both 

were finished somewhere around $13 billion had been spent. 

What is an “advanced nuclear reactor”?  It was defined in 2018 Federal legislation as “a nuclear fission 

reactor with significant improvements over the most recent generation of nuclear fission reactors” or a 

nuclear fusion reactor.  (Fusion reactors are not being considered by TVA in this proposal.)   Advanced 

reactors are really nothing new.  According to the Congressional Research Service (Advanced Nuclear 

Reactors: Technology Overview and Current Issues (congress.gov)) most of these concepts have been 

studied since the dawn of the nuclear age, but relatively few, such as sodium-cooled reactors and the 

Fort St. Vrain high temperature gas cooled reactor have advanced to commercial scale demonstrations 

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/
https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/
https://crsreports.congress.gov/product/pdf/R/R45706
https://crsreports.congress.gov/product/pdf/R/R45706
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and that was decades ago in the US.  Find a link to the history of the Fort St. Vrain reactor here:  

https://www.fsvfolks.org/FSVHistory.html .  The Generation IV International Forum was formed over 20 

years ago to promote the development of next generation reactors, with little to show for it in the way 

of electricity generation.   

TVA is considering three different light water, small modular reactor (smr) designs and five non-light 

water reactor designs.  (All power reactors operating in the US now are light water reactors.)  TVA has 

been considering smrs and spending ratepayers’ money on them for over a decade, with no electricity 

generated.  The non-light water reactor designs are molten salt, fluoride salt, high temperature gas, 

molten chloride, and micro reactors. 

Advanced nuclear power proponents provide an impressive list of unsubstantiated claims such as 

inherent safety features, lower waste yields, greater fuel utilization, superior reliability, nuclear weapons 

proliferation resistance, recycling used fuel, and on and on.  None of these claims are proven, many are 

suspect and do not hold up to scrutiny.  These claims are eerily like past, false claims of various 

proposed nuclear projects. In 1953 Admiral Hyman Rickover, the founder of the US Nuclear Navy, 

warned how trouble-free, economical, and uncomplicated proposed reactors sound and how 

problematic, expensive, and difficult they are to build and operate. 

Please include the Union of Concerned Scientists’ study: “Advanced” Isn’t Always Better by Edwin Lyman 

in the PEIS.  It was released to the public on March 18, 2021.  It can be downloaded at this link:  

https://ucsusa.org/resources/advanced-isnt-always-better   

Many of the non-light water reactor designs involve reprocessing highly irradiated used fuel, an 

extremely controversial process with intense environmental and weapons proliferation drawbacks.  

Many also involve using higher levels of enriched uranium or plutonium as fuel.  The non-light water 

reactors offer many unresolved technical and safety challenges.  

TVA should instead fully commit to transitioning to the least cost, fastest to deploy climate solutions:  

energy efficiency, wind and solar, and developing more energy storage technologies:  

https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-

by-2030-idUSKBN2B80AX?il=0; https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-

record-growth-in-2020-despite-covid-19-new-report-finds.html; 

https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar    

https://www.fsvfolks.org/FSVHistory.html
https://ucsusa.org/resources/advanced-isnt-always-better
https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0
https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0
https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html
https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html
https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar
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This Nuclear Reactor Technology Park proposal is a highly speculative project that rises to the level of 

hyper overreach by TVA.  It is a red flag that there are 8 possible reactor designs.  This is not a power 

project; it is a hail mary pass to the failing nuclear industry.  It is most certainly not an appropriate, 

productive, or cost-effective response to the climate crisis we are facing.  Nuclear power is not clean 

power, it is not green power, it is not the least cost power or the lowest risk power. 

It is a fundamental mistake for TVA to waste ratepayers’ money on this costly technological overreach 

which is unlikely to ever generate any electricity.  If an advanced reactor is ever completed it will 

certainly generate the most expensive electricity in TVA’s portfolio.  Given recent TVA and US 

experience with new reactors it will take until at least 2030 and probably much beyond that to complete 

any new reactor, advanced or not.  It is far more likely that this project will never be completed. 

Instead, TVA should put its considerable expertise and experience in building the clean, renewable 

energy grid of the future, utilizing a wide range of renewable resources including distributed and utility 

scale solar, wind, energy efficiency, and energy storage.  Renewables are now the lowest cost power 

with the smallest negative environmental impact.  Deployment of renewables and energy efficiency 

measures will also provide a strong economic boost to the Tennessee Valley. Please include this article:  

“Every Euro Invested in Nuclear Power Makes the Climate Crisis Worse” into the PEIS: 

https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368  

TVA has a history of expensive, failed nuclear projects, much of the current debt was incurred from 

nuclear projects.  TVA has started or planned 19 reactors (plus the Clinch River Breeder Reactor, which 

was a joint project), 7 are operating.  Cost overruns of multiples of the original estimated costs are the 

rule, not the exception.  TVA should know better by now than to continue to be fooled by the next false 

hope, or multiple false hopes, of the nuclear industry.   

In 2005 the dominant false hope was the new, supposedly improved, and cost-effective Westinghouse 

AP 1000.  TVA was originally slated to be the first US utility to build these (Bellefonte Units 3 and 4).   

TVA reversed course and the AP 1000 went on to bankrupt Westinghouse while taking its fiscal train 

wreck to South Carolina and Georgia.  The South Carolina reactors were cancelled after some $9 billion 

was wasted:  The failed V.C. Summer nuclear project: A timeline | Choose Energy®.  The Georgia 

reactors are still under construction, more than 5 years behind schedule and the cost has doubled, from 

$14 to $28 billion:  https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-

https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368
https://www.chooseenergy.com/news/article/failed-v-c-summer-nuclear-project-timeline/
https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/
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more-dollars/ ; Is There More Trouble Ahead for Plant Vogtle Expansion? Experts testify that serious 

challenges remain - SACE | Southern Alliance for Clean EnergySACE | Southern Alliance for Clean Energy 

The next nuclear chimera TVA chased was small modular reactors, first mPower in 2013 and then 

NuScale.  The mPower project collapsed and NuScale filled the breach.  TVA wisely decided to let 

UAMPS (Utah Associated Municipal Power Systems) lead the way and that project is teetering on the 

edge of abandonment.  Current estimates of the first completed NuScale smr are now 2029, it was 

originally projected to be 2023, then 2027.  There are serious doubts that any will ever be completed.  

Here is a link to a study of problems with the UAMPS project by M.V. Ramana: 

https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/Ey

esWideShutReport_Final-30August2020.pdf?1600287829  

Now TVA is contemplating changing course again and spending $4 million on this PEIS.  It is entirely 

inappropriate for TVA to consider an “advanced” nuclear technology park given the experimental nature 

of the reactors.  “Advanced reactors” is a catch-all term that is so broad it is meaningless.  This is a bad 

financial bet for valley ratepayers. 

TVA seems to have a blind eye to the immense negative environmental impacts of nuclear power.  The 

entire nuclear fuel chain, from uranium mining through waste management needs to be recognized as 

harmful and factored into the analysis of environmental impacts.  Nuclear reactors manufacture 

radiation.   

Excess radiation, beyond background, is a biological threat.   Man-made radiation must be contained 

and kept out of our biosphere until it decays into harmlessness, which can be millions of years for some 

isotopes.  The most dramatic example is misleadingly named spent fuel.  Spent fuel is millions of times 

more radioactive than new, unused fuel.  All the highly irradiated used fuel generated by TVA’s reactors 

is still onsite at those reactors, in the cooling pools or dry casks.  At this time, after 70 or so years of 

nuclear power production, the United States has still not figured out what to do with this stuff.  This is 

an immensely complicated issue, and when you dig deep into the details it gets more complicated, with 

many uncertainties in “aging management”, especially the high-burnup fuel currently being discharged.  

Suffice it to say that we really do not know how to safely store “spent fuel”.  We are far from knowing 

how to dispose of it, how to keep it isolated for a million years:  https://www.fairewinds.org/waste-and-

spent-fuel.    

https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/
https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829
https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829
https://www.fairewinds.org/waste-and-spent-fuel
https://www.fairewinds.org/waste-and-spent-fuel
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TVA should be making every effort to stop making more radioactive waste, not looking for ways to 

create even more.  That waste, accumulating in our nuclear communities is a threat to their and, indeed, 

the region’s future.  Current storage technologies have questionable safety protocols and are more of a 

risk than is acknowledged by TVA, the Nuclear Regulatory Commission, and the nuclear industry:  

https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/  

The mythology around the benign characteristics of aging used nuclear fuel does not hold up to 

unbiased scrutiny. All of that radiation being contained by 5/8” thick, welded shut stainless steel 

canisters with no credible method to find cracks in the canisters, no way to fix them, no way to respond 

to an imminent or active leak, and no current method of moving the waste out of a failing canister into a 

new one.  All this with a Chernobyl explosion’s release amount of cesium in each canister.  A breach of 

one pressurized, helium filled canister will result in massive amounts of radiation leakage and 

widespread contamination and disruption: (Please include this and all links in the issues to analyze for 

this PEIS)  Spent Power Reactor Fuel: Pre-Disposal Issues (eesi.org). 

The PEIS should consider the full range of environmental and safety issues around the used nuclear fuel 

for each of the proposed technologies.  The consideration must cover both storage and disposal, and 

fuel aging management issues including deterioration of storage containment, breakdown of fuel 

structure over time, and the possibility of used fuel reaching spontaneous, uncontrolled fission during 

storage.  Aging management over the course of decades, centuries, millennia, and eons should be 

carefully considered.  The environmental impacts of major accidental releases of radiation from the 

stored fuel must be detailed for the EIS to be valid.  The information available on this link should help 

with the analyses:  https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-

consequences-small-modular-reactors . 

The PEIS should evaluate the environmental impacts for the entire nuclear fuel chain separately for each 

of the proposed technologies.  

The PEIS should consider the environmental and health impacts from uranium mining and milling:  

please include the following in your evaluation:  After Decades of Uranium Mining, Navajo Nation 

Struggles With Legacy of Contamination - Bing video; The Toxic Legacy of Uranium Mining on Navajo 

Land: The Disproportionate Struggle of Indigenous Peoples and Water - (savethewater.org); Radioactive 

Waste From Uranium Mining and Milling | RadTown | US EPA; Uranium Mining and Milling Wastes: An 

Introduction (wise-uranium.org). 

https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/
https://www.eesi.org/files/Robert_Alvarez_111320.pdf
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE
https://savethewater.org/the-toxic-legacy-of-uranium-mining/
https://savethewater.org/the-toxic-legacy-of-uranium-mining/
https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling
https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling
https://www.wise-uranium.org/uwai.html
https://www.wise-uranium.org/uwai.html
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The PEIS should carefully and thoroughly consider the environmental and health impacts of processing 

the uranium and other fissionable materials into the specific fuel being considered for each of the 

proposed technologies, such as:  high assay low enriched uranium (HALEU), tristructural isotropic 

(TRISO), and enriched uranium fuel for the light water reactors. 

The PEIS should seriously and strenuously consider the environmental impacts of the most serious 

possible accident for each proposed technology.  Past EIS’s for TVA nuclear projects have dodged this 

issue by making the patently false claim that the chance of a serious, beyond design basis accident is so 

small that it is not necessary to do the work to calculate and postulate the environmental impact of such 

a disaster. Those words ring hollow in the aftermath of Chernobyl and Fukushima.  The Fukushima melt-

downs, explosions and massive radiation escape occurred to 3 General Electric Mark 1 reactors, almost 

identical to TVA’s 3 Browns Ferry reactors.   

The PEIS must consider the radiation released during normal operation, refueling, maintenance and 

repairs for each of the proposed technologies. 

The PEIS must consider the low-level waste stream that will be created by each of the proposed 

technologies.  This should include pathways for processing, disposal and possible reuse of any 

radioactive materials generated by the reactor and possible radiation exposure these cause to the 

public.  

The PEIS must consider the eventual retirement and decommissioning of each of the proposed 

technologies.  This should include all possible radiation exposure to the public and the environment 

from decommissioning. 

The PEIS must consider the cumulative radiation load in and around Oak Ridge.  Past activities have 

resulted in an enormous amount of man-made radioactivity that has been released into the 

environment in the area.  This should include analysis of public health records for diseases know to be 

caused by exposure to radiation, even low doses. 

http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf    

The PEIS should consider the nuclear weapons proliferation implications for each proposed nuclear 

reactor technology.  

The PEIS should consider the increase in background radiation since the dawn of the nuclear age.  It 

should consider the probable increases in background radiation in the future due to continued 

http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf
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manufacture of man-made radiation and the inevitable release of some portion of that radiation into 

the environment world-wide. The PEIS should accurately translate those increases into likely radiogenic 

disease generation in humans, livestock, and wildlife. 

 

Thank you for this opportunity to help in the scoping process. 

 

Don Safer 

 

March 18, 2021 
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J. Taylor Cates 

NEPA Specialist 

Tennessee Valley Authority 

 

TVA Advanced Reactor Scoping Comments for PEIS Advanced Reactor Technology Park - March 2021 

These comments are respectfully submitted by the Tennessee Environmental Council with the sincere 

hope they aid TVA making a comprehensive, unbiased Programmatic Environmental Impact Statement 

for the range of alternatives in this proposal for an advanced reactor technology park at the Clinch River 

Site. 

It is our belief that the successful completion of a comprehensive and unbiased PEIS should result in the 

adoption of Alternative A: The No Action Alternative.  Unfortunately, TVA’s pro-nuclear power biases 

make this unlikely.  The very fact that TVA is willing to spend $4 million on this PEIS while eliminating 

consideration of construction of alternative energy generation sources is a key indicator.  Even more 

troubling is TVA CEO Jeffrey Lyash’s conflict of interest created by his role as Vice Chairman of the 

Nuclear Energy Institute (NEI).  NEI is self-described as the voice of the US nuclear industry; its mission is 

“to promote the use and growth of nuclear energy.” 

It is troubling that after 70 years of commercial nuclear power in the US, billions upon billions of dollars 

of research world-wide, scores of failed reactor concepts and projects (thirteen of these TVA projects) 

that TVA can not identify a single proven reactor project to move forward with but is proposing 8 

different technologies to consider. 

How can TVA prolong its fascination with new nuclear power after its well-documented failed projects, 

cost over-runs, and schedule delays?  Especially those in this century, after TVA should have already 

learned from its past mistakes. Watts Bar Unit 2 took over 40 years to complete:  

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-

tale/ .  Original cost estimates to finish both Watts Bar units was around $845 million.  By the time both 

were finished somewhere around $13 billion had been spent. 

What is an “advanced nuclear reactor”?  It was defined in 2018 Federal legislation as “a nuclear fission 

reactor with significant improvements over the most recent generation of nuclear fission reactors” or a 

nuclear fusion reactor.  (Fusion reactors are not being considered by TVA in this proposal.)   Advanced 

reactors are really nothing new.  According to the Congressional Research Service (Advanced Nuclear 

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/
https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/
https://crsreports.congress.gov/product/pdf/R/R45706
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Reactors: Technology Overview and Current Issues (congress.gov)) most of these concepts have been 

studied since the dawn of the nuclear age, but relatively few, such as sodium-cooled reactors and the 

Fort St. Vrain high temperature gas cooled reactor have advanced to commercial scale demonstrations 

and that was decades ago in the US.  Find a link to the history of the Fort St. Vrain reactor here:  

https://www.fsvfolks.org/FSVHistory.html .  The Generation IV International Forum was formed over 20 

years ago to promote the development of next generation reactors, with little to show for it in the way 

of electricity generation.   

TVA is considering three different light water, small modular reactor (smr) designs and five non-light 

water reactor designs.  (All power reactors operating in the US now are light water reactors.)  TVA has 

been considering smrs and spending ratepayers’ money on them for over a decade, with no electricity 

generated.  The non-light water reactor designs are molten salt, fluoride salt, high temperature gas, 

molten chloride, and micro reactors. 

Advanced nuclear power proponents provide an impressive list of unsubstantiated claims such as 

inherent safety features, lower waste yields, greater fuel utilization, superior reliability, nuclear weapons 

proliferation resistance, recycling used fuel, and on and on.  None of these claims are proven, many are 

suspect and do not hold up to scrutiny.  These claims are eerily like past, false claims of various 

proposed nuclear projects. In 1953 Admiral Hyman Rickover, the founder of the US Nuclear Navy, 

warned how trouble-free, economical, and uncomplicated proposed reactors sound and how 

problematic, expensive, and difficult they are to build and operate. 

Please include the Union of Concerned Scientists’ study: “Advanced” Isn’t Always Better by Edwin Lyman 

in the PEIS.  It was released to the public on March 18, 2021.  It can be downloaded at this link:  

https://ucsusa.org/resources/advanced-isnt-always-better   

Many of the non-light water reactor designs involve reprocessing highly irradiated used fuel, an 

extremely controversial process with intense environmental and weapons proliferation drawbacks.  

Many also involve using higher levels of enriched uranium or plutonium as fuel.  The non-light water 

reactors offer many unresolved technical and safety challenges.  

TVA should instead fully commit to transitioning to the least cost, fastest to deploy climate solutions:  

energy efficiency, wind and solar, and developing more energy storage technologies:  

https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-

by-2030-idUSKBN2B80AX?il=0; https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-

https://crsreports.congress.gov/product/pdf/R/R45706
https://www.fsvfolks.org/FSVHistory.html
https://ucsusa.org/resources/advanced-isnt-always-better
https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0
https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0
https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html


3 
 

record-growth-in-2020-despite-covid-19-new-report-finds.html; 

https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar    

This Nuclear Reactor Technology Park proposal is a highly speculative project that rises to the level of 

hyper overreach by TVA.  It is a red flag that there are 8 possible reactor designs.  This is not a power 

project; it is a hail mary pass to the failing nuclear industry.  It is most certainly not an appropriate, 

productive, or cost-effective response to the climate crisis we are facing.  Nuclear power is not clean 

power, it is not green power, it is not the least cost power or the lowest risk power. 

It is a fundamental mistake for TVA to waste ratepayers’ money on this costly technological overreach 

which is unlikely to ever generate any electricity.  If an advanced reactor is ever completed it will 

certainly generate the most expensive electricity in TVA’s portfolio.  Given recent TVA and US 

experience with new reactors it will take until at least 2030 and probably much beyond that to complete 

any new reactor, advanced or not.  It is far more likely that this project will never be completed. 

Instead, TVA should put its considerable expertise and experience in building the clean, renewable 

energy grid of the future, utilizing a wide range of renewable resources including distributed and utility 

scale solar, wind, energy efficiency, and energy storage.  Renewables are now the lowest cost power 

with the smallest negative environmental impact.  Deployment of renewables and energy efficiency 

measures will also provide a strong economic boost to the Tennessee Valley. Please include this article: 

“Every Euro Invested in Nuclear Power Makes the Climate Crisis Worse” into the PEIS: 

https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368  

TVA has a history of expensive, failed nuclear projects, much of the current debt was incurred from 

nuclear projects.  TVA has started or planned 19 reactors (plus the Clinch River Breeder Reactor, which 

was a joint project), 7 are operating.  Cost overruns of multiples of the original estimated costs are the 

rule, not the exception.  TVA should know better by now than to continue to be fooled by the next false 

hope, or multiple false hopes, of the nuclear industry.   

In 2005 the dominant false hope was the new, supposedly improved, and cost-effective Westinghouse 

AP 1000.  TVA was originally slated to be the first US utility to build these (Bellefonte Units 3 and 4).   

TVA reversed course and the AP 1000 went on to bankrupt Westinghouse while taking its fiscal train 

wreck to South Carolina and Georgia.  The South Carolina reactors were cancelled after some $9 billion 

was wasted:  The failed V.C. Summer nuclear project: A timeline | Choose Energy®.  The Georgia 

reactors are still under construction, more than 5 years behind schedule and the cost has doubled, from 

https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html
https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar
https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368
https://www.chooseenergy.com/news/article/failed-v-c-summer-nuclear-project-timeline/
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$14 to $28 billion:  https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-

more-dollars/ ; Is There More Trouble Ahead for Plant Vogtle Expansion? Experts testify that serious 

challenges remain - SACE | Southern Alliance for Clean EnergySACE | Southern Alliance for Clean Energy 

The next nuclear chimera TVA chased was small modular reactors, first mPower in 2013 and then 

NuScale.  The mPower project collapsed and NuScale filled the breach.  TVA wisely decided to let 

UAMPS (Utah Associated Municipal Power Systems) lead the way and that project is having difficulty 

finding enough public utilities to subscribe, threatening the viability of the project.   Current estimates of 

the first completed NuScale smr are now 2029, it was originally projected to be 2023, then 2027.  Cost 

estimates were increased in the Fall of 2020  from 4.2 to 6.2 billion dollars.  There are serious doubts 

that any will ever be completed.  Here is a link to a study of problems with the UAMPS project by M.V. 

Ramana: 

https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/Ey

esWideShutReport_Final-30August2020.pdf?1600287829  

Now TVA is contemplating changing course again and spending $4 million on this PEIS.  It is entirely 

inappropriate for TVA to consider an “advanced” nuclear technology park given the experimental nature 

of the reactors.  “Advanced reactors” is a catch-all term that is so broad it is meaningless.  This is a bad 

financial bet for valley ratepayers. 

TVA seems to have a blind eye to the immense negative environmental impacts of nuclear power.  The 

entire nuclear fuel chain, from uranium mining through waste management needs to be recognized as 

harmful and factored into the analysis of environmental impacts.  Nuclear reactors manufacture 

radiation.   

Excess radiation, beyond background, is a biological threat.   Man-made radiation must be contained 

and kept out of our biosphere until it decays into harmlessness, which can be millions of years for some 

isotopes.  The most dramatic example is misleadingly named spent fuel.  Spent fuel is millions of times 

more radioactive than new, unused fuel.  All the highly irradiated used fuel generated by TVA’s reactors 

is still onsite at those reactors, in the cooling pools or dry casks.  At this time, after 70 or so years of 

nuclear power production, the United States has still not figured out what to do with this stuff.  This is 

an immensely complicated issue, and when you dig deep into the details it gets more complicated, with 

many uncertainties in “aging management”, especially the high-burnup fuel currently being discharged.  

Suffice it to say that we really do not know how to safely store “spent fuel”.  We are far from knowing 

https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/
https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/
https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829
https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829
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how to dispose of it, how to keep it isolated for a million years:  https://www.fairewinds.org/waste-and-

spent-fuel.    

TVA should be making every effort to stop making more radioactive waste, not looking for ways to 

create even more.  That waste, accumulating in our nuclear communities is a threat to their and, indeed, 

the region’s future.  Current storage technologies have questionable safety protocols and are more of a 

risk than is acknowledged by TVA, the Nuclear Regulatory Commission, and the nuclear industry:  

https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/  

The mythology around the benign characteristics of aging used nuclear fuel does not hold up to 

unbiased scrutiny. All of that radiation being contained by 5/8” thick, welded shut stainless steel 

canisters with no credible method to find cracks in the canisters, no way to fix them, no way to respond 

to an imminent or active leak, and no current method of moving the waste out of a failing canister into a 

new one.  All this with a Chernobyl explosion’s release amount of cesium in each canister.  A breach of 

one pressurized, helium filled canister will result in massive amounts of radiation leakage and 

widespread contamination and disruption: (Please include this and all links in the issues to analyze for 

this PEIS)  Spent Power Reactor Fuel: Pre-Disposal Issues (eesi.org). 

The PEIS should consider the full range of environmental and safety issues around the used nuclear fuel 

for each of the proposed technologies.  The consideration must cover both storage and disposal, and 

fuel aging management issues including deterioration of storage containment, breakdown of fuel 

structure over time, and the possibility of used fuel reaching spontaneous, uncontrolled fission during 

storage.  Aging management over the course of decades, centuries, millennia, and eons should be 

carefully considered.  The environmental impacts of major accidental releases of radiation from the 

stored fuel must be detailed for the EIS to be valid.  The information available on this link should help 

with the analyses:  https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-

consequences-small-modular-reactors . 

The PEIS should evaluate the environmental impacts for the entire nuclear fuel chain separately for each 

of the proposed technologies.  

The PEIS should consider the environmental and health impacts from uranium mining and milling:  

please include the following in your evaluation:  After Decades of Uranium Mining, Navajo Nation 

Struggles With Legacy of Contamination - Bing video; The Toxic Legacy of Uranium Mining on Navajo 

Land: The Disproportionate Struggle of Indigenous Peoples and Water - (savethewater.org); Radioactive 

https://www.fairewinds.org/waste-and-spent-fuel
https://www.fairewinds.org/waste-and-spent-fuel
https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/
https://www.eesi.org/files/Robert_Alvarez_111320.pdf
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE
https://savethewater.org/the-toxic-legacy-of-uranium-mining/
https://savethewater.org/the-toxic-legacy-of-uranium-mining/
https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling
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Waste From Uranium Mining and Milling | RadTown | US EPA; Uranium Mining and Milling Wastes: An 

Introduction (wise-uranium.org). 

The PEIS should carefully and thoroughly consider the environmental and health impacts of processing 

the uranium and other fissionable materials into the specific fuel being considered for each of the 

proposed technologies, such as:  high assay low enriched uranium (HALEU), tristructural isotropic 

(TRISO), and enriched uranium fuel for the light water reactors. 

The PEIS should seriously and strenuously consider the environmental impacts of the most serious 

possible accident for each proposed technology.  Past EIS’s for TVA nuclear projects have dodged this 

issue by making the patently false claim that the chance of a serious, beyond design basis accident is so 

small that it is not necessary to do the work to calculate and postulate the environmental impact of such 

a disaster. Those words ring hollow in the aftermath of Chernobyl and Fukushima.  The Fukushima melt-

downs, explosions and massive radiation escape occurred to 3 General Electric Mark 1 reactors, almost 

identical to TVA’s 3 Browns Ferry reactors.   

The PEIS must consider the radiation released during normal operation, refueling, maintenance and 

repairs for each of the proposed technologies. 

The PEIS must consider the low-level waste stream that will be created by each of the proposed 

technologies.  This should include pathways for processing, disposal and possible reuse of any 

radioactive materials generated by the reactor and possible radiation exposure these cause to the 

public.  

The PEIS must consider the eventual retirement and decommissioning of each of the proposed 

technologies.  This should include all possible radiation exposure to the public and the environment 

from decommissioning. 

The PEIS must consider the cumulative radiation load in and around Oak Ridge.  Past activities have 

resulted in an enormous amount of man-made radioactivity that has been released into the 

environment in the area.  This should include analysis of public health records for diseases know to be 

caused by exposure to radiation, even low doses. 

http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf    

The PEIS should consider the nuclear weapons proliferation implications for each proposed nuclear 

reactor technology.  

https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling
https://www.wise-uranium.org/uwai.html
https://www.wise-uranium.org/uwai.html
http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf
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The PEIS should consider the increase in background radiation since the dawn of the nuclear age.  It 

should consider the probable increases in background radiation in the future due to continued 

manufacture of man-made radiation and the inevitable release of some portion of that radiation into 

the environment world-wide. The PEIS should accurately translate those increases into likely radiogenic 

disease generation in humans, livestock, and wildlife. 

 

Thank you for this opportunity to comment in the scoping process. 

 

Don Safer 

Board Member 

Tennessee Environmental Council 

 

March 18, 2021 

 

 

 

 

 

 



From: Virginia Dale
To: nepa
Cc: f

Subject: Comments regarding TVA EIS Scope
Date: Friday, March 19, 2021 8:49:34 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

These comments are in regard to the Notice of Intent (NOI) issued by TVA to prepare
a Programmatic Environmental Impact Statement (PEIS) to address potential
environmental effects associated with the construction, operation, and
decommissioning of an advanced nuclear reactor technology park at TVA’s 935-acre
Clinch River Nuclear (CRN) Site in Oak Ridge. The proposed site is a forest that
provides many ecosystem services and habitat such as riparian areas, areas
surrounding caves, and other potential habitat for bats, salamanders, and rare
species. A brownfield site would be a much more appropriate location and there are
brownfields that are available.

Half of the area was not cleared back in the 1970's when the Clinch River Breeder
Reactor (CRBR) site work started and is a remarkable old hardwood forest. The area
that was cleared for the CRBR more than 40 years ago is now a beautiful forest.
Wildlife has returned in numbers to the extent that the Tennessee Wildlife Resources
Agency in cooperation with TVA conducts permitted spring wild turkey hunting and
deer hunting each fall. Furthermore, the site has been characterized as free of any
legacy cold war era contamination.

The public expects TVA to be a responsible steward of public resources and to
adhere to the fundamental principle of the preferred use of brownfields in site
selection. Has this factor been included in the site reviews? The last thing we need be
doing is creating another nuclear contaminated site, especially when there are many
brownfield options. 

No site options are discussed of the many (and growing number) of decommissioned
fossil fuel power plants throughout the TVA system. These locations (such as the
soon-to-be- closed Bull Run Fossil Plant ) have the basic infrastructure needs for
siting the SMR project including a railroad in most cases, as well as cooling water,
highways, transmission lines, sewage system, potable water supply, etc. Thus saving
10's of millions of dollars over a greenfield site.
Thank you for considering these comments.

Best wishes,
Virginia Dale,

mailto:virginia.dale4@gmail.com
mailto:nepa@tva.gov


From: Tom Clements
To: nepa
Subject: Comment for PEIS record: NRC may end pursuit of rulemaking for reprocessing, impacting availability of

plutonium fuels for "advanced reactors"
Date: Friday, March 19, 2021 11:06:12 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Comment for PEIS on Clinch River Nuclear Site Advanced Nuclear Reactor
Technology Park

Submitted by Tom Clements, Director, Savannah River Site Watch, Columbia, SC, https://srswatch.org/,
March 19, 2021

This comment is a day late but given the importance of the mentioned document, I request that this
comment be accepted. This comment submits a NRC document which I believe supports the No Action
Alternative.

I hereby file this March 5, 2021 NRC Policy memo, "DISCONTINUATION OF RULEMAKING SPENT
FUEL REPROCESSING," for the PEIS record. The document is posted in the NRC's digital library
(ADAMS) here:

https://www.nrc.gov/docs/ML2030/ML20301A388.pdf

From the document: "The purpose of this paper is to request Commission approval to discontinue the
Spent Fuel Reprocessing rulemaking activity that was directed by Staff Requirements Memorandum
(SRM) SECY-13- SECY-13-0093 Reprocessing Regulatory Framework 4, 2013 (Agencywide Documents
Access and Management System (ADAMS) Accession No. ML13308A403). The U.S. Nuclear Regulatory
Commission (NRC) staff has determined that a continued rulemaking effort is not currently justified, as
there is limited interest expressed or expected from potential applicants for reprocessing facilities,
including advanced reactor designers, in the near-term use of reprocessed spent fuel. Therefore, while a
rule could provide additional clarity for potential applicants, it is not currently cost-justified. This paper
does not contain any new commitments or resource implications."

The document also states: "...advanced reactor applicants indicated that they have limited near-term
interest (within the next
decade or two) in the use of reprocessed spent fuel."

And, the document says: "NEI and industry representatives voiced their support for continuing the
rulemaking primarily on the basis of a need for a clear and stable regulatory framework for reprocessing
and to support advanced reactor licensing. However, no industry stakeholders indicated that they plan to
submit an application to the NRC for a reprocessing facility in the foreseeable future. Other stakeholders,
such as UCS and members of the public, indicated they do not support the continuation of the rulemaking
because of proliferation and other concerns."

And it states: "NEI stated that developers with advanced reactor designs that may eventually source their
fuel from the spent fuel of other reactors are generally not planning to do so in the near future." And: "NEI
indicated that this group has not identified any near-term plans for developing reprocessing capabilities
for advanced reactor designs and that it would inform the NRC of any such plans identified in the future..."
And. also stated: "Based on these interactions, the staff concluded that current DOE efforts in the area of
reprocessing are aimed at providing a limited near-term supply of high-assay low-enriched uranium
(HALEU) for initial advanced reactor designs."

mailto:tomclements329@cs.com
mailto:nepa@tva.gov
https://srswatch.org/
https://www.nrc.gov/docs/ML2030/ML20301A388.pdf


The document concludes: "Given the estimated costs and the limited interest, expressed or expected,
from potential applicants and advanced reactor designers in building facilities involving reprocessing
technologies in the near-term, the staff concludes that, while a rule could provide additional clarity for
potential applicants, a continued rulemaking effort is not currently justified." And that the NRC staff
recommends that the NRC Commission "Discontinue the Spent Fuel Reprocessing rulemaking."

The PEIS on the Clinch River Nuclear Site must take into account the impact on the provision of
plutonium fuels for so-called "advanced reactors" if the Commission does terminate the rulemaking,
essentially ending pursuit of commercial reprocessing in the US. The PEIS must discuss where plutonium
fuel will come from if there is no reprocessing in the US. If "advanced reactor" proponents advocate
plutonium fuels what will be the source of such plutonium - Europe or plutonium pits stockpiled by NNSA
at the Pantex site? If there is a lack of plutonium for fuel, how can the plutonium-fueled reactors be
pursued?



From: Wufoo
To: nepa
Subject: Scoping Comments - Clinch River Nuclear Site EIS [#4]
Date: Friday, March 19, 2021 11:57:58 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN
attachments. If suspicious, please click the “Report Phishing” button located on the Outlook Toolbar at the

top of your screen.

Name D'Arrigo, Keegan

City

State

Organization NIRS, CFNFGL

Email

Phone
Number

Please
provide your
comments
by
uploading a
file or by
entering
them below.
*

Nuclear Information and Resource Service and Coalition for A Nuclear Free Great Lakes request a 6 month
extension on the comment period and submit preliminary comments.

Upload File
#1

nirs_cfnfgl_ext_req_comments_on_tva202100010001_fed_reg_no_202102144_peis_clinch_river_smnr_park.pdf
148.31 KB · PDF

https://tvaforms.wufoo.com/cabinet/9e1d5d3f-f066-4a5a-bc01-929e0c0e0579
mailto:no-reply@wufoo.com
mailto:nepa@tva.gov
https://tvaforms.wufoo.com/cabinet/9e1d5d3f-f066-4a5a-bc01-929e0c0e0579
https://tvaforms.wufoo.com/cabinet/9e1d5d3f-f066-4a5a-bc01-929e0c0e0579


From:
To: nepa
Cc:

 

Subject: Comments on scope of Programmatic EIS
Date: Friday, March 19, 2021 2:17:51 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Subject: comments on Notice of Intent to prepare a Programmatic
Environmental Impact Statement (PEIS) to address potential
environmental effects associated with the construction,
operation, and decommissioning of an advanced nuclear reactor
technology park at TVA’s former Clinch River Breeder Reactor
Nuclear Site in Oak Ridge.

Dear TVA,

1. Scope must review additional site alternatives. The options
considered in the ESPA were too limited and the assumptions for
the ESPA analysis are no longer valid or appropriate.

2. Scope must clearly define and categorize the different
habitats and sensitive species that over the past two years
(2019-2021) AND THAT CURRENTLY utilize the proposed sites.

3. Scope should identify sensitive natural areas including all
riparian zones within 500 meters of the Clinch River, any
ephemeral stream or standing water, and all caves and potential
habitat for bats.

4. Scope should include development of specific definitions and
mechanisms to safeguard natural areas and sensitive habitat,
and focus any future disturbance on brown fields.

5. Scope should specifically include considerations to protect
all flood plains from any potential disturbance.

6. Scope should consider provisions to facilitate future public
access to the shoreline and floodplains.

7. Most critical change to proposed PEIS: Scope should
prioritize a systematic analysis to identify and consider
existing and future (soon to be idled industrial sites) brown
field sites that will require investment in remediation,
allowing multiple objectives to be achieved by the research
park.

The current scope relies upon a flawed and limited analysis of
alternative sites in the ESPA. Although the ESPA was approved
by NRC, conditions and information have changed and these
changes merit new review. The physical and policy context, and
future plans for power plants and industrial site developments
in the TVA region, have changed since the analyses for the ESPA



were initiated. Therefore, a new assessment of alternative
sites is required.

Specifically, please modify current proposed scope to consider
and evaluate alternatives that include all other existing and
idled power plant and large industrial sites, including former
nuclear research sites, in the TVA Region, using the criteria
above and in the current scope. Many of the alternative sites
can provide adequate space for the infrastructure, industrial
(rail) access, and would allow site development at lower cost
than that being proposed.
Thank you for considering these comments,

-Keith Kline



From: Wufoo
To: nepa
Subject: Scoping Comments - Clinch River Nuclear Site EIS [#3]
Date: Friday, March 19, 2021 7:35:14 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Name Laura Thurman

City

State

Organization none

Email

Phone Number

Please provide your comments by uploading a file or by entering them below. *

I am opposed to the development of a nuclear power plant in Oak Ridge. Although nuclear energy is
much cleaner than energy produced by fossil fuel plants, nuclear reactors produce waste hazardous
to our environment that will outlive all of us. I previously lived within the 5-10 mile radius and
evacuation region of the Watts Bar Nuclear Plant and was relieved to move away from that location.
My childhood home was less than one mile from the Kingston Fossil Fuel Plant on Swan Pond Road in
Midtown TN where I lived from 1977 to 1991. As a child I grew up swimming in those waters around
the Kinston coal plant, eating the fish, and breathing the air. That house was purchased and
destroyed following the coal ash spill of 2008. In 2018 I was diagnosed with an aggressive form of
non-hereditary breast cancer. Although no definitive connection can be made for my personal health
experiences, fossil fuel emissions have been determined harmful to humans and the environment.
The 2008 Kingston coal ash spill itself and the handling of the cleanup gives me great concern and
causes me to have great doubt in TVA’s ability to operate any facility safely for the community’s best
interest. Like fossil fuel emissions, nuclear waste has been determined harmful to humans and to
our environment. There are limits on how much the hazards of nuclear waste can be controlled. For
all practical purposes, nuclear waste never goes away. It only becomes a problem for someone else.
Primarily it is the poorer communities who are stuck with fence line proximity to hazardous waste
producing plants and to the storage of hazardous waste. I know great efforts have been made in
recent years to clean Oak Ridge of its hazardous nuclear waste by relocating it to other parts of the
country. Why would we want to begin creating more hazardous nuclear waste in Oak Ridge now? I
oppose the further development of nuclear power and fossil fuel power plants in general, and
specifically in Oak Ridge where I now live and hope to remain living. I feel the development of solar
and wind energy would be more appropriate for our current and future energy needs as well as the
continuing benefit of our health and environment.

mailto:no-reply@wufoo.com
mailto:nepa@tva.gov
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TVA Advanced Reactor Scoping Comments for PEIS Advanced Reactor Technology Park - March 2021 

These comments are respectfully submitted by the Tennessee Chapter of the Sierra Club with the 

sincere hope that they aid TVA in making a comprehensive, equitable Programmatic Environmental 

Impact Statement for the range of alternatives in this proposal for an advanced reactor technology park 

at the Clinch River Site. 

It is our belief that the successful completion of a comprehensive and unbiased PEIS should result in the 

adoption of Alternative A: The No Action Alternative. We feel that this Alternative A should be retitled as 

"Alternative A: The No Nuclear Action Alternative" since current advanced energy alternatives are 

renewable technologies such as solar and wind, with new energy storage methods. 

It is troubling that after 70 years of commercial nuclear power in the US, billions upon billions of dollars 

of research world-wide, scores of failed reactor concepts and projects (thirteen of these TVA projects) 

that TVA can not identify a single proven reactor project to move forward with but is proposing 8 

different technologies to consider. 

Why should TVA prolong its fascination with new nuclear power after its well-documented failed 

projects, cost over-runs, and schedule delays? Especially those in this century, after TVA should have 

already learned from its past mistakes. Watts Bar Unit 2 took over 40 years to complete: 

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-

tale/ . Original cost estimates to finish both Watts Bar units was around $845 million. By the time both 

were finished somewhere around $13 billion had been spent. 

What is an “advanced nuclear reactor”? It was defined in 2018 Federal legislation as “a nuclear fission 

reactor with significant improvements over the most recent generation of nuclear fission reactors” or a 

nuclear fusion reactor. (Fusion reactors are not being considered by TVA in this proposal.)  Advanced 

reactors are really nothing new. According to the Congressional Research Service (Advanced Nuclear 

Reactors: Technology Overview and Current Issues (congress.gov)) most of these concepts have been 

studied since the dawn of the nuclear age, but relatively few, such as sodium-cooled reactors and the 

Fort St. Vrain high temperature gas cooled reactor have advanced to commercial scale demonstrations 

and that was decades ago in the US. Find a link to the history of the Fort St. Vrain reactor here: 

https://www.fsvfolks.org/FSVHistory.html . The Generation IV International Forum was formed over 20 

years ago to promote the development of next generation reactors, with little to show for it in the way 

of electricity generation.  

https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/�
https://thebulletin.org/2015/10/watts-bar-unit-2-last-old-reactor-of-the-20th-century-a-cautionary-tale/�
https://crsreports.congress.gov/product/pdf/R/R45706�
https://crsreports.congress.gov/product/pdf/R/R45706�
https://www.fsvfolks.org/FSVHistory.html�
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TVA is considering three different light water, small modular reactor (smr) designs and five non-light 

water reactor designs. (All power reactors operating in the US now are light water reactors.) TVA has 

been considering smrs and spending ratepayers’ money on them for over a decade, with no electricity 

generated. The non-light water reactor designs are molten salt, fluoride salt, high temperature gas, 

molten chloride, and micro reactors. 

Advanced nuclear power proponents provide an impressive list of unsubstantiated claims such as 

inherent safety features, lower waste yields, greater fuel utilization, superior reliability, nuclear weapons 

proliferation resistance, recycling used fuel, and on and on. None of these claims are proven, many are 

suspect and do not hold up to scrutiny. These claims are eerily like past, false claims of various proposed 

nuclear projects. In 1953 Admiral Hyman Rickover, the founder of the US Nuclear Navy, warned how 

trouble-free, economical, and uncomplicated proposed reactors sound and how problematic, expensive, 

and difficult they are to actually build and operate. 

Please review the Union of Concerned Scientists’ study: “Advanced” Isn’t Always Better by Edwin Lyman 

in the PEIS. It was released to the public on March 18, 2021. It can be downloaded at this link: 

https://ucsusa.org/resources/advanced-isnt-always-better  

Many of the non-light water reactor designs involve reprocessing highly irradiated used fuel, an 

extremely controversial process with intense environmental and weapons proliferation drawbacks. 

Many also involve using higher levels of enriched uranium or plutonium as fuel. The non-light water 

reactors offer many unresolved technical and safety challenges.  

This Nuclear Reactor Technology Park proposal is a highly speculative project - it is a red flag that there 

are 8 possible reactor designs. This is not a power project; it is a hail mary pass to the failing nuclear 

industry.  

It is a fundamental violation of the Tennessee Valley Authority Act of 1933 mission to be "a national 

leader in technological innovation, low-cost power, and environmental stewardship" for TVA to waste 

ratepayers’ money on this costly nuclear endeavor which is unlikely to ever generate any electricity. If 

an advanced reactor is ever completed, it will certainly generate the most expensive electricity in TVA’s 

portfolio. Given recent TVA and US experience with new reactors, it will take until at least 2030 and 

probably much beyond that to complete any new reactor, advanced or not. It is far more likely that this 

project will never be completed. 

https://ucsusa.org/resources/advanced-isnt-always-better�
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TVA should instead fully commit to putting its considerable expertise and experience in building the 

clean, renewable energy grid of the future, utilizing a wide range of renewable resources including 

distributed and utility scale solar, wind, energy efficiency, and energy storage.: 

https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-

by-2030-idUSKBN2B80AX?il=0; https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-

record-growth-in-2020-despite-covid-19-new-report-finds.html; 

https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar   

Renewables are now the lowest cost power with the smallest negative environmental impact. 

Deployment of renewables and energy efficiency measures will also provide a strong economic boost to 

the Tennessee Valley. Please consider this article: “Every Euro Invested in Nuclear Power Makes the 

Climate Crisis Worse” into the PEIS: https://www.dw.com/en/nuclear-climate-mycle-schneider-

renewables-fukushima/a-56712368  

TVA has a history of expensive, failed nuclear projects - much of the current TVA debt was incurred from 

nuclear projects. TVA has started or planned 19 reactors (plus the Clinch River Breeder Reactor, which 

was a joint project), only 7 are operating. Cost overruns of multiples of the original estimated costs are 

the rule, not the exception. TVA should know better by now.  

In 2005 the dominant nuclear hope was the new, supposedly improved, and cost-effective 

Westinghouse AP 1000. TVA was originally slated to be the first US utility to build these (Bellefonte Units 

3 and 4).  TVA reversed course and the AP 1000 went on to bankrupt Westinghouse while taking its fiscal 

train wreck to South Carolina and Georgia. The South Carolina reactors were cancelled after some $9 

billion was wasted: The failed V.C. Summer nuclear project: A timeline | Choose Energy®. The Georgia 

reactors are still under construction, more than 5 years behind schedule and the cost has doubled, from 

$14 to $28 billion: https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-

more-dollars/ ; Is There More Trouble Ahead for Plant Vogtle Expansion? Experts testify that serious 

challenges remain - SACE | Southern Alliance for Clean EnergySACE | Southern Alliance for Clean Energy 

TVA next pursued small modular reactors, first mPower in 2013 and then NuScale. The mPower project 

collapsed and NuScale filled the breach. TVA wisely decided to let UAMPS (Utah Associated Municipal 

Power Systems) lead the way and that project is teetering on the edge of abandonment. Current 

estimates of the first completed NuScale smr are now 2029, it was originally projected to be 2023, then 

2027. There are serious doubts that any will ever be completed. Here is a link to a study of problems 

https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0�
https://www.reuters.com/article/us-usa-solar/u-s-solar-industry-predicts-installations-will-quadruple-by-2030-idUSKBN2B80AX?il=0�
https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html�
https://www.cnbc.com/2021/03/16/the-us-solar-industry-posted-record-growth-in-2020-despite-covid-19-new-report-finds.html�
https://www.greentechmedia.com/articles/read/so-big-its-boring-the-rise-of-utility-scale-solar�
https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368�
https://www.dw.com/en/nuclear-climate-mycle-schneider-renewables-fukushima/a-56712368�
https://www.chooseenergy.com/news/article/failed-v-c-summer-nuclear-project-timeline/�
https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/�
https://cleanenergy.org/blog/vogtle-units-3-4-vcm-23-six-more-months-700-million-more-dollars/�
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/�
https://cleanenergy.org/blog/is-there-more-trouble-ahead-for-plant-vogtle-expansion-experts-testify-that-serious-challenges-remain/�
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with the UAMPS project by M.V. Ramana: 

https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/Ey

esWideShutReport_Final-30August2020.pdf?1600287829  

Now TVA is contemplating changing course again and spending $4 million on this PEIS. It is entirely 

inappropriate for TVA to spend ratepayers money on an “advanced” nuclear technology park given the 

experimental nature of the reactors.  

TVA also seems to have a blind eye to the immense negative environmental impacts of nuclear power. 

The entire nuclear fuel chain, from uranium mining through waste management needs to be recognized 

as harmful and factored into the analysis of environmental impacts. Nuclear reactors manufacture 

radiation which can take millions of years to decay into harmlessness for some isotopes. The most 

dramatic example is the misleadingly named spent fuel. Spent fuel is millions of times more radioactive 

than new, unused fuel. All the highly irradiated used fuel generated by TVA’s reactors is still onsite at 

those reactors, in the cooling pools or dry casks.  

At this time, after 70 or so years of nuclear power production, the United States has still not figured out 

what to do with this stuff. This is an immensely complicated issue, and when you dig deep into the 

details it gets more complicated, with many uncertainties in “aging management”, especially for the 

high-burnup fuel currently being discharged. We are far from knowing how to safely store or dispose of 

"spent fuel", how to keep it isolated for a million years: https://www.fairewinds.org/waste-and-spent-

fuel.   

TVA should be making every effort to stop making more radioactive waste, not looking for ways to 

create even more. That waste, accumulating in our nuclear communities, is a threat to the region’s 

future. Current storage technologies have questionable safety protocols and are more of a risk than is 

acknowledged by TVA, the Nuclear Regulatory Commission, and the nuclear industry: 

https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/  

The mythology around the benign characteristics of aging used nuclear fuel does not hold up to scrutiny. 

All of that radiation being contained by 5/8” thick, welded shut stainless steel canisters with no credible 

method to find cracks in the canisters, no way to fix them, no way to respond to an imminent or active 

leak, and no current method of moving the waste out of a failing canister into a new one - all this with a 

Chernobyl explosion’s release amount of cesium in each canister. A breach of one pressurized, helium 

filled canister will result in massive amounts of radiation leakage and widespread contamination and 

https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829�
https://d3n8a8pro7vhmx.cloudfront.net/oregonpsrorg/pages/21/attachments/original/1600287829/EyesWideShutReport_Final-30August2020.pdf?1600287829�
https://www.fairewinds.org/waste-and-spent-fuel�
https://www.fairewinds.org/waste-and-spent-fuel�
https://sanonofresafety.org/nureg-2224-high-burnup-storage-and-transport/�
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disruption: (Please include this and all links in the issues to analyze for this PEIS) Spent Power Reactor 

Fuel: Pre-Disposal Issues (eesi.org). 

The PEIS should consider the full range of environmental and safety issues around the used nuclear fuel 

for each of the proposed technologies. The consideration must cover both storage and disposal, and fuel 

aging management issues including deterioration of storage containment, breakdown of fuel structure 

over time, and the possibility of used fuel reaching spontaneous, uncontrolled fission during storage. 

Aging management over the course of decades, centuries, millennia, and eons should be carefully 

considered. The environmental impacts of major accidental releases of radiation from the stored fuel 

must be detailed for the EIS to be valid. The information available on this link should help with the 

analyses: https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-

small-modular-reactors . 

The PEIS should evaluate the environmental impacts for the entire nuclear fuel chain separately for each 

of the proposed technologies.  

The PEIS should consider the environmental and health impacts from uranium mining and milling: please 

include the following in your evaluation: After Decades of Uranium Mining, Navajo Nation Struggles 

With Legacy of Contamination - Bing video; The Toxic Legacy of Uranium Mining on Navajo Land: The 

Disproportionate Struggle of Indigenous Peoples and Water - (savethewater.org); Radioactive Waste 

From Uranium Mining and Milling | RadTown | US EPA; Uranium Mining and Milling Wastes: An 

Introduction (wise-uranium.org). 

The PEIS should carefully and thoroughly consider the environmental and health impacts of processing 

the uranium and other fissionable materials into the specific fuel being considered for each of the 

proposed technologies, such as: high assay low enriched uranium (HALEU), tristructural isotropic 

(TRISO), and enriched uranium fuel for the light water reactors. 

The PEIS should seriously and strenuously consider the environmental impacts of the most serious 

possible accident for each proposed technology. Past EIS’s for TVA nuclear projects have dodged this 

issue by making the claim that the chance of a serious, beyond design basis accident is so small that it is 

not necessary to do the work to calculate and postulate the environmental impact of such a disaster. 

Those words ring hollow in the aftermath of Chernobyl and Fukushima. The Fukushima melt-downs, 

explosions and massive radiation escape occurred to 3 General Electric Mark 1 reactors, almost identical 

to TVA’s 3 Browns Ferry reactors.  

https://www.eesi.org/files/Robert_Alvarez_111320.pdf�
https://www.eesi.org/files/Robert_Alvarez_111320.pdf�
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors�
https://fsi.stanford.edu/events/critical-analysis-nuclear-waste-management-consequences-small-modular-reactors�
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE�
https://www.bing.com/videos/search?q=uranium+mining+on+navajo+land&docid=607998195409686413&mid=FE4BB69F8F0934BE7B56FE4BB69F8F0934BE7B56&view=detail&FORM=VIRE�
https://savethewater.org/the-toxic-legacy-of-uranium-mining/�
https://savethewater.org/the-toxic-legacy-of-uranium-mining/�
https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling�
https://www.epa.gov/radtown/radioactive-waste-uranium-mining-and-milling�
https://www.wise-uranium.org/uwai.html�
https://www.wise-uranium.org/uwai.html�
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The PEIS must consider the radiation released during normal operation, refueling, maintenance and 

repairs for each of the proposed technologies. 

The PEIS must consider the low-level waste stream that will be created by each of the proposed 

technologies. This should include pathways for processing, disposal and possible reuse of any 

radioactive materials generated by the reactor and possible radiation exposure these cause to the 

public.  

The PEIS must consider the eventual retirement and decommissioning of each of the proposed 

technologies. This should include all possible radiation exposure to the public and the environment from 

decommissioning. 

The PEIS must consider the cumulative radiation load in and around Oak Ridge. Past activities have 

resulted in an enormous amount of man-made radioactivity that has been released into the 

environment in the area. This should include analysis of public health records for diseases know to be 

caused by exposure to radiation, even low doses. 

http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf   

The PEIS should consider the nuclear weapons proliferation implications for each proposed nuclear 

reactor technology.  

The PEIS should consider the increase in background radiation since the dawn of the nuclear age. It 

should consider the probable increases in background radiation in the future due to continued 

manufacture of man-made radiation and the inevitable release of some portion of that radiation into 

the environment world-wide. The PEIS should accurately translate those increases into likely radiogenic 

disease generation in humans, livestock, and wildlife. 

Thank you for this opportunity to help in the scoping process. 

William Moll - Conservation Chair - Tennessee Chapter, Sierra Club 

Scott Banbury - Conservation Coordinator - Tennessee Chapter, Sierra Club 

Don Safer - Know Nukes Chair - Tennessee Chapter, Sierra Club 

March 19, 2021 

http://www2.clarku.edu/mtafund/prodlib/global_green/Oak_Ridge.pdf�
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or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Erwin Citizens Awareness Network, Inc. (ECAN)
Linda Cataldo Modica, Vice President

 
19 March 2021

 
 
J. Taylor Cates
NEPA Specialist
1101 Market Street
BR 2C-C
Chattanooga, TN 37402                                              VIA EMAIL:  nepa@tva.gov
 
RE: COMMENTS ON PROGRAMMATIC ENVIRONMENTAL IMPACT STATEMENT-CLINCH RIVER
NUCLEAR SITE ADVANCED NUCLEAR REACTOR TECHNOLOGY PARK
 
Dear NEPA Specialist:
 
Erwin Citizens Awareness Network, Inc. (ECAN) is a community group comprised of families
who live in or near Erwin &/or who are downwind &/or downstream of BWXT-Nuclear Fuel
Services (NFS).  Because NFS has had previous contracts with TVA, and because NFS is
currently engaged in another agreement to down-blend highly-enriched uranium (HEU) to
low-enriched fuel for TVA reactors, ECAN has a keen interest in TVA actions.
 
Known as the “sieve of the nuclear industry”, NFS has been declared by the Agency for Toxic
Substances and Disease Registry (ATSDR) as an Indeterminant Public Health Hazard, based on
past conditions, even though ATSDR did not evaluate the health impacts of “radioactive
materials released from this site”. (p.22)  
 
While the ATSDR did not investigate the health impact of specific processes like the HEU-to-
LEU down-blending that NFS does for TVA, the National Nuclear Security Administration

mailto:nepa@tva.gov
https://www.atsdr.cdc.gov/HAC/pha/nfs/nfsphabrown.pdf
https://www.atsdr.cdc.gov/HAC/pha/nfs/nfsphabrown.pdf


(NNSA) has.  In its Supplement Analysis on the Disposition of Highly Enriched Uranium, the
NNSA found that the increased risk of a Latent Cancer Fatality from the down-blending
process to the total offsite population was “1 chance in 71 for NFS”. (p.11, Table 4.2-2,
footnote c)   
 
Additionally, ECAN has done extensive sampling downwind and downstream from NFS and --
through analysis of soil, water and sediment samples through mass spectrometry by Dr.
Michael Ketterer – proved that, in part because NFS processes uranium for TVA reactors, that
the Nolichucky River is contaminated with enriched uranium for 95 river-miles downstream of
Erwin.
 
Because a 1-in-71 chance of a cancer death is being caused by the radioactive fuel needs of
TVA’s nuclear power program, TVA has failed to “foster the social…welfare of the people of
the Tennessee Valley”. 
 
Because TVA’s nuclear fuel supplier has caused widespread offsite contamination downwind
and downstream through the down-blending of HEU-to-LEU for TVA ‘s nuclear power
program, TVA has failed to “promote the proper use and conservation of the Valley’s natural
resources”.
 
Instead, TVA’s nuclear program has abused the bodies of our families and northeast
Tennessee’s drinking water sources – including our wells, springs and, especially, the
Nolichucky River -- as sacrificial nuclear waste dumps.  Given TVA’s past record, ECAN expects
that TVA’s so-called “advanced” nuclear program will do the same.
 
Further, because women and girls are disproportionately harmed by radiation exposure yet
Nuclear Regulatory Commission (NRC) regulations fail to protect those at greatest risk of
cancer and because TVA clearly lacks a safety culture as demonstrated by the bullying that
management has exerted when workers raise concerns, ECAN has zero confidence in NRC
oversight of the TVA nuclear program or of its fuel supplier’s operations either.  Nor does
ECAN have any confidence in TVA’s ability to build and operate its nuclear wish list without
worker intimidation and abuse of the public’s health and safety. 
 
Finally, in order to “foster the economic welfare of the people of the Tennessee Valley region”
TVA must first restore the health of the people already harmed by the air and water borne
effluents of its dirty and dangerous nuclear program.   
 
Therefore, Erwin Citizens Awareness Network urges the NO ACTION ALTERNATIVE.  Doing no
further harm is the only way that TVA will “foster the social…welfare of the people…and
promote the proper use and conservation of the Valley’s natural resources” as the TVA’s
mission requires.

https://www.nrc.gov/docs/ML0810/ML081070196.pdf
https://www.nrc.gov/docs/ML0810/ML081070196.pdf
https://www.nrc.gov/docs/ML0810/ML081070196.pdf
https://www.tandfonline.com/doi/abs/10.1080/03080188.2019.1603864


 
Thank you for your serious consideration of these comments.
 
Respectfully,
 
Linda Cataldo Modica, Vice President
Erwin Citizens Awareness Network, Inc.
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This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Nuclear Information and Resource Service and Coalition for A Nuclear Free Great Lakes

Extension Request and Comments re TVA-202100001-0001

Programmatic Environmental Impact Statement: Clinch River Nuclear Site Advanced Nuclear Reactor
Technology Park

Federal Register Number 2021-02144

Please extend the comment period for 6 months on the future plans for the Clinch River Site.

The COVID-19 pandemic is still requiring significant attention by members of the public, making review of
documents and new nuclear plans difficult and extra burdensome. Plans to develop nuclear facilities on
this site have been proposed for decades and ultimately not proceeded. Please do not rush another effort
at a nuclear for this site through under the cover of the continuing Covid-19 pandemic crisis. Both US
House and US Senate letters have called on federal entities to hold off until after the Covid-19 crisis to
embark on actions involving public participation and input. By proceeding, TVA is rushing through the
first steps of the National Environmental Policy Act process. This is really a national issue affecting
Tennessee, the TVA region, the parts of the country affected by the fuel chain necessary to fuel the
proposed reactors at Clinch River, the parts of the country affected by the nuclear transportation and
those that will be asked to sacrifice to store the long-lasting nuclear waste that would be generated.

There are many interpretations of what 'new' or 'advanced' nuclear reactors are thus commenters need
more time to respond to the potential array of ideas being promoted at the site. It will take time to get
the information needed to address this. Please review the Union of Concerned Scientists report on Small
Modular Reactors (https://www.ucsusa.org/sites/default/files/2021-03/advanced-isnt-always-better-
full.pdf) regarding technology, dangers, costs and wastes. It addresses many of the claims made by
proponents of nuclear reactors which are not substantiated.

The Scope of the PEIS should consider as better alternatives--renewable, sustainable energy and energy
storage. The Scope must assess what will be done with the very long-lasting high-level irradiated
('spent") fuel and low-level waste generated by every one of the nuclear power reactor designs and the
routine releases into air and water, worker and public exposures and all of these at every step of the fuel
chain to generate the fuel including mining and reprocessing.

We support the NO ACTION alternative especially in light of the inadequate time to fully address the
proposed scope--involving one or more reactor designs that are incomplete and not licensed.

mailto:dianed@nirs.org
mailto:nepa@tva.gov
mailto:dianed@nirs.org
mailto:mkeeganj@comcast.net
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full.pdf) regarding technology, dangers, costs and wastes. It addresses many of the claims made by 
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('spent") fuel and low-level waste generated by every one of the nuclear power reactor designs and the 
routine releases into air and water, worker and public exposures and all of these at every step of the fuel 


chain to generate the fuel including mining and reprocessing. 


We support the NO ACTION alternative especially in light of the inadequate time to fully address the 


proposed scope--involving one or more reactor designs that are incomplete and not licensed. 


We submit for the record the Union of Concerned Scientists' new report on small modular nuclear 
reactors (https://www.ucsusa.org/sites/default/files/2021-03/advanced-isnt-always-better-full.pdf) and 


an article submitted by a retired geologist on Canada's proposal for small modular nuclear reactors. 


(https://www.acadienouvelle.com/mon-opinion/2021/02/24/un-desastre-economique-environnemental-
social-et-politique-nous-attend/)***  


Thank you for consideration of this urgent request. 


Diane D'Arrigo 
Nuclear Information and Resource Service 


Takoma Park, MD 


dianed@nirs.org 


Michael J. Keegan  


Coalition for a Nuclear Free Great Lakes 


Monroe,  Michigan  
mkeeganj@comcast.net  


March 19, 2021  


  


March 19, 2021 
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***New Brunswick: 


An economic, environmental,  


social and political disaster looms 


 


by Mark D. Connell, Retired Geologist, l'Acadie Nouvelle, February 24, 2021 


https://tinyurl.com/3u6vxr8k 


 
To the Premier of New Brunswick: your government's announcement to continue funding Small Modular Nuclear Reactor 


(SMNR) projects in the province is misguided and should be rescinded. 


 


Canada does not produce enriched uranium. The enriched nuclear fuel needed for SMNRs, including plutonium, would, of 


necessity, be imported from the US nuclear waste stockpiles, even from its nuclear weapons programs. 


 


Importing this material would make us a military and terrorist target. This is not a decision that a wise statesman would make. 


 


The waste generated by SMNR creates several artificial radioactive elements, one of which has a half-life of more than one 


million years. Plutonium, the element used in the atomic bomb dropped on Nagasaki in 1945, has a half-life of 24,000 years. It 


will be present and generated both as fuel and as waste.  


 


These diabolically toxic, mutagenic and carcinogenic elements must be kept out of the biosphere for 10 half-lives. This is hardly 


a good health care system for New Brunswickers, let alone the rest of the biosphere. 


 


Over the past 1.5 million years, the planet has experienced three well-documented ice ages (recent research suggests as many as 


seven). Over the next 240,000 years (10 plutonium half-lives), there will be at least one ice age and the accompanying continental 


ice sheet will be up to 2.5 kilometers thick.  


 


The unimaginable weight of these ice caps will push the continental crust into the underlying mantle of the earth for hundreds of 


meters while eroding and fracturing the surface of the continental crust in the process (the southern limits of the last continental 


ice cap were south of New York City). 


 


As the earth emerges from an ice age, the ice caps melt, relieving the colossal weight imposed on the earth's crust, which bounces 


upward in response to the discharge, proliferating new fractures and reactivating faults that become channels for fluids, toxic or 


otherwise, to rise to the surface. Burial of nuclear waste can in no way safeguard the biosphere during these periods. There is no 


safe long-term way to dispose of nuclear waste. Once created, radioactive elements cannot be destroyed. There is no long-term 


technical solution. 


 


We simply have to stop making them. Babcock and Wilcox, who built the Calandria [reactor vessel] at the Point Lepreau nuclear 


station, abandoned SMNRs as uneconomic in 2017. Transatomic Power did the same in 2018, and Westinghouse abandoned it 


after a decade of research in 2014. 


 


Wall Street and U.S. banks will not finance SMNRs. Why then, Mr. Premier, should it be the role of our government to make 


New Brunswickers pay the bill if no one else does? 


 


Especially considering that New Brunswick's deficit has already been created in large part by the publicly subsidized cost 


overruns for the construction and operation of the Point Lepreau nuclear reactor. 


 


Throwing money out the window to pay in perpetuity for the disposal of our own radioactive waste is not a good idea in today's 


neo-liberal austerity orthodoxy. 


 


Mr. Prime Minister, why would any jurisdiction willingly accept the costs of disposing of U.S. military waste in perpetuity? 


 


If it is electrical energy that we need, wouldn't it be wiser to source it from more environmentally friendly and cheaper 


hydroelectric sources in Quebec or Labrador? 
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The entire SMNR project is an economic, environmental, social and political disaster that is just waiting to happen. 


 


New Brunswick must cut its losses and get out of it. 


 


Mark D. Connell, Retired Geologist 


Sussex, New Brunswick 
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The entire SMNR project is an economic, environmental, social and political disaster that is just waiting to happen. 
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Mark D. Connell, Retired Geologist 


Sussex, New Brunswick 
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Executive Summary


The future of nuclear power is uncertain. Because nuclear 
power is a low-carbon way to generate electricity, there is 
considerable interest in expanding its role to help mitigate 
the threat of climate change. However, the technology has 
fundamental safety and security disadvantages compared 
with other low-carbon sources. Nuclear reactors and their 
associated facilities for fuel production and waste handling 
are vulnerable to catastrophic accidents and sabotage, and 
they can be misused to produce materials for nuclear weapons. 
The nuclear industry, policymakers, and regulators must  
address these shortcomings fully if the global use of nuclear 
power is to increase without posing unacceptable risks to 
public health, the environment, and international peace  
and security. 


Despite renewed enthusiasm for nuclear power in many 
quarters, its recent growth has been far slower than antici-
pated 10 years ago. No doubt, the March 2011 Fukushima  
Daiichi accident in Japan, which resulted in three reactor 
meltdowns and widespread radiological contamination of the 
environment, has contributed to nuclear power’s stagnation. 
Even more significant has been the high cost of building new 
reactors relative to other sources of electricity—primarily  
natural gas but also, increasingly, renewable energy sources 
such as wind and solar. The current rate of construction of 
new nuclear plants around the world barely outpaces the  
retirements of operating plants that reach the ends of  
their lifetimes or are no longer economic.


In the United States, new nuclear plants have proven 
prohibitively expensive and slow to build, discouraging  
private investment and contributing to public skepticism.  
In the 2000s, amid industry hopes of a nuclear renaissance, 


the Nuclear Regulatory Commission (NRC) received applica-
tions to build more than two dozen new reactors. All were 
evolutionary versions of the light-water reactor (LWR), the 
type that comprises almost all operating reactors in the Unit-
ed States and most other countries with nuclear power. Com-
panies such as Westinghouse, which developed the AP1000, 
promised these LWR variants could be built more quickly and 
cheaply while enhancing safety. But prospective purchasers 
cancelled nearly all of those proposals even before ground 
was broken, and the utilities that started building two AP1000 
reactors at the V.C. Summer plant in South Carolina aban-
doned the project after it experienced significant cost over-
runs and delays. Only one project remains—two AP1000  
units at the Alvin W. Vogtle plant in Georgia—but its cost  
has doubled, and construction is taking more than twice  
as long as originally estimated.


Almost all nuclear power reactors operating and under 
construction today are LWRs, so called because they use  
ordinary water (H2O) to cool their hot, highly radioactive 
cores. Some observers believe that the LWR, the industry 
workhorse, has inherent flaws that are inhibiting nuclear 
power’s growth. In addition to its high cost and long   
construction time, critics point to—among other things— 
the LWR’s susceptibility to severe accidents (such as the 
meltdowns at Fukushima), their inefficient use of uranium, 
and the long-lived nuclear wastes they generate.


In response, the US Department of Energy’s national  
laboratories, universities, and numerous private vendors—
from large established companies to small startups—are  
pursuing the development of reactors that differ funda- 
mentally from LWRs. These non-light-water reactors  
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(NLWRs) are cooled not by water  but by other substances, 
such as liquid sodium, helium gas, or even molten salts.1


NLWRs are sometimes referred to as “advanced reac-
tors.” However, that is a misnomer for most designs being 
pursued today, which largely descend from those proposed 
many decades ago. At least one NLWR concept, the liquid 
metal–cooled fast reactor, even predates the LWR. Neverthe-
less, NLWR designers claim such reactors have innovative 
features that could disrupt the nuclear power industry and 
solve its problems. They state variously that their designs 
could lower costs, be built quickly, reduce the accumula- 
tion of nuclear waste, use uranium more efficiently, improve 
safety, and reduce the risk of nuclear proliferation. More  
specifically, they cite the advantages of features such as  
passive shutdown and cooling, the ability to consume or  
recycle nuclear waste, and the provision of high-temperature 
process heat for industrial applications such as hydrogen  
production. And some NLWR vendors claim that they  
can demonstrate, license, and deploy their designs within  
a decade or two.


Are these claims justified? How can we identify genuine 
innovations and recognize those that are likely unattain- 
able? As with any technology, an independent reality check  
is needed. From self-driving cars to cheap flights to Mars,  
the Silicon Valley–style disruptive technology model of rapid,  
revolutionary progress is not always readily adaptable to  
other engineering disciplines. And nuclear energy, which  
requires painstaking, time-consuming, and resource-intensive 
research and development (R&D), is proving to be one of  
the harder technologies to disrupt. 


In part, the nuclear industry’s push to commercialize 
NLWRs is driven by its desire to show the public and policy-
makers that there is a high-tech alternative to the static, 
LWR-dominated status quo: a new generation of “advanced” 
reactors. But a fundamental question remains: Is different  
actually better? The short answer is no. Nearly all of the  
NLWRs currently on the drawing board fail to provide  
significant enough improvements over LWRs to justify  
their considerable risks.


Key Questions for Assessing NLWR 
Technologies


It is critical that policymakers, regulators, and private  
investors fully vet the claims that the developers of NLWRs  
are making and accurately assess the prospects for both  
successful development and safe, secure, and cost-effective 
deployment. Given the urgency of the climate crisis, rigorous 
evaluation of these technologies will help our nation and  
others avoid wasting time or resources in the pursuit of  


high-risk concepts that would be only slightly better— 
or perhaps worse—than LWRs.


Key questions to consider are the following: 


•   What are the benefits and risks of NLWRs and their  
fuel cycles compared with those of LWRs?


•   Do the likely overall benefits of NLWRs outweigh  
the risks and justify the substantial public and private 
investments needed to commercialize them?


•   Can NLWRs be safely and securely commercialized  
in time to contribute significantly to averting the  
climate crisis?


To help inform policy decisions on these questions, the Union 
of Concerned Scientists (UCS) has evaluated certain claims 
about the principal types of NLWRs. In particular, this report 
compares several classes of NLWRs to LWRs with regard to 
safety and security, the risks of nuclear proliferation and nuclear 
terrorism, and “sustainability”—a term that in this context 
includes the often-claimed ability of some NLWRs to “recycle” 
nuclear waste and use mined uranium more efficiently. The 
report also considers the potential for certain NLWRs to  
operate in a once-through, “breed-and-burn” mode that 
would, in theory, make them more uranium-efficient without 
the need to recycle nuclear waste—a dangerous process that 
has significant nuclear proliferation and terrorism risks.


Non-Light-Water Reactor Technologies 


UCS considered these principal classes of NLWRs:
Sodium-cooled fast reactors (SFRs): These reactors 


are known as “fast reactors” because, unlike LWRs or other 
reactors that use lower-energy (or “thermal”) neutrons, the 
liquid sodium coolant does not moderate (slow down) the 
high-energy (or “fast”) neutrons produced when nuclear fuel 
undergoes fission. The characteristics and design features of 
these reactors differ significantly from those of LWRs, stem-
ming from the properties of fast neutrons and the chemical 
nature of liquid sodium.


Given the urgency of the 
climate crisis, rigorous
evaluation is needed to 
avoid wasting time or 
resources in the pursuit of 
high-risk energy concepts.
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High-temperature gas–cooled reactors (HTGRs): 
These reactors are cooled by a pressurized gas such as helium 
and operate at temperatures up to 800ºC, compared with 
around 300ºC for LWRs. HTGR designers developed a  
special fuel called TRISO (tristructural isotropic) to with-
stand this high operating temperature. HTGRs typically con-
tain graphite as a moderator to slow down neutrons. There 
are two main variants of HTGR. A prismatic-block HTGR 
uses conventional nuclear fuel elements that are stationary;  
in a pebble-bed HTGR, moving fuel elements circulate  
continuously through the reactor core. 


Molten salt–fueled reactors (MSRs): In contrast to 
conventional reactors that use fuel in a solid form, these use 
liquid fuel dissolved in a molten salt at a temperature of at 
least 650ºC. The fuel, which is pumped through the reactor, 
also serves as the coolant. MSRs can be either thermal reac-
tors that use a moderator such as graphite or fast reactors 
without a moderator. All MSRs chemically treat the fuel to 
varying extents while the reactor operates to remove radio-
active isotopes that affect reactor performance. Therefore,   
unlike other reactors, MSRs generally require on-site  
chemical plants to process their fuel. MSRs also need elab-
orate systems to capture and treat large volumes of highly 
radioactive gaseous byproducts.


THE FUELS FOR NON-LIGHT-WATER REACTORS 


Today’s LWRs use uranium-based nuclear fuel containing  
less than 5 percent of the isotope uranium-235. This fuel  
is produced from natural (mined) uranium, which has a  
uranium-235 content of less than 1 percent, in a complex in-
dustrial process called uranium enrichment. Fuel enriched to  
less than 20 percent U-235 is called “low-enriched uranium” 
(LEU). Experts consider it a far less attractive material for 
nuclear weapons development than “highly enriched uranium” 
(HEU), with a U-235 content of at least 20 percent.


The fuel for most NLWRs differs from that of LWRs. 
Some proposed NLWRs would use LEU enriched to between 
10 and 20 percent uranium-235; this is known as “high-assay 
low enriched uranium” (HALEU).2 While HALEU is consid-
ered impractical for direct use in a nuclear weapon, it is more 
attractive for nuclear weapons development than the LEU 
used in LWRs. Other types of NLWRs would use plutonium 
separated from spent nuclear fuel through a chemical process 
called reprocessing. Still others would utilize the isotope  
uranium-233 obtained by irradiating the element thorium. 
Both plutonium and uranium-233 are highly attractive for  
use in nuclear weapons.


Typically, the chemical forms of NLWR fuels also differ 
from those of conventional LWR fuel, which is a ceramic  


material composed of uranium oxide. Fast reactors can use 
oxides, but they can also use fuels made of metal alloys or 
chemical compounds such as nitrides. The TRISO fuel in  
HTGRs consists of tiny kernels of uranium oxide (or other 
uranium compounds) surrounded by several layers of carbon-
based materials. MSR fuels are complex mixtures of fluoride 
or chloride salt compounds.


The deployment of NLWRs also would require new  
industrial facilities and other infrastructure to produce and 
transport their different types of fuel, as well as to manage 
spent fuel and other nuclear wastes. These facilities may use 
new technologies that themselves would require significant 
R&D. They also may present different risks related to safety, 
security, and nuclear proliferation than do LWR fuel cycle 
facilities—important considerations for evaluating the  
whole system.


NON-LIGHT-WATER REACTORS: PAST AND PRESENT 


In the mid-20th century, the Atomic Energy Commission 
(AEC)—the predecessor of today’s Department of Energy 
(DOE) and the NRC—devoted considerable time and resources 
to developing a variety of NLWR technologies, supporting 
demonstration plants at various scales at sites around the 
United States. Owners of several of these reactors abandoned 
them after the reactors experienced operational problems 
(for example, the Fort St. Vrain HTGR in Colorado) or even 
serious accidents (the Fermi-1 SFR in Michigan). 


Despite these negative experiences, the DOE continued 
R&D on various types of NLWR and their fuel cycles. In the 
1990s, the DOE initiated the Generation IV program, with  
the goal of “developing and demonstrating advanced nuclear 
energy systems that meet future needs for safe, sustainable, 
environmentally responsible, economical, proliferation- 
resistant, and physically secure energy.” Although Generation 
IV identified six families of advanced reactor technology, the 
DOE has given most of its subsequent support to SFRs and 
HTGRs.


Today, a number of NLWR projects at various stages  
of development are under way, funded by both public and  
private sources (Table ES-1, p. 4). With support from Congress, 
the DOE is pursuing several new NLWR test and demonstra-
tion reactors. It is proceeding with the design and construc-
tion of the Versatile Test Reactor (VTR), an SFR that it hopes 
to begin operating in the 2026–2031 timeframe. The VTR 
would not generate electricity but would be used to test fuels 
and materials for developing other reactors. In October 2020,  
the DOE selected two NLWR designs for demonstrating  
commercial power generation by 2027: the Xe-100, a small 
pebble-bed HTGR that would generate about 76 megawatts  
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of electricity (MWe), and the 345 MWe Natrium, an SFR  
that is essentially a larger version of the VTR with a power 
production unit. The DOE is also providing funding for two 
smaller-scale projects to demonstrate molten salt technologies. 
In addition, the DOE, the Department of Defense (DOD), and 
a private company, Oklo, Inc., are pursuing demonstrations  
of so-called micro-reactors—very small NLWRs with capaci-
ties from 1 MWe to 20 MWe—and project that these will  
begin operating in the next few years. A number of  univer-
sities also have expressed interest in building small NLWRs 
for research.


Congress would need to provide sufficient and sustained 
funding for any of these projects to come to fruition. This is 
far from assured—for example, funding for the VTR to date 
has fallen far short of what the DOE has requested, all but 
guaranteeing the project will be delayed.


THE GOALS OF NEW NUCLEAR REACTOR DEVELOPMENT


If nuclear power is to play an expanded global role to help 
mitigate climate change, new reactor designs should be  
demonstrably safer and more secure—and more economical—
than the existing reactor fleet. Today’s LWRs remain far too 
vulnerable to Fukushima-like accidents, and the uranium  


enrichment plants that provide their LEU fuel can be misused 
to produce HEU for nuclear weapons. However, developing 
new designs that are clearly superior to LWRs overall is a  
formidable challenge, as improvements in one respect can 
create or exacerbate problems in others. For example, increas-
ing the physical size of a reactor core while keeping its power 
generation rate constant could make the reactor easier to  
cool in an accident, but it could also increase cost. 


Moreover, the problems of nuclear power cannot be  
fixed through better reactor design alone. Also critical is the 
regulatory framework governing the licensing, construction, 
and operation of nuclear plants and their associated fuel cycle 
infrastructure. Inadequate licensing standards and oversight 
activities can compromise the safety of improved designs.  
A key consideration is the extent to which regulators require 
extra levels of safety—known as “defense-in-depth”—to  
compensate for uncertainties in new reactor designs for 
which there is little or no operating experience.


Evaluation Criteria


UCS has considered three broad criteria for assessing the  
relative merits of NLWRs and LWRs: safety and security,  


Reactor Type Power Level Developer Funding
NRC Licensing 


Status
Planned  


Startup Date


Sodium-Cooled Fast Reactors


Versatile Test Reactor 300 MWtha DOE DOE Not NRC licensed 2026–2031


Natrium 840 MWth/345 MWe TerraPower-GE 
Hitachi


50–50 cost share 
with /ARDPb


Preapplication 2025–2027


Aurora Powerhousec 4 MWth/1.5 MWe Oklo, Inc. Mostly private; 
some DOE  


subsidy


Combined operating license 
accepted for technical 


review June 2020


Early 2020s


High-Temperature Gas–Cooled Reactors


Xe-100 4 x 200 MWth  
(76–80 MWe)


X-Energy 50-50 cost share 
with ARDP


Preapplication 2025–2027


Molten Salt–Fueled Reactors


IMSR 440 MWth/  
up to 195 MWe


Terrestrial  
Energy


Private Preapplication
—


Hermes reduced-
scale test reactord


Full-scale Kairos  
reactor 320 MWth/ 
140 MWe; reduced 
scale > 50 MWth


Kairos Power 80 percent 
ARDP; 20 percent 


private


Preapplication 2027


TABLE ES-1. Current Status of US NLWR Projects


a  MWth: megawatts of thermal energy. MWe: megawatts of electricity. 
b ARDP: DOE Advanced Reactor Demonstration Program 
c The Aurora is potassium-cooled, with liquid sodium bonding contained in the fuel rods.  
d The Hermes is not molten salt–fueled but uses TRISO fuel and a molten-salt coolant.
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sustainability, and risks associated with nuclear proliferation 
and nuclear terrorism.


One characteristic that UCS did not consider here is  
the ability of reactors to provide high-temperature process 
heat for industrial applications—sometimes cited as a major 
advantage of NLWRs. However, potential industrial users 
have demonstrated little interest in these applications to date, 
and will likely continue to be wary of co-locating nuclear 
power plants at their facilities until outstanding safety, security, 
and reliability issues are fully addressed. It is also doubtful 
that industrial users would want to assume the cost and  
responsibility of managing the reactors’ nuclear wastes. Con-
sequently, UCS regards the generation of high-temperature 
process heat as a secondary objective that would first require 
significant improvements in nuclear safety and security.3


Safety and security risk is the vulnerability of reactors 
and fuel cycle facilities to severe accidents or terrorist attacks 
that result in significant releases of radioactivity to the envi-
ronment. Routine radioactive emissions are also a consider-
ation for some designs. The UCS assessment primarily used 
qualitative judgments to compare the safety of reactor types, 
because quantitative safety studies for NLWRs with the same 
degree of accuracy and rigor as for LWRs are not yet available. 
Far fewer data are available to validate safety studies of NLWRs 
than of LWRs, which have accumulated a vast amount of  
operating data. 


Sustainability, in this context, refers to the amount of 
nuclear waste generated by reactors and fuel facilities that 
requires secure, long-term disposal, as well as to the efficiency 
of using natural (mined) uranium and thorium. Sustainability 
criteria can be quantified but typically have large uncertainties. 
To account for those uncertainties, this report considers that 
sustainability parameters, such as the amount of heat-bearing 
transuranic (TRU) elements requiring long-term geologic 
disposal, would have to improve by a factor of 10 or more  
to be significant.


Nuclear proliferation and nuclear terrorism risk  
is the danger that nations or terrorist groups could illicitly 
obtain nuclear-weapon-usable materials from reactors or  
fuel cycle facilities. LWRs operating on a once-through fuel 
cycle present relatively low proliferation and terrorism risks.  
However, any nuclear fuel cycle that utilizes reprocessing  
and recycling of spent fuel poses significantly greater nuclear 
proliferation and terrorism risks than do LWRs without  
reprocessing, because it provides far greater opportunities  
for diversion or theft of plutonium and other nuclear-weapon-
usable materials. International safeguards and security  
measures for reactors and fuel cycles with reprocessing are 
costly and cumbersome, and they cannot fully compensate  
for the increased vulnerability resulting from separating 


weapon-usable materials. Also using HALEU instead of  
less-enriched forms of LEU would increase proliferation  
and terrorism risks, although to a far lesser extent than  
using plutonium or uranium-233.


Nuclear proliferation is not a risk in the United States 
simply because it already possesses nuclear weapons and  
is designated as a nuclear-weapon state under the Nuclear 
Non-Proliferation Treaty. As such, it is not obligated to sub-
mit its nuclear facilities and materials for verification by the 
International Atomic Energy Agency (IAEA), although it  
can do so voluntarily. However, US reactor development does 
have implications for proliferation, both because US vendors 
seek to export new reactors to other countries and because 
other countries are likely to emulate the US program. The 
United States has the responsibility to set a good inter- 
national example by ensuring its own nuclear enterprise 
meets the highest nonproliferation standards.4


Not all these criteria are of equal weight. UCS maintains 
that increasing safety and reducing the risk of proliferation 
and terrorism should take priority over increasing sustain-
ability for new reactor development at the present time.  
Given that uranium is now cheap and abundant, there is  
no urgent need to develop reactors that use less. Even so, 
there would be benefits from reducing the need for uranium 
mining, which is hazardous to workers and the environment 
and historically has had a severe impact on disadvantaged 
communities. Developing more efficient reactors may become 
more useful if the cost of mined uranium increases signifi-
cantly, whether due to resource depletion or strengthened 
protections for occupational health and the environment.   
 UCS also did not consider the potential for NLWRs to be 
more economical than LWRs. Although economics is a critical 
consideration and is interrelated with the criteria listed 
above, such an evaluation would depend on many open and 
highly uncertain issues, such as final design details, future 
regulatory requirements, and supply chain availability.


Assessments of NLWR Types


UCS has reviewed hundreds of documents in the available 
literature to assess the comparative risks and benefits  
of the three major categories of NLWR with respect  
to the three evaluation criteria (Table ES-2, p. 6).


SODIUM-COOLED FAST REACTORS


Safety and Security Risk: SFRs have numerous safety prob-
lems that are not issues for LWRs. Sodium coolant can burn  
if exposed to air or water, and an SFR can experience rapid 
power increases that may be hard to control. It is even possible 
that an SFR core could explode like a small nuclear bomb under 
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severe accident conditions. Of particular concern is the poten-
tial for a runaway power excursion: if the fuel overheats and 
the sodium coolant boils, an SFR’s power will typically  
increase rapidly rather than decrease, resulting in a positive 
feedback loop that could cause core damage if not quickly 
controlled. 


Chernobyl Unit 4 in the former Soviet Union, although 
not a fast reactor, had a similar design flaw—known as a  
“positive void coefficient.” It was a major reason for the  
reactor’s catastrophic explosion in 1986. A positive void  
coefficient is decidedly not a passive safety feature—and it 
cannot be fully eliminated by design in commercial-scale 
SFRs. To mitigate these and other risks, fast reactors should 
have additional engineered safety systems that LWRs do  
not need, which increases capital cost.


Sustainability: Because of the properties of fast neutrons, 
fast reactors do offer, in theory, the potential to be more sus-
tainable than LWRs by either using uranium more efficiently 
or reducing the quantity of TRU elements present in the reac-
tor and its fuel cycle. This is the only clear advantage of fast 
reactors compared with LWRs. However, once-through fast 
reactors such as the Natrium being developed by TerraPower, 
a company founded and supported by Bill Gates, would be 
less uranium-efficient than LWRs. To significantly increase 
sustainability, most fast reactors would require spent fuel  
reprocessing and recycling, and the reactors and associated 
fuel cycle facilities would need to operate continuously at  
extremely high levels of  performance for many hundreds or 
even thousands of years. Neither government nor industry can 
guarantee that future generations will continue to operate 


TABLE ES-2. How NLWRs Compare with LWRs on Safety, Sustainability, and Proliferation Risk


 


 NLWR Types  Safety


Sustainability


Nuclear 
Proliferation/


Terrorism


Long-Lived 
Waste 


Generation
Resource 
Efficiency


Sodium-Cooled Fast Reactors


Conventional burner or breeder 
(Plutonium/TRU, with reprocessing)


– – – ++ + – – –


Conventional: Natrium  
(HALEU, once-through)


– – – – – – – – –


Breed-and-burn mode  
(HALEU, once-through)


– – – – – + + +


High-Temperature Gas–Cooled Reactors


Prismatic-block  
(HALEU, once-through)


N – – –


Pebble-bed: Xe-100 
(HALEU, once-through)


N – – – –


Molten Salt–Fueled Reactors


Thermal: IMSR/TAP  
(LEU <5% U-235)


– – – + – –


Thermal: Thorcon  
(HALEU/Thorium/U-233)


– – – – + – –


Thermal: Molten Salt Breeder 
(HALEU/Thorium/U-233)


– – – ++ ++ – – –


Molten Salt Fast Reactor  
(TRU/Thorium/U-233)


– – – +++ ++ – – –


Significantly Worse Moderately Worse Slightly Worse Not Enough Information


Slightly Better Moderately Better Significantly Better
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and replace these facilities indefinitely. The enormous capital 
investment needed today to build such a system would only 
result in minor sustainability benefits over a reasonable 
timeframe. 


Nuclear Proliferation/Terrorism: Historically, fast  
reactors have required plutonium or HEU-based fuels, both 
of which could be readily used in nuclear weapons and there-
fore entail unacceptable risks of nuclear proliferation and 
nuclear terrorism. Some SFR concepts being developed today 
utilize HALEU instead of plutonium and could operate on a 
once-through cycle. These reactors would pose lower prolif-
eration and security risks than would plutonium-fueled fast 
reactors with reprocessing, but they would have many of the 
same safety risks as other SFRs. And, as pointed out, most 
once-through SFRs would actually be less sustainable than 
LWRs and thus unable to realize the SFR’s main benefit.  
For this reason, these once-through SFRs are likely to be 
“gateway” reactors that would eventually transition to SFRs 
with reprocessing and recycling. The only exceptions—if 
technically feasible—are once-through fast reactors operating 
in breed-and-burn mode. However, the only breed-and-burn 
reactor that has undergone significant R&D, TerraPower’s 
“traveling-wave reactor,” was recently suspended after  
more than a decade of work, suggesting that its technical 
challenges proved too great. 


HIGH-TEMPERATURE GAS-COOLED REACTORS 


Safety and Security Risk: HTGRs have some attractive  
safety features but also a number of drawbacks. Their safety 
is rooted in the integrity of TRISO fuel, which has been  
designed to function at the high normal operating temperature 
of an HTGR (up to 800ºC) and can retain radioactive fission 
products up to about 1,600ºC if a loss-of-coolant accident  
occurs. However, if the fuel heats up above that temperature— 
as it could in the Xe-100—its release of fission products speeds 
up significantly. So, while TRISO has some safety benefits,  
the fuel is far from meltdown-proof, as some claim. Indeed, a 
recent TRISO fuel irradiation test in the Advanced Test Reac-
tor in Idaho had to be terminated prematurely when the fuel 
began to release fission products at a rate high enough to 
challenge off-site radiation dose limits. 


The performance of TRISO fuel also depends critically 
on the ability to consistently manufacture fuel to exacting 
specifications, which has not been demonstrated. HTGRs are 
also vulnerable to accidents in which air or water leaks into the 
reactor; this is much less of a concern for LWRs. And the mov-
ing fuel in pebble-bed HTGRs introduces novel safety issues. 


Despite these unknowns, HTGRs are being designed 
without the conventional leak-tight containments that LWRs 
have—potentially cancelling out any inherent safety benefits 


provided by the design and fuel. Given the uncertainties, much 
more testing and analysis are necessary to determine conclu-
sively if HTGRs would be significantly safer than LWRs. 


Sustainability: HTGRs are less sustainable than LWRs 
overall. They use uranium no more efficiently due to their use 
of HALEU, and they generate a much larger volume of highly 
radioactive waste. Although pebble-bed HTGRs are some-
what more flexible and uranium-efficient than prismatic-block 
HTGRs, the difference is not enough to overcome the penalty 
from using HALEU fuel.


Nuclear Proliferation/Terrorism: HTGRs raise addi-
tional proliferation issues compared with LWRs. Current HTGR 
designs use HALEU, which poses a greater security risk than 
the LEU grade used by LWRs, and TRISO fuel fabrication  
is more challenging to monitor than LWR fuel fabrication. 
Also, it is difficult to accurately account for nuclear material 
at pebble-bed HTGRs because fuel is continually fed into and 
removed from the reactor as it operates. On the other hand,  
it may be more difficult for a proliferator to reprocess TRISO 
spent fuel than LWR spent fuel to extract fissile material  
because the required chemical processes are less mature. 


MOLTEN SALT–FUELED REACTORS


Safety and Security Risk: MSR advocates point to the fact 
that this type of reactor cannot melt down—the fuel is already 
molten. However, this simplistic argument belies the fact that 
MSR fuels pose unique safety issues. Not only is the hot liquid 
fuel highly corrosive, but it is also difficult to model its com-
plex behavior as it flows through a reactor system. If cooling 
is interrupted, the fuel can heat up and destroy an MSR in  
a matter of minutes. Perhaps the most serious safety flaw  
is that, in contrast to solid-fueled reactors, MSRs routinely 
release large quantities of gaseous fission products, which 
must be trapped and stored. Some released gases quickly  
decay into troublesome radionuclides such as cesium-137— 
the highly radioactive isotope that caused persistent and  
extensive environmental contamination following the  
Chernobyl and Fukushima nuclear accidents.


Sustainability: A main argument for MSRs is that they 
are more flexible and can operate more sustainably than reac-
tors using solid fuel. In theory, some MSRs would be able to 
use natural resources more efficiently than LWRs and gener-
ate lower amounts of long-lived nuclear waste. However, the 
actual sustainability improvements for a range of thermal  
and fast MSR designs are too small, even with optimistic  
performance assumptions, to justify their high safety and  
security risks. 


Nuclear Proliferation/Terrorism: MSRs present 
unique challenges for nuclear security because it would be 
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very difficult to account for nuclear material accurately as  
the liquid fuel flows through the reactor. In addition, some 
designs require on-site, continuously operating fuel repro-
cessing plants that could provide additional pathways for  
diverting or stealing nuclear-weapon-usable materials.


MSRs could also endanger global nuclear security by  
interfering with the worldwide network of radionuclide  
monitors put into place to verify compliance with the Com-
prehensive Nuclear Test Ban Treaty after it enters into force.5 
MSRs release vast quantities of the same radioactive xenon 
isotopes that are signatures of clandestine nuclear explo-
sions—an issue that MSR developers do not appear to have 
addressed. It is unclear whether it would be feasible or  
affordable to trap and store these isotopes at MSRs to the  
degree necessary to avoid degrading the effectiveness of  
the monitoring system to detect treaty violations.


Safely Commercializing NLWRs:  
Timelines and Costs


Can NLWRs be deployed quickly enough to play a significant 
role in reducing carbon emissions and avoiding the worst  
effects of climate change? The 2018 special report of the  
UN’s Intergovernmental Panel on Climate Change identified 
85 energy supply pathways to 2050 capable of achieving the 
Paris Agreement target of limiting global mean temperature 
rise to 1.5°C. The median capacity of nuclear power in 2050 
across those pathways is about 150 percent over the 2020 level. 
Taking into account planned retirements, this corresponds  
to the equivalent of at least two dozen 1,000 MWe reactors  
coming online globally each year between now and 2050— 
five times the recent global rate of new LWR construction.  
If the world must wait decades for NLWRs to be commercially 
available, they would have to be built even faster to fill the  
gap by 2050.


Some developers of NLWRs say that they will be able to 
meet this challenge by deploying their reactors commercially 
as soon as the late 2020s. However, such aggressive timelines 
are inconsistent with the recent experience of new reactors 
such as the Westinghouse AP1000, an evolutionary LWR.  
Although the AP1000 has some novel features, its designers 
leveraged many decades of LWR operating data. Even so,  
it took more than 30 years of research, development, and con-
struction before the first AP1000—the Sanmen Unit 1 reactor 
in China—began to produce power in 2018.


How, then, could less-mature NLWR reactors be com-
mercialized so much faster than the AP1000? At a minimum, 
commercial deployment in the 2020s would require bypass-
ing two developmental stages that are critical for assuring 
safety and reliability: the demonstration of prototype reactors 


at reduced scale and at full scale. Prototype reactors are typi-
cally needed for demonstrating performance and conducting 
safety and fuel testing to address knowledge gaps in new  
reactor designs. Prototypes also may have additional safety 
features and instrumentation not included in the basic  
design, as well as limits on operation that would not apply  
to commercial units.


By a 2017 report, the DOE asserted that SFRs and HTGRs 
were mature enough for commercial demonstrations without 
the need for additional prototype testing. For either of these 
types, the DOE estimated it would cost approximately $4 bil- 
lion and take 13 to 15 years to complete a first commercial 
demonstration unit, assuming that reactor construction and 
startup testing take seven years. After five years of operating 
the demonstration unit, additional commercial units could 
follow in the mid-2030s. 


In contrast, for MSRs and other lower-maturity designs, 
the DOE report judged that both reduced-scale and full-scale 
prototypes (which the report referred to as “engineering”  
and “performance” demonstrations, respectively) would be 
needed before a commercial demonstration reactor could be 
built. These additional stages could add $2 billion to $4 bil-
lion to the cost and 20 years to the development timeline.  
The subsequent commercial demonstration would not begin 
until 2040; reactors would not be available for sale until the  
mid-2040s or even the 2050s. 


In May 2020, after receiving $160 million in initial con-
gressional funding for the new Advanced Reactor Demonstra-
tion Program (ARDP), the DOE issued a solicitation for two 
“advanced” commercial demonstration reactors. In October 
2020, the DOE chose SFR and HTGR designs—as one might 
expect given its 2017 technology assessment. The DOE esti-
mates that these projects will cost up to $3.2 billion each 
(with the vendors contributing 50 percent) for the reactors 
and their supporting fuel facilities. The department is requir-
ing that the reactors be operational within seven years, a 
timeline—including NRC licensing, construction, fuel pro-
duction, and startup testing—that it acknowledges is very 
aggressive. 


Commercial deployment 
in the 2020s would require 
bypassing prototype 
stages that are critical 
for assuring safety and 
reliability.
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However, even if this deadline can be met and the reac-
tors work reliably, subsequent commercial units likely would 
not be ordered before the early 2030s. Moreover, it is far from 
certain that the two designs the DOE selected for the ARDP 
are mature enough for commercial demonstration. Past dem-
onstrations of both SFRs and HTGRs have encountered safety 
and reliability problems. Additionally, for both reactor types, 
the DOE has chosen designs that differ significantly from  
past demonstration reactors. 


In the 1990s, the NRC concluded that it would require 
information from representative prototype testing prior  
to licensing either of these reactor types—but no prototypes 
were ever built. More recently, in a letter to the NRC, the 
agency’s independent Advisory Committee on Reactor  
Safeguards reaffirmed the importance of prototypes in new 
reactor development. Nevertheless, the NRC—a far weaker 
regulator today—has apparently changed its position and  
may proceed with licensing the ARDP demonstration reac-
tors without requiring prototype testing first. But by skipping  
prototype testing and proceeding directly to commercial 
units, these projects may run not only the risk of experi- 
encing unanticipated reliability problems, but also the risk  
of suffering serious accidents that could endanger public 
health and safety.


An additional challenge for NLWR demonstrations  
and subsequent commercial deployment is the availability  
of fuels for those reactors, which would differ significantly 
from the fuel that today’s LWRs use. Even a single small  
reactor could require a few tons of HALEU per year—far 
more than the 900 kilograms per year projected to be avail-
able over the next several years from a DOE-funded pilot  
enrichment plant that Centrus Energy Corporation is build-
ing in Piketon, Ohio. It is far from clear whether that pilot 
will succeed and can be scaled up in time to support the  
two NLWR demonstrations by 2027, not to mention the  
numerous other HALEU-fueled reactor projects that  
have been proposed.


The Future of the LWR


Those who argue that nuclear power’s progress depends on 
developing NLWRs have not made a persuasive case that the 
LWR has no future. LWR technology can realize nearly all  
the technological innovations attributed to NLWR designs, 
including passive safety features, the potential for modular 
construction, the use of advanced fuels, non-electric applica-
tions, greater plant autonomy to minimize labor costs, and 
underground siting. Although the LWR has its issues, NLWR 
designs clearly confront a different but no less formidable  
set of safety, security, and proliferation challenges.


A further consideration is how long it will take for new 
reactor types to achieve reliable performance once deployed. 
It took three decades for plant operators and researchers to 
increase the average capacity factor of the US fleet of LWRs 
from 50 to 90 percent. The relatively low state of maturity  
of NLWR technologies does not support the notion that these 
reactors will be able to achieve a similar level of performance 
in significantly less time. 


Conclusions of the Assessment 


The non-light-water nuclear reactor landscape is vast and 
complex, and it is beyond the scope of this report to survey 
the entire field in depth. Nevertheless, enough is clear even  
at this stage to draw some general conclusions regarding  
the safety and security of NLWRs and their prospects  
for rapid deployment. 


Based on the available evidence, the NLWR designs  
currently under consideration (except possibly once-through, 
breed-and-burn reactors) do not offer obvious improvements 
over LWRs significant enough to justify their many risks.  
Regulators and other policymakers would be wise to look 
more closely at the nuclear power programs under way to 
make sure they prioritize safety and security. Future appro-
priations for NLWR technology research, development,  
and deployment should be guided by realistic assessments  
of the likely societal benefits that would result from the  
investment of billions of taxpayer dollars. 


Little evidence supports claims that NLWRs will be  
significantly safer than today’s LWRs. While some NLWR 
designs offer some safety advantages, all have novel  
characteristics that could render them less safe.


All NLWR designs introduce new safety issues that will  
require substantial analysis and testing to fully understand 
and address—and it may not be possible to resolve them fully. 
To determine whether any NLWR concept will be significantly 
safer than LWRs, the reactor must achieve an advanced stage 
of technical maturity, undergo complete comprehensive  
safety testing and analysis, and acquire significant operating 
experience under realistic conditions.


The claim that any nuclear reactor system can “burn”  
or “consume” nuclear waste is a misleading oversimplifi-
cation. Reactors can actually use only a fraction of spent 
nuclear fuel as new fuel, and separating that fraction  
increases the risks of nuclear proliferation and terrorism. 


No nuclear reactor can use spent nuclear fuel directly as fresh 
fuel. Instead, spent fuel has to be “reprocessed”—chemically 
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Most NLWR designs 
under consideration 
do not offer obvious 
improvements over LWRs 
significant enough to 
justify their many risks.


treated to extract plutonium and other TRU elements, which 
must then be refabricated into new fuel. This introduces a 
grave danger: plutonium and other TRU elements can be used 
in nuclear weapons. Reprocessing and recycling render these 
materials vulnerable to diversion or theft and increases the 
risks of nuclear proliferation and terrorism—risks that are 
costly to address and that technical and institutional measures 
cannot fully mitigate. Any fuel cycle that requires reprocess-
ing poses inherently greater proliferation and terrorism risks 
than the “once-through” cycle with direct disposal of spent 
fuel in a geologic repository.


uranium-efficient reactors at a time when uranium is cheap 
and abundant, reducing uranium mining may be beneficial  
for other reasons, and such reactors may be useful for the  
future. However, many technical challenges would have to  
be overcome to achieve breed-and-burn operation, including 
the development of very-high-burnup fuels. The fact that 
TerraPower suspended its project after more than a decade  
of development to pursue a more conventional and far less 
uranium-efficient SFR, the Natrium, suggests that these  
challenges have proven too great.


High-assay low enriched uranium (HALEU) fuel,  
which is needed for many NLWR designs, poses higher  
nuclear proliferation and nuclear terrorism risks than 
the lower-assay LEU used by the operating LWR fleet.


Many NLWR designs require uranium enriched to higher  
levels than the 5 percent U-235 typical of LWR fuel. Although 
uranium enriched to between 10 and 20 percent U-235  
(defined here as HALEU) is considered impractical for direct  
use in nuclear weapons, it is more attractive for weapons use—
and requires more stringent security—than the lower-assay 
enriched uranium in current LWRs. 


The significant time and resources needed to safely  
commercialize any NLWR design should not be 
underestimated.


It will likely take decades and many billions of dollars to develop 
and commercially deploy any NLWR design, together with its 
associated fuel cycle facilities and other support activities. 
Such development programs would come with a significant 
risk of delay or failure and require long-term stewardship and 
funding commitments. And even if a commercially workable 
design were demonstrated, it would take many more years 
after that to deploy a large number of units and operate  
them safely and reliably. 


Vendors that claim their NLWRs could be commercial-
ized much more quickly typically assume that their designs 
will not require full-scale performance demonstrations and 
extensive safety testing, which could add well over a decade 
to the development timeline. However, current designs for 
sodium-cooled fast reactors and high-temperature gas-cooled 
reactors differ enough from past reactor demonstrations that 
they cannot afford to bypass additional full-scale prototype 
testing before licensing and commercial deployment. Molten 
salt–fueled reactors have only had small-scale demonstrations 
and thus are even less mature. NLWRs deployed commer-
cially at premature stages of development run a high risk  
of poor performance and unexpected safety problems. 


Some NLWRs have the potential for greater sustainabil-
ity than LWRs, but the improvements appear to be too 
small to justify their proliferation and safety risks. 


Although some NLWR systems could use uranium more  
efficiently and generate smaller quantities of long-lived TRU 
isotopes in nuclear waste, for most designs these benefits 
could be achieved only by repeatedly reprocessing spent fuel 
to separate out these isotopes and recycle them in new fuel—
and that presents unacceptable proliferation and security  
risks. In addition, reprocessing plants and other associated 
fuel cycle facilities are costly to build and operate, and they 
increase the environmental and safety impacts compared 
with the LWR once-through cycle. Moreover, the sustain-
ability increases in practice would not be significant in  
a reasonably foreseeable time frame. 


Once-through, breed-and-burn reactors have the poten-
tial to use uranium more efficiently without reprocessing, 
but many technical challenges remain.


One type of NLWR system that could in principle be more 
sustainable than the LWR without increasing proliferation 
and terrorism risks is the once-through, breed-and-burn  
reactor. Concepts such as TerraPower’s traveling-wave reac-
tor could enable the use of depleted uranium waste stockpiles 
as fuel, which would increase the efficiency of uranium use. 
Although there is no economic motivation to develop more 







11“Advanced” Isn’t Always Better


Recommendations


The DOE should suspend the advanced reactor demon-
stration program pending a finding by the NRC whether 
it will require full-scale prototype testing before licens-
ing the two chosen designs as commercial power reactors.


The DOE has selected two NLWR designs, the Natrium SFR 
and the Xe-100 pebble-bed HTGR, for demonstration of full-
scale commercial operation by 2027. However, the NRC has 
yet to evaluate whether these designs are mature enough that 
it can license them without first obtaining data from full-scale 
prototype plants to demonstrate novel safety features, vali-
date computer codes, and qualify new types of fuel in repre-
sentative environments. Without such an evaluation, the  
NRC will likely lack the information necessary to ensure  
safe, secure operation of these reactors. The DOE should  
suspend the Advanced Reactor Demonstration Program until 
the NRC—in consultation with the agency’s Advisory Com-
mittee on Reactor Safeguards and external experts—has  
determined whether prototypes will be needed first. 


Congress should require that an independent, trans- 
parent, peer-review panel direct all DOE R&D on new  
nuclear concepts, including the construction of  
additional test or demonstration reactors. 


Given the long time and high cost required to commercialize 
NLWR designs, the DOE should provide funding for NLWR 
R&D judiciously and only for reactor concepts that offer  
a strong possibility of significantly increasing safety and  
security—and do not increase proliferation risks. Moreover, 
unlike the process for selecting the two reactor designs for 
the Advanced Reactor Demonstration Program, decision-
making should be transparent.6 Congress should require  
that the DOE convene an independent, public commission  
to thoroughly review the technical merits of all NLWR  
designs proposed for development and demonstration, 
including those already selected for the ARDP. The com- 
mission, whose members should represent a broad range  
of expertise and perspectives, would recommend funding 
only for designs that are highly likely to be commercialized 
successfully while achieving clearly greater safety and  
security than current-generation LWRs. 


The DOE and other agencies should thoroughly assess 
the implications for proliferation and nuclear terrorism 
of the greatly expanded production, processing, and 
transport of the high-assay low-enriched uranium 
(HALEU) required to support the widespread deploy-
ment of NLWRs.


Large-scale deployment of NLWRs that use HALEU fuel  
will require establishing a new industrial infrastructure for 
producing and transporting the material. The DOE is actively 
promoting the development of HALEU-fueled reactor designs 
for export. Given that HALEU is a material of higher security 
concern than lower-assay LEU, Congress should require that 
the DOE immediately assess the proliferation and nuclear 
terrorism implications of transitioning to the widespread use 
of HALEU worldwide. This assessment should also address 
the resource requirements for the security and safeguards 
measures needed to ensure that such a transition can occur 
without an unacceptable increase in risk.


Congress should require  
that the DOE convene  
an independent, public 
commission to thoroughly 
review the technical merits 
of all NLWR designs 
proposed for development 
and demonstration.


The United States should make all new reactors and  
associated fuel facilities eligible for IAEA safeguards  
and provide that agency with the necessary resources  
for carrying out verification activities.


The IAEA, which is responsible for verifying that civilian  
nuclear facilities around the world are not being misused  
to produce materials for nuclear weapons, has limited or no 
experience in safeguarding many types of NLWRs and their 
associated fuel cycle facilities. NLWR projects being consid-
ered for deployment in the United States, such as the Natrium 
SFR and the Xe-100 pebble-bed HTGR, would provide ideal 
test beds for the IAEA to develop safeguards approaches.  
However, as a nuclear-weapon state, the United States is not 
obligated to give the IAEA access to its nuclear facilities. To 
set a good example and advance the cause of nonproliferation, 
the United States should immediately provide the IAEA with 
permission and funding to apply safeguards on all new US 
nuclear facilities, beginning at the design phase. This would 
help to identify safeguard challenges early and give the IAEA 
experience in verifying similar facilities if they are deployed 
in other countries.
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The DOE and Congress should consider focusing nuclear 
energy R&D on improving the safety and security of 
LWRs, rather than on commercializing immature NLWR 
designs. 


LWR technology benefits from a vast trove of information 
resulting from many decades of acquiring experimental data, 
analysis, and operating experience—far more than that avail-
able for any NLWR. This gives the LWR a significant advan-
tage over other nuclear technologies. The DOE and Congress 
should do a more thorough evaluation of the benefits of  
focusing R&D funding on addressing the outstanding safety, 
security, and cost issues of LWRs rather than attempting to 
commercialize less mature reactor concepts. If the objective 
is to expand nuclear power to help deal with the climate   
crisis over the next few decades, improving LWRs could  
be a less risky bet.


EXECUTIVE SUMMARY ENDNOTES


1  This report focuses on non-LWRs rather than LWR designs that differ from 
the operating fleet, such as the NuScale small modular reactor (SMR) design 
now under review by the Nuclear Regulatory Commission. UCS previously 
evaluated issues related to small modular LWRs in its 2013 report Small 
Isn’t Always Beautiful. This report also does not discuss nuclear fusion  
reactors; despite some recent progress, these likely remain even further  
away from commercialization than the early-stage fission reactor concepts. 


2  Some sources define HALEU as LEU enriched from 5 percent to less than  
20 percent uranium-235. However, this range does not align with the nuclear 
security risk of different grades of LEU. This report adopts the definition  
of HALEU used by the uranium enrichment consortium URENCO.


3  In any event, non-LWRs do not have a monopoly on non-electric applications. 
Current-generation LWRs as well as small modular LWRs are being piloted 
for non-electricity applications such as producing hydrogen. At least one type 
of novel LWR, the super-critical LWR, would be capable of producing high-
temperature steam, but it is not currently under development. 


4  One way to do that would be for the United States to designate all new  
reactors and fuel cycle facilities as eligible for IAEA safeguards. This would 
give the agency an opportunity to develop verification approaches for new 
facility types—if such approaches are feasible. 


5  The treaty names 44 countries that must sign and ratify it before it enters 
into force. To date, eight of these countries have not ratified and/or signed 
the treaty—including the United States, which has signed but not ratified it. 


6  Although the DOE has said that an external review of its selections took 
place, it has not publicly released the reviewers’ names and affiliations— 
nor has it publicly documented their findings. 
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Nuclear Power: Present and Future


[ chapter 1 ]


The future of nuclear power is uncertain, both in the United 
States and worldwide. Because nuclear power is a low-carbon 
way to generate electricity, there is considerable interest in 
expanding its role to help mitigate the threat of climate change. 
However, the technology has fundamental safety and security 
disadvantages compared with other low-carbon sources. The 
nuclear industry, policymakers, and regulators must address 
these shortcomings fully if the global use of nuclear power is 
to increase around the world without posing unacceptable 
risks to public health, the environment, and international 
peace and security. 


Almost all nuclear power reactors operating today  
are light-water reactors (LWRs), so called because they use 
ordinary water (H2O) as a coolant.1 Of the approximately  
50 power reactors under construction around the world, all 
but a few are water-cooled. Most new projects are conven-
tionally sized large reactors with power production capacities 
of at least 3400 megawatts of thermal energy (MWth), equiv-
alent to about 1,100 megawatts of electricity (MWe).


Slower Growth, Cost and Safety Concerns


Despite renewed enthusiasm for nuclear power in many 
quarters, its recent growth has been far slower than antici-
pated ten years ago amid continuing debate over its risks, 
costs, and benefits (Schneider et al. 2020). At the end of 2010, 
there were 441 operating nuclear power reactors worldwide, 
with a total electrical power capacity of 375 gigawatts of  
electricity (GWe) (IAEA 2011). At the end of 2019, there were 
443 operating reactors—only two more than in 2010—with a 
total generating capacity of 392 GWe (IAEA 2020). In 2019, 
these reactors generated 2,657 terawatt-hours of electricity, 


or 10.4 percent of total electricity generation. This actually 
represented a decrease of over 20 percent in the share of the 
global electricity demand met by nuclear energy compared  
to 2010 (IAEA 2020). 


There are a number of reasons why global nuclear power 
capacity and its share of electricity demand has not increased 
over the last decade, despite prior expectations of a so-called 
nuclear renaissance. The Fukushima Daiichi triple nuclear 
reactor meltdown in Japan in 2011 no doubt played a role in 
slowing down nuclear power expansion in some countries. 
The accident contaminated a wide area with long-lived radio-
activity and led to a prolonged shutdown of Japan’s other  
nuclear plants. Japan’s nuclear sector may not return to its 
level prior to the accident for decades, if ever. The accident 
caused some countries, such as China, to temporarily pause 
nuclear plant construction, and even prompted some others, 
such as Switzerland, to decide to phase out nuclear power 
entirely. 


However, the Fukushima accident has not proven to  
be a decisive consideration for most other countries’ energy 
programs. A more significant factor affecting nuclear energy’s 
prospects is its high cost today relative to other sources of 
electricity—primarily natural gas but also, increasingly,  
renewable energy sources such as wind and solar. 


NEW NUCLEAR: PROHIBITIVELY EXPENSIVE


In the United States, new nuclear plant projects have proved 
to be prohibitively expensive and have lengthy construction 
times, discouraging private investment. The only reactors  
being built in the United States today, two 1100 MWe West-
inghouse AP1000 units at the Vogtle plant in Georgia, are  
now projected to cost nearly $14 billion each and will take 
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 at least a decade to complete—twice the cost and more than 
twice as long as original estimates (Nuclear Engineering  
International 2020). (This estimate predated the 2020 coro-
navirus pandemic, which has caused further delays.) Similar 
problems have plagued the 1600 MWe reactors of Areva’s 
EPR design being built at Olkiluoto in Finland, Flamanville  
in France, and Hinkley Point in the United Kingdom. In the 
United States, even some nuclear plants already operating are 
costlier to run than natural gas plants and new wind and solar 
projects, and are being retired before they reach the end of 
their service lives (Clemmer et al. 2018).  


Most reactors under construction today are in countries 
that provide substantial government support, such as China, 
and are less susceptible to market pressures. Even for such 
countries, however, cost is still a factor. Government treasuries 
are not unlimited, and nuclear power subsidies must compete 
with other uses of public funds. For example, China’s nuclear 
power growth has slowed, and its total nuclear capacity at  
the end of 2020, around 50 GWe, fell short of its aggressive 
target of 58 GWe. 


Assuming that market conditions do not change signifi-
cantly, the future of nuclear energy around the world over the 
next few decades will depend in large part on national decisions 
about the role nuclear power should play in addressing climate 
change and the extent to which governments should under-
write them. In its 2020 annual report, the International 
Atomic Energy Agency (IAEA) estimated that by 2050, the 
change in world nuclear-energy generating capacity could 
range from an increase of 82 percent for its “high case” pro-
jection to a decrease of seven percent in the “low case” (IAEA 
2020). The IAEA’s high case corresponds to an average annual 
increase of around 10 GWe per year (about 10 conventionally 
sized reactors)—lower than past projections but still higher 
than recent annual growth.2 However, since 2014, an average 
of fewer than five new reactor construction projects have 
started up per year (IAEA 2020). 


Most of the IAEA’s projected growth in nuclear power 
capacity is in developing countries, with stagnant or declining 
capacity in industrialized nations. In the United States, the 
Energy Information Administration’s Annual Energy Outlook 
2021 projects nuclear power capacity to decline from the 2019 
level of 98 GWe to about 75 GWe by 2050 under a reference 
case with no change in current energy policies, and to about 
42 GWe by 2050 under a low natural gas–price case (EIA 2021). 


Therefore, without national policies to limit carbon emis-
sions, nuclear power will likely remain at a competitive disad-
vantage as long as fossil fuel prices remain low. Mechanisms 
for internalizing the social cost of carbon, such as a carbon 
tax, could help level the playing field for low-carbon energy 
sources. But it is not clear that nuclear power would thrive 


even with a high price on carbon, which would also benefit 
other low-carbon electricity sources that have fewer safety 
and security problems. Other government actions likely 
would be necessary for nuclear power to expand enough to 
make a significant contribution to reducing carbon emissions 
in the next few decades and help mitigate the most severe 
impacts of climate change. These actions include substantial, 
long-term investments in the supporting infrastructure, 
strong safety requirements, and credible plans for disposal  
of long-lived nuclear wastes. 


However, some observers believe that the technology 
itself is the problem and that more radical fixes are needed 
(Soltoff 2020). They argue that the large LWR, the nuclear 
industry’s workhorse, has inherent flaws that inhibit nuclear 
power’s growth. In addition to these reactors’ high costs and 
long construction times, they point to (among other things) 
LWRs’ susceptibility to severe core-melt accidents such as 
occurred at Fukushima, their inefficient use of uranium,  
and the long-lived nuclear wastes they generate.


No matter what the root causes, the poor image projected 
by troubled LWR construction projects such as Vogtle and 
Olkiluoto has no doubt contributed to a credibility problem 
for an industry that promotes nuclear power as the world’s 
best hope for mitigating climate change based on assertions 
that it is affordable and can be quickly deployed on a large 
scale (WNA, n.d.). One response to public skepticism about 
the current state of nuclear power is for developers to pursue 
different types of reactors—some radically different—that 
they promise will be safer, cheaper, and quicker to build.  
But a fundamental question about these alternative designs 
remains: Is different actually better? This report aims to  
shed light on that question. 


Can Non-Light-Water Reactors Revive  
Nuclear Power’s Prospects?


There are three main strategies for shifting the current  
nuclear power paradigm, with the aim of mitigating the  
technology’s safety, sustainability, and cost problems.


The first approach is to develop new types of large LWRs 
that would be safer while also being cheaper to build and  
operate. This is the path that Westinghouse and Areva respec-
tively pursued—arguably unsuccessfully—with their AP1000 
and EPR designs. In parallel, new types of “accident tolerant” 
fuels for LWRs that in principle could reduce the risk of melt-
down are being developed in several countries, including the 
United States. However, data remains sparse, and early results 
have not been promising (Khatib-Rahbar et al. 2020). 


The second approach is to go small. Some observers  
believe the future lies in small, “modular” reactors with  
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capacities of 300 MWe or less, known as SMRs. Small  
modular LWRs could be somewhat safer than large LWRs  
by virtue of their size and lower rate of heat production,  
but they would produce more expensive electricity without 
employing measures to significantly cut capital and operating 
costs per megawatt (Lyman 2013). These reactor modules 
could be mass-produced in a factory and deployed as needed 
to meet electricity demand growth, either singly or in 
groups—features that proponents argue could lower con-
struction and financing costs. A number of small modular 
LWRs, such as the 77 MWe NuScale reactor, are currently  
in development. While these designs have some novel  
features, they are essentially evolutionary variants of  
current LWRs. 
 The third is to go in a new direction and develop reactors 
that are not cooled by water but by other substances, such  
as liquid sodium, helium gas, or even molten salts. Such reac-
tors, known as non-light-water reactors (NLWRs), would  
differ from LWRs in many fundamental aspects. Numerous 
vendors, both established companies and small startups,  
are pursuing development of NLWR technologies.3 
 In general, either LWRs or NLWRs can be SMRs.  
Proposed NLWRs range from units as large as today’s oper-
ating reactors to “micro-reactors” with capacities of less  
than 10 MWe. Some NLWR designs have capacities of  
300 MWe or less and therefore qualify as SMRs, but others  
do not, as they must be a certain minimum size to work 
effectively.
 NLWR developers state variously that their designs have 
the potential to lower cost, reduce the accumulation of nuclear 
waste, use uranium more efficiently, improve safety, and reduce 
the risk of nuclear proliferation (see, for example, Back 2017). 
More specifically, they cite features such as modular con-
struction, passive safety, underground siting, and—for some 
designs—the ability to provide high-temperature process heat 
for manufacturing. Some vendors promise that their designs 
can be demonstrated, licensed, and deployed on a large scale 
within a decade or two.


Are these claims justified? How can one identify genuine 
innovations amongst the hype? As with any new technology, 
an independent reality check is needed. From self-driving 
cars to finger-prick blood tests to cheap flights to Mars, the 
Silicon Valley-style disruptive digital technology model has 
not always proven readily adaptable to other engineering  
disciplines. And nuclear energy, which requires pains- 
taking, time-consuming, and resource-intensive research 
and development, is proving to be one of the harder tech- 
nologies to disrupt.


A Note on Terminology


Reactor concepts that differ from conventional LWRs are  
often referred to as “advanced” reactors, although this  
definition is not universally used from one government agency 
to another or even from one piece of federal legislation to  
another. Most recently, Congress defined an advanced reactor 
as “any light water or non-light-water fission reactor with 
significant improvements compared to the current generation 
of operational reactors” (Energy and Water Development  
and Related Agencies Appropriations Act of 2020, Pub. L.  
No. 116-94, 133 Stat. 2535 (2019)). 


To avoid confusion, this report will not use the term  
“advanced reactor.” The present report focuses on on  
non-light-water reactors (NLWRs) (see endnote 1). 


The Need to Fully Vet Claims About NLWRs


If nuclear power is to succeed in the future, it is critical that 
government policymakers and private investors fully vet the 
claims new reactor developers are making and accurately  
assess their prospects for successful development and safe, 
secure, and cost-effective deployment. Given the urgency of 
the climate crisis, these technologies need to be rigorously 
evaluated to avoid wasting time and resources on concepts 
that are high-risk but would offer only low potential benefits 
in practice. Weeding out such technologies would help  
researchers focus on other approaches to climate mitiga- 
tion that are less risky and more beneficial.


Key questions that policymakers should consider are  
the following: 


• Do NLWRs offer significant benefits over LWRs?


• How do the safety, proliferation, and environmental  
risks of NLWRs compare to those of LWRs?


• Do the potential benefits of NLWRs outweigh the risks 
and justify the substantial public and private investment 
needed to commercialize them?


• Can NLWRs be safely and securely commercialized  
in time to contribute significantly to averting the  
climate crisis?


The purpose of this report is to help inform policy decisions 
on these questions by critically evaluating certain claims  
being made about each of the principal classes of NLWRs: 
liquid metal–cooled fast reactors, high-temperature gas–
cooled reactors, and molten salt–fueled reactors.4 In particu-
lar, it compares NLWRs to LWRs in terms of safety, security, 
nuclear proliferation risk, and sustainability—the latter  
including the often-claimed ability of these reactors to  
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“recycle” nuclear waste to reduce the amount requiring  
long-term geological isolation. The report also considers 
“breed-and-burn” reactors, which, in theory, could use  
uranium fuel much more efficiently without the need  
to recycle their spent fuel. 


Each NLWR design has both advantages and disadvan-
tages compared to LWRs. New nuclear reactor types that of-
fer significant safety, security, or economic benefits compared 
to LWRs would be welcome—as long as improvements in  
one area did not cause greater problems in others. But this is 
where the design challenges lie. For example, increasing the 
size of a reactor core while keeping its power capacity fixed 
could make the core easier to cool in an accident but might 
also increase cost.


There is certainly room for innovation in nuclear  
technology. For example, advances in materials science can 
increase the durability of reactor structures and fuels. Faster 
computation can improve the modeling of reactor operation. 
More efficient cooling system designs can reduce or remove 
the need for large volumes of water to generate steam—an 
important consideration in light of increasing surface water 
temperatures and increasing water scarcity resulting from 
climate change. And changing objectives—for instance, the 
need to prevent hydrogen explosions such as those that  
destroyed three reactor buildings at Fukushima—can  
stimulate new approaches to solving old problems. 


However, a quicker payoff is more likely to be achieved 
by focusing research on improving well-established reactor 
technologies than by pursuing the development of speculative 
designs that have hit roadblocks in the past and have had little 
or no operating experience as a result. It took three decades 
for plant operators and researchers to increase the average 
capacity factor of the US fleet of LWRs from 50 percent to  
90 percent by correcting problems that affect reliability, such 
as coolant-material interactions. The relatively low state of 
maturity of NLWR technologies does not support the notion 
that these reactors will be able to achieve a similar level  
of performance in significantly less time. 


NLWRs: Past and Present


Another reason to avoid the term “advanced reactor” is that  
it is a misnomer for most of the designs being pursued today, 
which are based on decades-old concepts. As an Oak Ridge 
National Laboratory scientist put it succinctly in a January 
2019 presentation, “today’s ‘advanced reactors’ closely resem-
ble their 1950s–1970s predecessors in: core configuration;  
materials in structure, core, and fuel; approach to [fuel]  
qualification; and control systems” (Terrani 2019).


 Much of the creativity in nuclear plant design dates back 
to the 1940s, the early years of the nuclear power era, when 
Manhattan Project scientists and engineers engaged in wide-
ranging brainstorming to explore the full potential of the new 
nuclear technology. One “advanced” reactor design, the liquid 
metal–cooled fast-neutron reactor, even predates the forerunner 
of today’s LWR. For decades in the mid-20th century, the 
Atomic Energy Commission (the predecessor of today’s  
Department of Energy and Nuclear Regulatory Commission) 
devoted considerable time and resources to developing a  
variety of LWR and NLWR technologies, demonstrating many 
designs at various scales at sites around the United States.  
A number of other countries also built and operated NLWRs 
(see Table 1, p. 17).
 Most of the prototype reactors encountered operational 
problems, and some even experienced serious accidents. To 
be sure, LWRs experienced accidents as well—most notably 
the Three Mile Island meltdown in 1979. However, over time 
the LWR became predominant. To some extent, this was  
because the LWR, the design chosen originally by the Navy  
in the 1950s for submarine propulsion, received much more 
funding than other designs. But several of the LWR’s rivals 
were abandoned after experiencing engineering challenges 
that proved too difficult to overcome. 
 Utilities that gambled on NLWRs ultimately lost their 
bets. A consortium led by Detroit Edison built a small sodium-
cooled fast reactor in Michigan, called Fermi-1. Soon after 
reaching full power, the reactor partially melted down in 
1966, and did not restart until 1970, only to be shut down for 
good in 1972. The Fort St. Vrain reactor, a high-temperature 
gas–cooled reactor built by the Public Service Company of 
Colorado, operated for only a decade, with an average capac-
ity factor of only 14 percent, before being shut in 1989. It is 
reasonable to surmise that LWRs emerged as the industry 
standard because they simply proved better suited to meet 
the needs of utilities and consumers.


CURRENT DEPARTMENT OF ENERGY WORK ON NLWRS


Given the problems with current-generation LWRs, the de-
velopment of new nuclear technologies that can significantly 
increase safety and security while being more cost-effective  
is a worthwhile goal. However, it is not clear that current  
nuclear energy programs are being designed to make this  
objective a priority. 


The US government has continued to conduct research 
and development on various types of NLWRs and their fuel 
cycles.5 When it was created in 1977, the Department of  
Energy (DOE) inherited the former Atomic Energy Commis-
sion’s nuclear power portfolio, and the DOE has continued  
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Step in  
Deployment 
Path


Light-Water 
Reactor  


(example)
Sodium-Cooled  


Fast Reactor
High-Temperature  


Gas–Cooled Reactor
Molten Salt–Fueled 


Reactor


US US Intl US Intl US Intl
R&D for  
scientific  
feasibility


SPERT


BORAX


PBF


SEFOR  
(20 MWth) 


TREAT


CABRIa None None None None


Engineering 
Demonstration


S1W EBWR EBR-I  
(1.4 MWth)


EBR-II  
(20 MWe)


Dounreay 
(14 MWe)


Rhapsodie   
(40 MWth)


Peach  
Bottom 
(40 MWe)


DRAGON 
(20 MWth)


HTR-10a 
(10 MWth)


HTTRa 
(30 MWth)


AVR 
(15 MWe)


Aircraft  
Reactor  
Experiment  
(2.5 MWth)


MSRE  
(7.4 MWth)


None


Performance 
Demonstration


USS Nautilus


Shippingport


Fermi-1  
(69 MWe)


FFTF  
(400 MWth)


CEFRa 
(65 MWth)


Phénix 
(233 MWe)


Monju 
(300 MWe)


BN-300 
(300 MWe)


BN-600a 
(600 MWe)


PFR 
(250 MWe)


FSV 
(842 MWth)b


THTR 
(750 MWth)b


None None


Commercial 
Demonstration


Yankee Rowe  
(485–600 
MWth)


None Superphénix  
(3000 MWth)


BN-800a 
(800 MWe)


None None None None


TABLE 1. Past and Present Demonstration Reactors Worldwide


a Reactor is still operational as of Februrary 2021.
b FSV and THTR were commercial demonstrations of large HTGRs; however, for modular HTGRs under consideration today, they serve the role of a performance  
 demonstration.


SOURCE: ADAPTED FROM PETTI ET AL. 2017. 


to pursue multiple NLWR designs. In the 1990s, it initiated 
the Generation IV program, with the goal of “developing  
and demonstrating advanced nuclear energy systems that 
meet future needs for safe, sustainable, environmentally  
responsible, economical, proliferation-resistant, and   
physically secure energy” (INL 2005). 


Under Generation IV, the DOE identified six families  
of reactor technologies including five NLWRs and one LWR: 
the sodium-cooled fast reactor, lead-cooled fast reactor, mol-
ten salt reactor, gas-cooled fast reactor, supercritical LWR,  
and very high temperature gas–cooled reactor. The DOE’s 


funding priorities have varied over the years depending on 
congressional mandates and internal competition, but most 
support has gone to the development of sodium-cooled  
fast reactors and high-temperature gas–cooled reactors. 
Around 2008 the DOE resumed funding molten salt reactor 
development, after a hiatus of several decades.  
 More recently, with strong support from Congress,  
the DOE has expanded its NLWR activities and is pursuing 
several new reactor projects. It is proceeding with the design 
and construction of a sodium-cooled fast reactor called the 
Versatile Test Reactor (VTR), which it hopes to begin  
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operating by 2026–2031. The VTR would not generate electri-
cal power but would be used to test nuclear fuels and materi-
als for development of other reactors. The DOE has also 
selected designs for two NLWRs—a high-temperature gas–
cooled reactor and a second sodium-cooled fast reactor— 
with the intent of demonstrating them for commercial power 
production by 2027. And the DOE and the Department of De-
fense are both pursuing demonstrations of so-called micro-reac-
tors—that is, NLWRs with capacities from 1 to 20 MWe—also 
within the next few years. However, Congress will need to 
provide sufficient and sustained funding for any of these proj-
ects to come to fruition. Appropriated funding for the VTR to 
date has already fallen far short of the amount that the DOE 
has requested to support its current schedule. 


THE OBJECTIVES OF ADVANCED REACTOR DEVELOPMENT


In the FY 2020 Energy and Water Development Appropria-
tions Act, Congress defined an advanced reactor as 


 any light water or non-light-water fission reactor with 
significant improvements compared to the current gen-
eration of operational reactors. Significant improvements 
may include inherent safety features, lower waste yields, 
greater fuel utilization, superior reliability, resistance to 
proliferation, increased thermal efficiency, and the ability 
to integrate into electric and nonelectric applications 
(Energy and Water Development and Related Agencies 
Appropriations Act of 2020, Pub. L. No. 116-94, 133 Stat. 
2535 (2019)).


Some of these goals—namely, increasing safety and reliabil-
ity—are worthwhile. Others, such as greater fuel utilization, 
are less compelling, given the abundance of natural uranium 
for fuel (discussed below). One problem with the above statu-
tory definition of an advanced reactor is that new reactor  
designs may have significant improvements in one or more 
categories but also significant disadvantages in others— 
drawbacks that may outweigh the benefits. It is important 
that policymakers consider the full spectrum of positive and 
negative attributes of new designs to identify reactors with 
the highest potential for significant improvements overall 
compared to current technologies. Otherwise, the deploy-
ment of a new type of reactor may create more problems  
than it solves.
 Unfortunately, in its 2017 assessment of NLWRs, the 
DOE did not consider the full range of objectives for develop-
ing these technologies, but chose to focus on only two. The 
first is to “deploy a high-temperature process heat applica-
tion” for industrial activities such as synfuels production,  
and the second is to “extend natural resource utilization and 


reduce the burden of nuclear waste for future generations” 
(Petti et al. 2017). Notably, the report did not stress the im-
portance of other considerations, including safety, security, 
proliferation resistance, or economics. 
 How important are the two performance objectives  
that DOE considered in its assessment for advancing nuclear 
power?


PROCESS HEAT


The goal of developing nuclear reactors to provide industrial 
process heat does not appear to be driven by demand from 
the industrial sector. Although the nuclear industry has been 
pushing the idea of developing high-coolant-temperature  
reactors for non-nuclear process heat applications for decades, 
there is little evidence that the industries that would utilize 
such heat are themselves interested in using nuclear power. 
And it is unclear why these other industries would want to 
incur the additional risks of operating nuclear reactors in 
proximity to chemical plants. 
 A 2004 report by the Nuclear Energy Agency stated  
that “the reality does not match the potential,” and posed the 
question “if nuclear energy has so high potential in the non-
electricity product market, why has its deployment been  
so limited? Can one expect some dramatic changes in this 
market situation?” (NEA 2004). Virtually the same question 
was asked nine year later, in a 2013 joint NEA/IAEA work-
shop (Paillère 2013). And in 2018, the IAEA reported that  
experts at a meeting on the subject agreed that “for these . . . 
products to enter the commercial market on a large scale,  
several challenges and barriers have to be overcome,” includ-
ing economics, low public acceptance, and technical and  
regulatory issues (Dyck 2018). Apparently there remains  
little interest in these applications by potential users.
 Nevertheless, industrial processes are a significant  
contributor to carbon emissions, and the economics of nuclear 
process heat would improve with a price on carbon.6 


SUSTAINABILITY


The importance of the second objective cited in the DOE’s 
2017 assessment, often referred to as sustainability, is also 
questionable. 
 There are two primary aspects to improving sustain- 
ability relative to current-generation LWRs. The first is in-
creasing the efficiency of use of natural resources (e.g., mined 
uranium), and the second is reducing the quantity of long-
lived, heat-generating radionuclides contained in radioactive 
waste and that need to be disposed of in a geologic repository 
(primarily plutonium and other transuranic elements). 
 Some advanced reactor developers have taken this  
concern about sustainability to an extreme, invoking mislead-
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ing—but very compelling—messages about the ability of their 
designs to “consume,” “burn,” or “recycle” spent fuel from 
LWRs. For example, Jacob DeWitte, co-founder of Oklo, Inc., 
testified before Congress that his fast reactor concept “can 
consume the used fuel from today’s reactors” (DeWitte 2016). 
According to the GE-Hitachi website, the PRISM (Power  
Reactor Innovative Small Module) fast reactor and its associ-
ated reprocessing facility would “recycle all the uranium and 
transuranics . . . contained within used nuclear fuel” (GEH 
2021). General Atomics states that its high-temperature gas–
cooled fast reactor is capable of turning our waste stockpile 
into an important energy resource (GA 2019). And until short-
ly before it shut down in 2018, the company Transatomic 
Power claimed, erroneously, that waste from conventional 
nuclear reactors could be used as the fuel for its MSR.
 The reality is much more complicated. First, these  
statements greatly exaggerate the actual capabilities of these 
reactors to achieve these goals. Second, for any reactor con-
cept it is critical to understand that “burning” spent fuel first 
entails reprocessing to separate out and re-use plutonium  
and other weapon-usable materials. Reprocessing makes 
these materials more accessible for use in nuclear weapons  
by states or terrorists, as explained below.
 In theory, some NLWRs could make more efficient use  
of uranium or waste repository capacity. Indeed, greater  
sustainability is one of the only clear advantages that certain 
NLWRs, such as fast reactors, could offer over LWRs.  How-
ever, for such reactors and their fuel cycles, it has not been 
established that the real-world benefits would be large 
enough to justify their proliferation and safety risks, not  
to mention their enormous development costs.
 The possible exceptions are once-through “breed-and-
burn” reactors, which have the potential to use uranium more 
efficiently than LWRs without reprocessing and recycling 
spent fuel. If these reactors could be successfully developed, 
they would remove one of the major incentives cited by  
advocates for reprocessing—and avoid the associated risks. 
However, these concepts are proving difficult to realize, and 
they have safety problems and other challenges. It is not  
clear whether such designs will be feasible. 


REDUCING NUCLEAR PROLIFERATION AND NUCLEAR  
TERRORISM RISKS: A FUNDAMENTAL OBJECTIVE


The failure to consider other important criteria, such as safe-
ty and nuclear proliferation, was a significant shortcoming  
of the DOE’s 2017 study. In particular, the assessment was 
skewed by its lack of attention to proliferation and terrorism 
risks, which are critical issues for evaluating alternative reac-
tors and fuel cycles. Fuel cycles that involve reprocessing  
and recycle of nuclear-weapon-usable materials may offer 


increased sustainability compared to LWRs operating on a 
once-through cycle without reprocessing, but they will pose 
greater security risks —risks that design and operational  
features cannot fully mitigate.
 Therefore, when assessing the overall benefits of NLWRs 
and their fuel cycles, it is important to demonstrate meaning-
ful overall benefits in safety, security, and cost-effectiveness, 
and that do not involve reprocessing.


A Host of Challenges Even for More Mature 
NLWR Designs


How much time would it take to commercialize a novel 
NLWR concept? Some NLWR developers say that they will be 
able to deploy their reactors commercially as soon as the late 
2020s. However, such timelines are not likely to be realistic, 
and could only be met by bypassing many of the developmen-
tal stages necessary for ensuring safe and secure operation.
 The DOE has identified four stages to fully develop a  
reactor design that has not been built before (Box 1) (Petti et 
al. 2017). The pathway includes construction and operation  
of one reduced-scale and two full-scale prototype reactors 


• Research and development to prove scientific feasi-
bility of key features associated with fuel, coolant, and 
geometrical configuration. Irradiation test reactor 
services are particularly important in this phase, 
although they can be beneficial at each step (e.g., to 
explore additional fuel/material options).  


• Engineering demonstration at reduced scale for 
proof of concept for designs that have never been built. 
The goal at this demonstration level is to test the 
viability of the integrated system. Historically, these 
have been small reactors (less than 50 MWe). 


• Performance demonstration(s) to establish that 
scale-up of the system works and to gain operating 
experience to validate the integral behavior of the 
system (including the fuel cycle in some cases), 
resulting in proof of performance. 


• Commercial demonstrations that will be replicated 
for subsequent commercial offerings if the system 
works as designed. 


BOX 1.


Stages of Advanced  
Reactor Development 


SOURCE: PETTI ET AL. 2017
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(which the DOE refers to as “demonstration” reactors).  
Carrying out this program in its entirety could take several 
decades and cost many billions of dollars. 
 Prototype testing is needed, among other things, to  
confirm that reactor systems will work as intended, to dem-
onstrate reliability of the reactor as a whole, to qualify reactor 
fuels, and to assess the effectiveness of new safety features.  
In the United States, the Nuclear Regulatory Commission 
(NRC) generally requires prototype testing for licensing  
designs that differ significantly from LWRs, unless the agency 
determines that such testing is not needed because sufficient 
data exists from test programs, analyses, and past experience. 
If a reactor applicant chooses to test a prototype, the NRC 
may impose additional safety requirements to protect public 
health and safety that would not apply to a commercial 
reactor. 
 A key consideration in estimating the commercialization 
timeline for designs that have had some previous research 
and development is their technical maturity—in particular, 
whether sufficient historical data exists to validate design  
features and analysis methods and enable developers to leap-
frog over one or more stages, such as engineering or perfor-
mance demonstrations (see Box 1, p. 18). 
 In a 2017 study, the DOE estimated the time and resources 
needed to commercialize different types of NLWRs (Petti et al. 
2017). The DOE judged that two NLWR categories—sodium-
cooled fast reactors and high-temperature gas–cooled reac-
tors—were sufficiently mature that they did not require 
additional engineering or performance demonstrations  
before proceeding to commercial demonstration. Based on 
vendor-supplied data, the DOE estimated that it would cost 
approximately $4 billion and take 13 to 15 years to begin oper-
ating the first commercial demonstration unit of either type, 
assuming that many aspects of the project could proceed in 
parallel, such as technology development, design, and licens-
ing. Reactor construction and startup testing was assumed to 
take seven years of the 13- to 15-year period. After five years of 
operation of the commercial demonstration unit, additional 
commercial deployments could follow in the “2030 time-
frame” (Petti et al. 2017). 
 In contrast, for lower-maturity designs such as molten 
salt–cooled reactors, the DOE report concluded that both  
engineering and performance demonstration reactors would 
be needed—stages that could cost an additional $2 billion to 
$4 billion and add 20 years to the timeline. The subsequent 
commercial demonstration reactor would also cost billions  
of dollars and would not begin until 2040, and the model 
would not be available for sale until the mid-2040s or  
even the 2050s. 


 Although these timelines are long and the costs are  
high, they are likely too optimistic, and inconsistent with the 
recent experience of new reactors such as the Westinghouse 
AP1000, an evolutionary LWR. Although the AP1000 has 
some novel features, it is fundamentally based on mature 
LWR technology. Therefore, Westinghouse was able to lever-
age many decades of LWR operating data, and the company 
did not build a prototype reactor before licensing and selling 
commercial units. Even so, it took more than 30 years of  
research, development, and construction before the world’s  
first AP1000 unit—Sanmen-1 in China—began to produce 
power in 2018. The first US AP1000 unit, the Vogtle-3 reactor 
in Georgia, is taking even longer, and is not slated to begin 
operation before November 2021.
 Congressional supporters of new nuclear reactor devel-
opment are determined to speed up the process. In 2020, 
Congress created the Advanced Reactor Demonstration  
Program (ARDP) within the DOE to accelerate commercial-
ization of new reactor types at different stages of maturity. 
The ARDP has provided initial cost-shared awards to indus-
try to build two commercial demonstration “advanced”  
reactors in only five to seven years, or by 2027 at the latest—
far less time than the DOE’s earlier estimate of at least 13 to 15 
years for the more mature designs. The ARDP currently caps 
the total DOE contribution at $1.6 billion per design for both 
the reactors and supporting fuel production facilities (for a 
total of up $3.2 billion each, with the vendors contributing  
50 percent). The ARDP is also providing an additional fund-
ing stream for development of less mature designs, such as 
molten salt reactors, with the expectation they will have an 
operational reactor within 10 to 12 years—again, far short  
of the 25–30 years that the DOE previously estimated.  
(All future ARDP funding is subject to congressional 
appropriations.)
 In October 2020, the DOE, consistent with its 2017  
assessment of which NLWR types are most mature, chose  
the Natrium, a 345 MWe (or 840 MWth) sodium-cooled fast 
reactor being developed by TerraPower, and the (approximately) 
76 MWe Xe-100, a high-temperature gas–cooled reactor being 
developed by X-Energy, for the ARDP commercial demon-
strations. (The Xe-100 will be deployed in a four-pack for a 
total of about 300 MWe.) Because these reactors will generate 
commercial power, the Atomic Energy Act requires that they 
be licensed by the NRC.
 In parallel with these projects, the DOE is also planning 
to build the Versatile Test Reactor (VTR), a 300 MWth sodium-
cooled fast reactor based on the same fundamental design as 
the Natrium. Unlike the Natrium, however, the VTR would 
not generate electrical power but would be used to test  
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materials and fuels for other fast reactor designs—and would  
not require NRC licensing. 
 Even the DOE admits that the ARDP timeline—which 
falls short of its earlier, 13- to 15-year projection for commer-
cialization of mature NLWR designs—is very ambitious. And 
the agency’s experience to date with the VTR should sound  
a cautionary note regarding schedule and cost predictions  
for NLWR development. In 2019, the DOE projected that  
the VTR could be built and started up by 2025 and cost up  
to $4.5 billion. However, the agency soon admitted that con-
struction may take until 2031 and could cost up to $5.8 billion. 
Even this is probably an underestimate, given the DOE’s poor 
track record for making large capital project schedule  
and cost projections. 
 Moreover, it is not clear that even the longer, 13- to  
15-year development timeline is realistic for the Natrium and 
Xe-100 designs that the DOE chose for the ARDP. As dis-
cussed in chapters 5 and 6, past sodium-cooled fast reactor 
and high-temperature gas–cooled reactor demonstrations 
have had safety and reliability problems. In addition, both  
of these designs differ significantly from those earlier demon-
stration reactors in ways that are important to safety. The 
safety of these commercial demonstration reactors could  
well be in question if they are built and operated without  
prior prototype testing under controlled conditions.
 In the 1990s the NRC concluded, after reviewing avail-
able data from prior demonstrations, that it would require 
representative prototype testing before licensing either a so-
dium-cooled fast reactor or a high-temperature gas–cooled 
reactor. However, the NRC is a less safety-focused agency  
today and may relax its requirements. Nevertheless, to license 
the two ARDP reactors, the NRC will need to soon determine 
whether prototype testing will be necessary—a decision that 
could significantly affect project costs and schedules. The 
NRC has encouraged NLWR applicants to develop regulatory 
plans prior to licensing to engage the agency as early as pos-
sible regarding their intentions regarding prototype testing 
(NRC 2017), but there is no indication that the prospective 
applicants have submitted such plans yet to the NRC. Thus, 
there is considerable uncertainty whether the ARDP goal  
of commercial reactor operation by 2027 is compatible with 
the NRC’s obligation to ensure protection of public health 
and safety.


COSTLY AND LENGTHY DEVELOPMENT  
OF FUEL INFRASTRUCTURE 


In addition to the development of reactor technology, the 
commercialization of a new nuclear plant design requires  
development of the associated fuel cycle infrastructure, 


which would also be a costly and lengthy undertaking. New 
facilities will be needed to fabricate novel types of nuclear 
fuel for the reactors and to manage their spent fuel, and the 
current system for nuclear fuel and waste transportation 
would need to be modified to handle materials with  
different characteristics.
 Indeed, perhaps the biggest challenge for near-term 
NLWR demonstrations and subsequent commercial deploy-
ment is the availability of fuels for those reactors, which 
would be significantly different from the fuel used by LWRs 
today. In particular, many proposed reactors, including both 
the Natrium and Xe-100 demonstration reactors, would need 
large quantities of uranium enriched to higher levels— 
so-called high-assay low-enriched uranium (HALEU). 
HALEU is a material that is in very short supply and not  
commercially available. Even a single small reactor could  
require tons of HALEU per year (see chapter 4), far more 
than the current available supply. The Nuclear Energy  
Institute has estimated that it would take a minimum  
of seven to nine years to establish a domestic fuel-cycle  
infrastructure to support a significant level of HALEU pro-
duction, assuming full funding is available (NEI 2018). 
 However, this funding assumption is questionable. The 
only operating US enrichment plant, URENCO-USA in New 
Mexico, has expressed willingness to produce HALEU but 
has not made any commitment to proceed in the absence of a 
strong market signal that demand will materialize. The com-
pany has called for “sustained and dedicated” government 
funding for such a program and has proposed that the DOE 
become a wholesale buyer of HALEU, at least for the initial 
output (Fletcher 2020). However, the only near-term pros-
pect for production of HALEU is a three-year pilot centrifuge 
enrichment demonstration project the DOE has sponsored at 
the Centrus Energy Corporation facility in Piketon, Ohio, but 
that will produce, at most, a few hundred kilograms by June 
2022. Centrus estimates that the facility could eventually pro-
duce up to around 900 kilograms of HALEU per year—not 
nearly enough for the demonstration reactors (Dyke 2020).7


 As new types of fuels are developed and produced, they 
must undergo rigorous qualification programs before they can 
be safely used in reactors—also a time-consuming and costly 
process. The former director of the DOE’s high-temperature 
gas–cooled reactor fuel development program, Dr. David  
Petti, has been candid about the considerable time and  
resources needed to fully qualify new types of fuel, which  
is a painstaking and slow process that can involve trial and 
error. The process, in which fuel samples are irradiated under 
representative conditions, cooled, analyzed in detail, and sub-
ject to transient testing to simulate accidents, may need to be 
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repeated several times. Once a fuel form has been established, 
it would take between 15 and 25 years to complete the devel-
opment process, with the lower bound unrealistically assum-
ing a program with no resource constraints and in which 
everything proceeds as expected (Petti 2016).


SUSTAINED GOVERNMENT FUNDING REQUIRED


The various cost and time projections for commercializing 
NLWRs may differ in the details, but they all illustrate the 
significant technical challenges encountered in developing a 
new reactor design and its associated fuel cycle. Even Terra-
Power—likely the best funded reactor startup— was apparently 
unwilling to spend the many billions of dollars needed to 
commercialize its concepts on its own, and did not move  
forward with a demonstration reactor until it had secured 
government funding through the ARDP.
 Thus, to commercialize any NLWR design, the ARDP 
example shows that government will likely need to provide 
substantial and sustained funding—not only for fundamental 
research, development, and demonstration, but perhaps even 
for the deployment of the first commercial units. As a 2014 
DOE study concluded, “the market disincentives and barriers 
to commercial implementation of nearly all the promising 
[NLWR] options are expected to be very significant, such that 
federal government intervention . . . will likely be required for 
full-scale implementation of a new fuel cycle . . .” (Wigeland  
et al. 2014). 
 Although new nuclear technologies may not be attractive 
to investors looking for short-term returns, they may have 
longer-term societal benefits. For instance, NLWRs that are 
more costly than LWRs but use uranium more efficiently 
might help ensure future resource availability. However, they 
would not be a good choice for a utility as long as there is a 
cheap and plentiful fuel supply—as is the case now and for  
the foreseeable future. Similarly, utilities would have no 
incentives to choose a safer reactor that would cost more  
and exceed regulatory requirements.


 Thus, government support for NLWR development 
could be justifiable—but only for designs with a high likelihood 
of significantly advancing nuclear power technology in mul-
tiple areas. Developing reactors and fuel cycles that would 
only offer marginal improvements over LWRs, or that would 
increase safety, security, or proliferation risks, are not wise 
uses of taxpayer funds.


Nuclear Power Growth and Climate  
Change Mitigation


The timeline for commercialization of NLWRs is a key factor 
in determining whether such reactors could be deployed 


quickly enough and at a large enough scale to make a signifi-
cant contribution to reduction of carbon emissions by 2050, 
which is critical to mitigate the worst effects of climate 
change. The 2018 special report of the Intergovernmental 
Panel on Climate Change (IPCC) evaluated 85 primary energy 
supply scenarios to 2050 that would limit global mean tem-
perature rise to 1.5°C (Rogelj et al. 2018). In these scenarios, 
the amount of nuclear power production in 2050 ranges from 
as little as two-thirds smaller than the 2017 level to nearly  
13 times greater, with a median nuclear generation over all 
scenarios of about 2.5 times the 2017 level (Rogelj et al. 2018). 
This range reflects “both uncertainties in technological  
development and strategic mitigation portfolio choices”  
(Rogelj et al. 2018). 


 To achieve the IPCC report’s median projected increase 
of 150 percent in nuclear energy generation by 2050, nearly 
600 GWe, or more than 500 large reactors, would have to be 
built worldwide—plus several hundred more that would be 
needed to replace reactors that will have reached the end of 
their operating lives. This would require that an average of  
at least two dozen reactors come on line each year between 
now and 2050. To put this in perspective, as mentioned above, 
the current rate of new reactor construction projects is below 
five new reactors per year—or only 20 percent of the rate  
corresponding to the IPCC’s median projection. 


The IPCC report’s median increase in nuclear power  
deployment would thus be very challenging to achieve even 
with currently available LWRs. If the world must wait several 
decades for less mature NLWRs to become commercially 
available, it is hard to see how such reactors could be deployed 
quickly enough to play a significant role in limiting the worst 
impacts of climate change—even if they eventually turned  
out to be faster to build.


Is Development of NLWRs Essential  
for Nuclear Power’s Future?


As discussed above, while some observers argue that the  
future of nuclear power depends on development of NLWR 
designs, they have not made the case that the LWR has no 
future. Nearly all of the technological advances attributed to 
NLWR designs by the DOE and others (Petti et al. 2017) could 
also be realized in LWRs, including passive safety features, 
the potential for modular construction, the use of advanced 
fuels, greater plant autonomy to minimize labor costs, and 
underground siting. Indeed, some of these features have  
been incorporated into new LWR designs, such as the AP1000 
and NuScale small modular reactor, although for economic 
reasons those reactors have other characteristics that may 
render them less safe than current-generation LWRs. What  
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is needed is a focused effort to develop LWRs that are  
genuinely safer and more economical at the same time.


There is also some potential for new types of LWRs to 
achieve one or both of the DOE’s two strategic performance 
goals discussed above. The supercritical LWR, which is a 
Generation IV LWR with a coolant temperature of 500ºC, 
could provide high-temperature process heat. And there are 
approaches for modestly increasing the sustainability of LWRs. 
Although significant research and development would be 
needed to achieve these goals safely and economically, com-
mercializing NLWRs would introduce a no less difficult set  
of challenges. And thousands of reactor-years of operating 
experience gives the LWR an inherent advantage over even 
the more mature NLWR reactor concepts.


This report compares several classes of NLWRs to LWRs 
with regard to safety and security, the risks of nuclear prolif-
eration and nuclear terrorism, and sustainability. Overall,  
the report finds little evidence that any of the NLWR designs 
currently under consideration, with the possible exception  
of once-through breed-and-burn reactors, would offer  
improvements over LWRs great enough to justify the  
expense, time, and risk necessary to commercialize and  
deploy them. Hence, one of this report’s main conclusions  
is the bulk of nuclear energy-related research and develop-
ment funding, both public and private, should be focused on 
improving the overall safety, security, efficiency, and cost- 
effectiveness of LWRs and the once-through fuel cycle. 
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Nuclear Power Basics


[ chapter 2 ]


Many of the issues discussed in this report are technical and 
assume a familiarity with basic nuclear power concepts and 
terminology. This chapter provides background information 
that may be useful for understanding the technical analysis 
that follows. 
 The main objective of a nuclear fission power plant is  
to convert the energy released by the fission (the splitting)  
of atomic nuclei into electricity in a stable, reliable, and safe 
manner. (This report does not address nuclear fusion, another 
type of nuclear reaction that in principle could be used to 
generate electricity.) Nuclear fission reactions in a power  
reactor core generate heat, which is transferred to a system 
that converts it into electricity. Typically, a coolant, such as 
water, is circulated through the hot reactor core, and the 
heated coolant is then circulated through a power conversion 
system. For instance, heated coolant can be used to produce 
steam, which is then used to drive a turbine to produce 
electricity. 
 Given the laws of thermodynamics, not all of the heat 
generated by the reactor can be converted into electricity.  
A light-water reactor (LWR) that produces 3,300 MW of  
thermal energy (MWth) would generate about 1000 MW of 
electricity (MWe). The remaining heat energy is discharged 
to the environment as waste heat. Thus, less than one-third  
of an LWR’s heat energy can be utilized to produce electricity. 
This fraction, known as the thermal efficiency, generally  
increases as the coolant temperature increases.


Nuclear Chain Reactions in the Reactor Core 


When the nuclei of certain elements in the reactor fuel (called 
fissionable materials) are struck by neutrons, there is a chance 


that they can undergo fission, releasing energy as well as addi-
tional neutrons. (Fissionable nuclei can undergo fission spon-
taneously; the likelihood of this occurring, which depends on 
the nature of the isotope, is always much lower than the like-
lihood of fission when struck by a neutron.) These neutrons 
can then strike other nuclei and potentially cause them to fis-
sion as well. A chain reaction can begin when at least one new 
neutron produced from fission is able to cause a second fission. 


In any real-world reactor, some neutrons will be absorbed 
by fuel or other reactor materials, or even escape from the 
core, before they can induce a fission. When the average num-
ber of neutrons produced by fission is just enough to allow  
a self-sustaining chain reaction to occur, taking into account 
neutron losses from the system, then the reactor is said to  
be “critical.” The power output of the reactor depends on the 
rate at which fission occurs, which in turn is related to the  
net number of neutrons in the core.


The likelihood that a neutron will interact with a nucleus 
generally increases as the neutron’s speed decreases. Some 
nuclear reactors include materials called moderators that 
slow down fission neutrons, which can make it easier for  
fission to occur.


A fundamental aspect of any nuclear reactor is the  
arrangement of nuclear fuel, coolant, control rods, and (if 
needed) moderator materials in the core of the nuclear reac-
tor so that the fuel can achieve a self-sustaining and stable 
neutron chain reaction. The coolant serves another critical 
function in addition to transferring the heat generated by the 
fissioning atoms, namely, ensuring that the temperature of the 
nuclear fuel remains at a safe level. If cooling is insufficient, 
the fuel can overheat, become damaged, and eventually melt, 
releasing highly radioactive materials into the environment. 
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The measure of how far the system is at any given  
moment from being exactly critical is its reactivity. A critical 
reactor has a reactivity of zero. If the reactor produces fewer 
neutrons than are lost, the reactor is subcritical, the reactivity 
is negative, and the power output will decrease. Conversely,  
if a reactor produces more neutrons than it loses, the reactor 
is supercritical, the reactivity is positive, and the power out-
put will increase. If a reactor becomes supercritical, operators 
can insert control rods into the reactor to absorb neutrons 
and return it to a critical state. Conversely, if the reactor is 
subcritical, operators can withdraw the control rods. Control-
ling the chain reaction is essential to the safe operation of  
the reactor (see Box 2, p. 26).


The Components of Nuclear Fuels


To sustain a chain reaction and generate power, a nuclear  
fission reactor must be loaded with nuclear fuel appropriate 
for that reactor type. Nuclear fuels are composed of radio-
active isotopes and other elements needed to make them 
chemically and mechanically stable under the harsh   
conditions of a reactor core.


FISSIONABLE, FISSILE, AND FERTILE ISOTOPES


A given element will always have the same number of pro-
tons, which is the atomic number of the element. For example, 
uranium (U) has an atomic number of 92. However, the  
number of neutrons can vary, and variants of an element with 
different numbers of neutrons are called isotopes. The differ-
ent isotopes of an element are identified by their total number 
of protons and neutrons. Some of the important isotopes  
of uranium are U-235 and U-238.


Fissionable isotopes are those capable of being split 
when struck by a neutron. Some fissionable isotopes are also 
fissile: they can be fissioned by neutrons of any energy, includ-
ing low-energy (“thermal”) neutrons. Other fissionable iso-
topes can only undergo fission if struck by a neutron with an 
energy above some minimum value; however, when struck  
by low-energy neutrons, they can be transmuted into fissile 
isotopes such as plutonium-239. These are called fertile  
isotopes. There is also a chance that a fissile nucleus will not 
fission when struck by a neutron, but instead will capture it 
and transmute into a heavier isotope. The relative likelihood 
that a neutron will fission a nucleus versus be absorbed by 
it is the fission-to-capture ratio.


The term “fissile material” is commonly used to denote 
nuclear materials that can be used to make nuclear weapons. 
Confusingly, this has a different meaning than “fissile isotope.” 
In fact, some fissile materials are mixtures of fissile and fertile 
isotopes. “Nuclear explosive material” or simply “weapon-


usable material” are preferable, more precise terms for  
nuclear materials that can be used directly to make nuclear 
weapons.


FISSION PRODUCTS


When a nucleus undergoes fission, in addition to releasing 
neutrons and energy, it splits into other nuclei called “fission 
products,” some of which are intensely radioactive. An oper-
ating reactor core will contain hundreds of different fission 
product isotopes with a wide range of different half-lives— 
the period of time after which half of a given quantity of  
radioactive material will have changed into other isotopes, 
known as “decay products.” Two key fission products impor-
tant to nuclear safety include iodine-131, with a half-life of 
eight days, and cesium-137, with a half-life of 30 years. The 
presence of cesium-137 is one of the main reasons why spent 
reactor fuel emits a very hazardous radiation field and must 
be handled remotely for many decades after discharge.


THE ELEMENTS IN NUCLEAR FUEL


Depending on the reactor design, various combinations of 
isotopes of uranium, plutonium, thorium, or other elements 
(neptunium, americium, curium) can be used in nuclear  
fuel. These elements are known as actinides.


URANIUM (U)


Uranium (U) is the element most commonly used for nuclear 
reactor fuel; it is categorized by the relative amounts of the 
isotopes U-235 and U-238 it contains. 


Natural uranium. Natural uranium ore is primarily com-
posed of two isotopes of uranium: approximately 99.3 percent 
U-238 (fertile) and 0.7 percent U-235 (fissile). Some types of 
reactors can use natural uranium as fuel, but they require 
moderators other than ordinary water, such as graphite. 


Enriched uranium. Most nuclear power reactors  
operating today must use enriched uranium, a fuel with  
a higher concentration of U-235 than natural uranium.  
Uranium enrichment is a complex and expensive process. 
(Although civil enrichment facilities are configured for  
optimal production of low-enriched uranium for reactor  
fuel, they pose nuclear proliferation risks because they can  
be readily modified to enrich uranium to the higher levels 
needed for use in nuclear weapons.) 


The various grades of enriched uranium include the 
following:


Low-enriched uranium. Low-enriched uranium (LEU) 
is enriched to a U-235 concentration greater than 0.7 percent 
(the concentration in natural uranium) and below 20 percent. 
LWRs, which use ordinary water as a coolant and moderator, 


continued on p. 27
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The stability of a reactor’s power output is a critical aspect  
of nuclear safety. When a reactor operates, small changes in  
its state occur constantly, which can affect the rate of nuclear 
fission and hence the amount of power produced. A well-
designed reactor will respond to those changes in a slow and 
predictable manner, providing ample time for operators to  
take corrective actions. 
 The reactivity feedbacks of a reactor are measures of how it 
will respond to a change in operating conditions—ranging from 
small fluctuations in temperature to major events such as a 
loss of cooling due to a pipe break. Will the disturbance cause 
the fission rate and power level to decrease or increase—and 
how quickly?


COEFFICIENTS OF REACTIVITY


The overall reactivity of a reactor—and its response to changing 
conditions and consequent stability—will depend on numerous 
factors, including its physical size, the temperature of the 
coolant, the fuel, the moderator (if there is one), and reactor 
structural elements. The effects of these various factors are 
described by coefficients of reactivity. A positive coefficient 
indicates that an increase in a parameter (such as temperature) 
will increase the reactivity—thus creating a positive feedback 
loop where the reactor power will increase, further increasing 
the temperature—a potentially unstable condition.
 The inherent stability—and therefore safety—of a reactor 
depends on how the reactivity of the system will respond to 
changes without intervention by the operator or the activation 
of automatic control systems that will not always work.
 Some of the important coefficients are: 


• The moderator temperature coefficient of reactivity, 
which indicates how the reactor will respond to a change  
in temperature of the moderator, if one is present.


• The coolant temperature coefficient of reactivity,  
which indicates how the reactor will respond to a change 
 in temperature of the coolant. In an LWR, the coolant—
light water—is also the moderator.


• The fuel temperature coefficient of reactivity, which 
indicates how the reactor will respond to a change in the 
temperature of the fuel. This coefficient is referred to as 
“prompt” because the fuel temperature responds almost 
immediately to an increase in power, whereas the coolant 


BOX 2.


Reactor Stability: Controlling the Chain Reaction
and moderator temperatures take a few seconds to adjust. 
Thus, a negative fuel temperature coefficient is a critical 
component of the reactor’s overall inherent reactivity 
feedback. 


 An important phenomenon that affects the fuel tempera-
ture coefficient is known as the Doppler effect. As the fuel 
temperature increases, non-fissile nuclei such as U-238  
in the fuel absorb more neutrons but do not fission, thus 
slowing down the fission process. This feedback is nearly 
instantaneous, because it is a response to the heating of  
the fuel itself. The magnitude of the effect depends on the 
properties of the fuel and the neutron speeds within the 
reactor.


• The void coefficient of reactivity, which indicates how 
the reactor will respond to changes in the number and size 
of bubbles, or voids, that appear or expand in the coolant  
as it heats up. These voids are regions where the density  
of the coolant—and therefore its neutron-moderating and 
-absorbing effects—is greatly reduced.


A reactor with all negative coefficients will experience only a 
minimal rise in power production and temperature if a change 
in operating conditions causes an unplanned increase in reac-
tivity and therefore the rate of fission. This behavior enhances 
the reactor’s stability. For reactors with a mix of positive and 
negative coefficients, the situation is more complicated, and 
the overall reactivity of the reactor is calculated using infor-
mation from computer modeling and experiments. These  
calculations sometimes have large uncertainties, making  
it difficult to accurately assess the reactor’s stability.


REACTOR STABILITY THROUGH DELAYED NEUTRONS


Another important factor in determining reactor stability is 
the presence of “delayed” neutrons. Most of the neutrons in a 
reactor are prompt, or generated immediately after fission, but 
a small fraction are delayed—emitted by certain fission prod-
ucts up to nearly a minute after fission occurs. These delayed 
neutrons increase the time scale over which reactivity changes 
in response to perturbations of the system. Reactors with a 
larger fraction of delayed neutrons are more stable, responding 
more slowly to reactivity perturbations and providing more 
time for control of the chain reaction.
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use LEU fuel, typically with enrichments of 3 to 5 percent 
U-235. Because it is impractical or even impossible to use 
LEU directly in a nuclear weapon, depending on the enrich-
ment, it poses far lower nuclear proliferation and nuclear  
terrorism risks than highly enriched uranium. 


Highly enriched uranium. Highly enriched uranium 
(HEU) is enriched to a U-235 concentration of 20 percent  
or more. While some power reactors historically have used 
HEU fuel, such use has been discouraged in recent decades 
because of its proliferation potential. HEU at any enrichment 
can be used to make nuclear weapons, with more material 
required for lower enrichment levels. However, HEU used  
in nuclear weapons is typically enriched to 90 percent  
U-235 or greater. 


High-assay low-enriched uranium. High-assay LEU 
(HALEU) is a sub-category of LEU with a U-235 enrichment 
at or above 10 percent and below 20 percent.8 HALEU of  
various enrichments would be needed for some NLWR reac-
tor designs. Although HALEU is a type of LEU, it poses great-
er proliferation and security risks than the lower-assay LEU 
used in LWRs. Some experts have said that HALEU can be 
used to make nuclear weapons, although with much greater 
difficulty than with HEU (Mark 1984). In accordance with 
this higher risk, HALEU requires greater security than  
LEU with enrichments below 10 percent.


LEU+. LEU+ is LEU with an enrichment greater than  
5 percent but less than 10 percent. This enrichment range  
is being considered for use in certain types of new fuels for 
LWRs. It is classified as having the same security risk as  
LEU with enrichments of 5 percent or below.


Depleted uranium. Depleted uranium (DU) has a  
U-235 content of 0.3 percent or below. It is a byproduct of  
the uranium enrichment process. It cannot be used by itself 
as nuclear reactor fuel and is generally considered a waste 
product.
 The amount of effort needed to enrich a given quantity 
of uranium to a specified U-235 concentration is called  
separative work, measured in separative work units (SWU). 
For example, starting with natural uranium, it takes roughly 
30 times as much SWU to produce 1 kilogram of 90 percent– 
enriched HEU than the same quantity of 4.5 percent–enriched 
LEU. However, if one starts with 4.5 percent LEU, it would 
only take about one-third as much SWU to produce 1 kg of  
90 percent HEU than if one started with natural uranium. 


PLUTONIUM (PU)


Plutonium does not exist naturally but is produced in nuclear 
reactors when uranium fuel is irradiated. When the fertile 
isotope U-238 captures a neutron, it undergoes two radioactive 


decays and is transmuted to Pu-239. (Further neutron capture 
will produce higher isotopes of plutonium.) Plutonium, like 
HEU, is a nuclear explosive material. In contrast to uranium, 
all isotopic combinations of plutonium can be used to build 
nuclear weapons (except for pure Pu-238, which generates 
decay heat at a high rate, making it impractical in a weapon). 
Plutonium can also be used as fresh fuel for reactors, but  
such fuel poses greater proliferation and terrorism risks  
than LEU fuel.


LWR spent fuel contains about 1 percent Pu by weight. 
To extract and concentrate plutonium for reactor fuel or for 
weapons, spent fuel must be reprocessed. The plutonium in 
LWR spent fuel is diluted and embedded in large, heavy, and 
highly radioactive spent fuel assemblies, making recovery dif-
ficult. Therefore, reprocessing is a complex and challenging 
process. From a chemistry perspective, reprocessing is some-
what easier than uranium enrichment because it involves 
separating different elements rather than different isotopes  
of the same element. However, since spent fuel is highly  
radioactive, it can only be reprocessed in heavily shielded  
facilities utilizing remote-handling equipment. But if the  
end product—plutonium—is successfully separated, it is not 
highly radioactive, and a weapon’s worth of material—less 
than  10 kilograms—can be easily carried by a single person. 
 For this reason, nuclear fuel cycles that separate pluto-
nium for reuse as reactor fuel have inherent security and  
proliferation risks because they greatly increase the vulner-
ability of plutonium to theft or diversion. (Such fuel cycles are 
referred to as closed, whereas those that dispose of the spent 
fuel directly are considered open.)


OTHER TRANSURANIC ELEMENTS (TRU)


In the same way that plutonium-239 is produced when  
U-238 absorbs a neutron, successive neutron capture will  
produce elements with higher atomic numbers than that of 
uranium, which is 92. Such elements are referred to as trans-
uranic elements (TRU). Plutonium, with an atomic number  
of 94, is a transuranic element. Other transuranic elements, 
also referred to as minor actinides, are neptunium (Np),  
americium (Am), and curium (Cm), with atomic numbers  
of 93, 95, and 96, respectively. 


Several Np, Am, and Cm isotopes can be used as fuel  
for nuclear weapons, although doing so is generally more 
technically difficult than using plutonium.


Transuranic elements other than plutonium are not  
useful as fuel in LWRs because they have a greater tendency 
to absorb thermal neutrons and transmute into heavier iso-
topes than undergo fission and release energy. However, they 
can more effectively be fissioned by fast neutrons and can  
be used as fuel for fast reactors. 


continued from p. 25
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As with plutonium, in order to use Np, Am, or Cm for reactor 
fuel or for nuclear weapons, they first must be separated from 
spent fuel by reprocessing. However, since they are present  
in LWR spent fuel at lower concentrations than that of pluto-
nium, they are more difficult to recover. More spent fuel 
would have to be reprocessed to obtain quantities useful  
for either of those purposes.


THORIUM


Thorium (Th), with an atomic number of 90, is an actinide 
element like uranium. It is believed to be at least three times 
more abundant than uranium in the Earth’s crust, although 
that estimate has recently been questioned (NEA 2015).  
Natural thorium is almost entirely composed of the isotope 
Th-232, which is not fissile but is fertile. Natural thorium  
cannot be enriched like natural uranium; therefore, in order 
to use thorium as reactor fuel, it must be mixed with fissile 
isotopes such as U-235 or U-233.
 When fertile Th-232 is irradiated, it can capture a  
neutron and transmute into the fissile isotope U-233 through 
the intermediate product protactinium-233 (Pa-233), which 
has a half-life of 27 days. Thus Th-232 can be converted to a 
usable fuel isotope in a similar manner to the transmutation 
of U-238 to Pu-239, although the half-life of the intermediate 
decay product poses an additional complication, as discussed 
in chapter 7.


REACTOR FUEL MATERIALS


The fuel into which fissionable materials are incorporated 
must be physically and chemically suitable for the harsh con-
ditions of reactor operation. The conventional fuel for LWRs 
is a uranium oxide ceramic, formed into pellets and stacked in 
long, thin metal tubes known as cladding. These fuel rods are 
bundled into assemblies. The cladding material is typically  
an alloy containing the metal zirconium known as Zircaloy.


To use plutonium or other TRU in reactor fuel, they  
must be blended with uranium prior to being formed into  
fuel pellets (or whatever form the fuel takes). One example  
is mixed-oxide fuel for LWRs, a blend of plutonium and  
uranium oxides. Mixed-oxide fuel is a less attractive fuel  
for LWRs than LEU fuel because it is more expensive and  
requires more stringent security measures.


Besides oxides, various types of reactors can use metal, 
carbide, or nitride fuels. Some types of reactors can even use 
liquid fuels, such as molten salts. The design of such reactors 
is quite different from those using solid fuels, as discussed 
below.


Thermal and Fast Reactors


Nuclear reactors have two main variants: thermal reactors 
and fast reactors. These terms refer to the average speed  
of the neutrons in the reactor. The major difference is that 
thermal reactors have moderator materials that significantly 
slow down the neutrons, whereas fast reactors do not. Reac-
tors that use coolants other than water can be either fast  
or thermal reactors, depending on the properties of the  
coolant and other design features.
 Thermal reactors use a moderator such as “light” (or  
ordinary) water (which also serves as the coolant) because 
fuel nuclei have a much higher chance of interacting with 
slower neutrons and undergoing fission than with faster  
ones. Because the probability that these isotopes will fission 
is greater in thermal reactors, the fuel can have a relatively 
low concentration of fissile material, such as the LEU fuel 
enriched to 3 to 5 percent that is used in LWRs.
 To compensate for a lower probability of fission, fast  
reactors must use fuel with a higher concentration of fissile 
material—historically either HEU or a mixture of uranium 
and at least 12 to 15 percent plutonium. Such reactors pose 
security concerns because HEU and plutonium can be used 
directly to make nuclear weapons. As discussed in chapter 4, 
the fresh fuel must therefore be stringently secured. Because 
of the security risks of plutonium and HEU, some proposed 
fast reactors are being designed to use HALEU, although, as 
discussed above, HALEU fuel also requires greater security 
than the LEU fuel that LWRs use.


BREEDING


Given fast reactors’ need for fuels that require greater— 
and more costly—security than LWR fuel, why would anyone 
build one? The historical motivation is that a fast reactor, in 
theory, can “breed”—that is, it can generate as much or even 
more fissile fuel than it consumes.


As scientists learned early in the development of nuclear 
power, when isotopes are fissioned by fast neutrons, they  
release greater numbers of neutrons on average than when 
fissioned by thermal neutrons. These extra neutrons are not 
needed to maintain the nuclear chain reaction that keeps  
the reactor operating. Instead, they can be used to convert 
fertile U-238 into fissile Pu-239. 


In most thermal reactors, not enough extra neutrons  
are generated to breed new fuel. (One exception is the thori-
um-fueled MSR, discussed in chapter 7). In contrast, in a fast 
reactor there are enough excess neutrons to breed plutonium. 
The extra plutonium can then be used to refuel the reactor 
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and even provide fuel for a new reactor, if enough is bred. 
Typically, the reactor core includes both “driver” fuel con-
taining plutonium and “blanket” fuel containing U-238 (in the 
form of natural or depleted uranium). The driver fuel is the 
main source of heat that can be used to generate electricity, 
while most of the breeding occurs in the blanket fuel.


In conventional fast reactors, for the plutonium in the 
blankets to be used as new fuel, the blankets must be repro-
cessed to extract the plutonium from the remaining U-238. 
The residual plutonium in the spent driver fuel—which is  
significant—is also recovered by reprocessing. The recovered 
plutonium and U-238 can then be used in fresh driver and 
blanket fuel.


The potential for nuclear reactors to generate their own 
fuel was initially seen as an essential feature in the early days 
after the Manhattan Project, when uranium was thought  
to be scarce—and what was available was reserved for the  
nuclear weapons program. However, that rationale is much 
less compelling today now that uranium has proven to be  
an abundant natural resource.


BURNING


Another way that fast and thermal neutrons differ is their 
propensity to induce fission when striking certain isotopes, 
rather than to simply be absorbed. As discussed above, suc-
cessive neutron capture will produce TRU isotopes in a reac-
tor core. If TRU isotopes such as Pu-240 or americium-241 
are struck by a thermal neutron, they have a high probability 
of absorbing the neutron and transmuting into a heavier  
isotope. However, if they are struck by fast neutrons, they  
are more likely to fission. Fast reactors can therefore use TRU 
isotopes as fuel far more effectively than thermal reactors. 
Since many of these TRU isotopes are long-lived and generate 
significant decay heat, they could potentially cause problems 
for nuclear waste disposal. Thus the ability of fast reactors  
to more efficiently fission TRU isotopes is often cited as an 
advantage over thermal reactors. Some observers refer to this 
as nuclear waste “burning,” even though the TRU elements 
are only a small component of the total mass of nuclear  
waste. This is discussed in more detail in chapter 3.


Fuel Burnup and Refueling


As noted above, fresh LWR fuel is typically composed of  
low-enriched uranium oxide, containing 3 to 5 percent U-235, 
with the balance being primarily the isotope U-238. As the 
fuel is irradiated in the reactor, it undergoes both changes  
in radionuclide composition and changes in its physical  
and chemical form. 


In LWRs, which have a thermal neutron spectrum,  
fission is much more likely to occur in U-235 than in U-238, 
and most of the energy production is due to fission of U-235. 
While U-238 is much more likely to absorb a neutron than 
fission in a thermal reactor, when it does so it can be trans-
muted to Pu-239, which is more likely to fission than absorb  
a neutron.


Thus, as the fuel is irradiated, energy is released by  
fission of both U-235 and Pu-239. The initial amount of U-235 
is depleted as it undergoes fission. This is compensated for  
to some extent by conversion of U-238 to Pu-239. Eventually, 
however, the amount of U-235 plus Pu-239 becomes too low 
to sustain the nuclear chain reaction and the fuel becomes 
spent (no longer usable). For this reason, nuclear fuel can 
only be used for a limited time before it must be discharged 
from a reactor core and replaced with fresh fuel. 


A second limiting factor for how long nuclear fuel can be 
used is the degradation of fuel matrix and cladding materials 
as they are subject to high heat, chemical interactions, expo-
sure to radiation, and pressure from fission product gases. 
Eventually, the fuel becomes so degraded that it cannot  
safely remain in the reactor without risk of rupture.


The “fuel burnup” is a measure of the amount of heat 
(usually expressed in terms of megawatt-days of thermal  
energy, or MWd—the “thermal” is implied) generated by the 
irradiation of one metric ton of heavy metal (MTHM) in the 
fresh fuel—that is, the initial quantity of uranium and other 
“heavy” fissionable materials such as plutonium. The burnup 
depends on both the power density—how much of the reac-
tor’s power is generated by a given quantity of fuel—and  
the length of time that the fuel remains in the reactor core.


If a metric ton of uranium could be fissioned complete-
ly—that is, 100 percent burnup—it would release about 
970,000 MWd of thermal energy. However, it is not possible 
to achieve such a high burnup in a realistic reactor system.  
A typical average discharge burnup for LWR fuel is 50,000 
MWd/MTHM, which corresponds to fission of around 5 per-
cent (50,000/970,000) of the initial uranium content. Spent 
fuel discharged from an LWR at this burnup contains less 
than one weight percent U-235 (compared to 4 to 5 percent  
in the initial fuel), and just over one weight percent total   
plutonium. The spent fuel also contains about 0.1 weight  
percent of other TRU, such as americium-241. Fission prod-
ucts make up about 5 percent by weight. The balance, around 
93 weight percent, is almost entirely U-238.  


The length of time between reactor refueling outages is 
related to the peak allowable burnup of the fuel. Typically, a 
reactor core will have several batches of fuel that were loaded 
in the reactor at different times. During refueling, the oldest 
fuel is removed, and the remaining fuel is shuffled to ensure 
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that the core generates power evenly and that safety margins 
are maintained. Generally, irradiating fuel to higher burnup 
enables the fuel to remain in the reactor longer and allows  
for less frequent refueling.


Reactor Safety Considerations


Nuclear power plants generate high rates of heat and produce 
large quantities of highly radioactive materials—a potentially 
dangerous combination. If a reactor core generates heat at a 
higher rate than the coolant system is able to remove it, the 
fuel and reactor structures can be damaged and a catastrophic 
release of radioactivity can occur. 


TYPES OF ACCIDENTS


The terms “design-basis” accidents and “beyond-design- 
basis” accidents are commonly used. Design-basis accidents 
are those that are taken into account in the design of the reac-
tor. Safety systems are provided to protect against design- 
basis accidents and prevent them from causing large releases 
of radioactivity. Historically, “beyond-design-basis” (also 
called “severe”) accidents have been considered to be less 
probable than design-basis accidents, although they can  
and have occurred. Beyond-design-basis accidents can  
overwhelm safety systems, leading to a core melt and  
large radioactivity release. 


Most initiating events that can trigger beyond-design-
basis accidents and core meltdowns at nuclear reactors can  
be classified in three types: (1) a rapid increase in the rate  
of nuclear fission (that is, an increase in reactivity) and an 
uncontrollable increase in power; (2) a loss of coolant due to 
leakage or inadequate coolant flow, causing the reactor fuel  
to overheat; and (3) a loss of the ability to remove heat from 
the reactor system (such as the total loss of electric power—
i.e., a station blackout), which could also lead to core melt.


The three most serious nuclear power plant accidents—
all of which could be considered “beyond-design-basis”— 
illustrate these three categories. The Chernobyl Unit 4 ex-
plosion in 1986 in the former Soviet Union was initiated by  
a rapid increase in reactivity. The Three Mile Island Unit 1 
meltdown in 1979 in Pennsylvania was a loss-of-coolant  
accident caused by a stuck-open valve. And the Fukushima 
Daiichi accident in 2011 in Japan, which caused three reac-
tors to melt down and release radioactivity, resulted from a 
loss of heat removal triggered by a loss of the electrical power 
needed to operate coolant pumps and other safety systems. 


Accident initiators can be further classified into two 
types: internal events that stem from problems occurring 
within the nuclear plant, and external events that are  


triggered by natural disasters and other types of incidents 
originating outside the plant. The Chernobyl and Three Mile 
Island accidents were caused by internal events (including 
operator errors), whereas the total loss of electrical power  
at Fukushima had an external cause—a severe earthquake 
that took down power lines and site flooding from subsequent 
tsunamis that damaged electrical generating and distribution 
equipment. Intentional acts—known as acts of “radiological 
sabotage”—can also be accident triggers, by initiating con-
ditions similar to internal and/or external events. Indeed, 
knowledgeable saboteurs could quickly induce conditions 
resulting in core damage and radiological releases that  
would be highly unlikely to occur solely by chance.


SAFETY SYSTEMS


Current-generation reactors typically have multiple backup 
safety systems to protect the reactor in the event of an acci-
dent. They also have several physical barriers to prevent the 
escape of radioactivity into the environment in the event that 
the fuel is damaged, including a metal vessel surrounding  
the fuel and a leak-tight containment structure made of steel 
and concrete. Another layer of safety consists of pre-planned 
actions to protect the public, such as evacuation or sheltering, 
within an emergency planning zone around the reactor. In 
addition, the United States and some other countries require 
that nuclear plants have armed security personnel to protect 
against radiological sabotage. These diverse and redundant 
safety and security measures are referred to as 
“defense-in-depth.”


However, accidents or acts of sabotage can be severe 
enough to disable multiple safety systems, making core melt 
inevitable. When that occurs, the nuclear fuel heats up to  
a temperature at which is begins to degrade and eventually 
melt, releasing radioactive fission products into the coolant 
system. The excess heat also increases the temperature  
and pressure within the reactor and containment structure. 
Eventually, the hot molten core will slump to the floor of the 
reactor vessel and melt its way through into the containment 
structure. The increases in temperature and pressure, as  
well as explosions of combustible gases such as hydrogen,  
can cause the containment to fail, releasing radioactivity  
into the environment.


How severe such a release could be for public health and 
the environment is largely determined by the “source term”—
the types of isotopes that are released, their quantities, their 
chemical forms, and other factors relevant to how the materi-
als are released and dispersed. In addition, prevailing weather 
conditions and the population distribution in the vicinity of 
the reactor are important factors.
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With the wide range of variables involved, it is difficult  
to develop a simple way to compare the overall safety of  
different reactor types. To rigorously determine whether  
any advanced reactor would be safer overall than current-
generation LWRs, one would need to sum up the risk of a 
large radiological release over all potential severe accident 
sequences, including waste storage accidents, and compare  
it to the risk associated with a current-generation LWR.  
This would require a comprehensive probabilistic risk  
assessment, validated with data from operating experience. 


While probabilistic risk assessments for LWRs have operating 
experience to draw upon for validation, achieving the same 
level of validation remains far in the future for any NLWR 
design. And even the best risk assessments have large uncer-
tainties associated with unknowns such as the risks of cata-
strophic external events, human errors, and sabotage. Thus, 
qualitative safety measures such as defense-in-depth, which 
are needed to compensate for such uncertainties, need to be 
given great weight in comparative assessments.
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Nuclear Power Sustainability


[ chapter 3 ]


The operating light-water reactor (LWR) fleet uses mined 
uranium for fuel and generates highly radioactive nuclear 
wastes. Both the front and the back ends of this fuel cycle 
have the potential for significant health and environmental 
impacts if not rigorously managed.


Two Primary Goals for Increasing  
Sustainability


One of the primary goals cited by NLWR developers is to  
reduce these impacts by increasing the “sustainability” of  
nuclear power—or, as the Department of Energy (DOE) puts 
it, to “extend natural resource utilization” and “reduce the 
burden of nuclear waste for future generations” (Petti et al. 
2017). In other words, for a nuclear reactor to be more sus-
tainable than an LWR, it should (1) use natural uranium more 
efficiently than LWRs, and (2) generate less nuclear waste 
requiring long-term disposal—or even use fuel obtained by  
reprocessing and “recycling” the mountain of highly radio-
active nuclear waste that LWRs have already produced,  
more than 80,000 metric tons and counting in the United 
States today. 
 However, although these goals certainly sound worth-
while, it is not clear whether achieving them is practical or 
even necessary for the future of nuclear power. Two funda-
mental questions need to be addressed. First, to what extent 
would any NLWR and its associated fuel cycle be significantly 
more sustainable in practice than the LWR once-through cy-
cle? And second, would those benefits be significant enough 
to justify the substantial investment required to develop and 
deploy such a reactor at a large scale? These highly complex 


questions depend on many variables and are very sensitive  
to model assumptions. While it is beyond the scope of this 
report to fully answer these questions, this chapter discusses 
key issues that must be considered.


REDUCED LEVELS OF LONG-LIVED RADIOACTIVE WASTE


Spent fuel from LWRs contains highly radioactive, long- 
lived isotopes that must be isolated from the environment for 
hundreds of thousands of years to protect public health and 
the environment. The only way this can plausibly be achieved 
it to dispose of the waste in a robust underground facility 
known as a geologic repository. However, most countries  
with nuclear plants, including the United States, have failed 
to open geologic repositories for spent nuclear fuel. Only  
Finland, with a much smaller amount of nuclear waste  
than the United States, is making steady progress.
 Highly radioactive wastes requiring disposal in a deep 
geologic repository are generated by all reactors and fuel 
cycles. However, some advocates of reprocessing argue that, 
given the political difficulties and technical challenges of  
establishing repositories, geologic disposal space will be 
scarce and valuable in the future and must be conserved by 
reducing nuclear waste volume (Bailly 2014). A new reactor 
design could reduce the future waste burden if it produced 
less long-lived waste than an LWR while generating the  
same amount of electricity. Furthermore, if the reactor could 
efficiently use actinides extracted from existing LWR waste as 
new fuel—often misleadingly referred to as “burning” nuclear 
waste—this approach could reduce the repository space  
needed for the current waste stockpile.
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EFFICIENT USE OF URANIUM


While reducing the amount of uranium used by nuclear  
reactors to generate a given amount of energy could conserve 
uranium resources, uranium is currently not in short supply; 
therefore, there is no economic driver at present for such a 
change. Early in the nuclear era, estimates of worldwide ura-
nium ore were low, and the nuclear power community feared 
that there would not be enough uranium to fuel reactors in 
the future. But these estimates have risen over time, and there 
is little risk that the world will run out of uranium for the 
foreseeable future. 
 The latest assessment of resources by the Nuclear  
Energy Agency and the International Atomic Energy Agency 
in 2020 found that identified recoverable uranium resources 
would be sufficient to fuel the global nuclear reactor fleet  
for more than 135 years at the 2019 rate of consumption ( just  
under 400 gigawatts of electricity) (NEA 2020). Better recov-
ery methods could make available up an additional 40 years’ 
worth of consumption. Thus, even if nuclear energy genera-
tion worldwide were to double over the next few decades—
more than the projected 80 increase in the International 
Atomic Energy Agency’s current “high case” scenario for 
growth by 2050—identified resources would likely be ade-
quate until the end of the century. In addition, sources of ura-
nium that are believed to exist but remain undiscovered are 
estimated to be nearly as great the currently identified re-
sources (NEA 2020). And ultimately, the world’s oceans, 
which contain a vast quantity of uranium at a low concentra-
tion, serve as a backstop to any supply shortage. Although the 
cost of uranium will increase as more readily exploitable re-
sources are depleted, that should be compared to the addi-
tional costs and risks associated with developing and 
operating new reactor types that are more uranium-efficient.
 However, resource depletion is not the only concern  
associated with uranium consumption. Uranium mining is 
dangerous for workers and pollutes soil, air, and groundwater. 
Uranium mining is less widespread in the United States today 
than in the past, but over time it has left thousands of aban-
doned mines and dozens of uranium processing sites that  
require cleanup, many of which are located within the Navajo 
Nation and continue to have a disproportionate impact on the 
Navajo people. Moreover, uranium waste dumps and mines 
emit carcinogenic radon gas decay products that pose health 
risks to both miners and individuals living downwind. More 
modern mining and processing methods, although less dam-
aging than historical practices, can also harm public health 
and the environment if not implemented with the most  
rigorous standards and oversight.


 Reactors that use uranium more efficiently could have 
health and environmental benefits by reducing the need for 
mining. However, the benefits from reducing uranium mining 
activities would have to be balanced against the increased 
environmental risks of more uranium-efficient reactors and 
their fuel cycles. Increasing uranium efficiency usually entails 
reprocessing spent fuel, which generates a number of differ-
ent radioactive waste streams and emits radioactive gases  
into the atmosphere—many with wide-reaching health and 
environmental impacts themselves. 
 To maximize the utilization of natural uranium,   
NLWRs would have to be capable of effectively using depleted 
uranium—the leftover material produced during enrichment—
as fuel. Depleted uranium has a U-235 content of 0.3 percent 
or below. Only a small fraction of mined natural uranium ends 
up in the enriched uranium fuel used in LWRs; the depleted 
uranium “tails” of the process are stored as waste requiring 
disposal. The production of one year’s supply of enriched  
uranium for a typical LWR—20 metric tons—generates about 
180 metric tons of depleted uranium. This material has accu-
mulated as waste in the United States and most other countries 
because it is not economical today to re-enrich it for use as 
LWR fuel. The DOE now holds more than 500,000 metric 
tons of uranium tails in the form of uranium hexafluoride gas, 
requiring hundreds of football fields’ worth of storage space. 
Although this material poses a relatively low radiological  
hazard in storage, it will likely require disposal in a deep  
geologic repository in the long term, but there is no clear  
disposition path at present. 


The Challenging and Conflicting Goals  
of Sustainability


Many NLWR developers argue that their systems will achieve 
breakthroughs in improving nuclear power sustainability.  
A good example is the Argonne National Laboratory, a DOE 
facility, which has been developing sodium-cooled fast reactor 
technology (see chapter 1) and an associated fuel reprocess-
ing system (known as pyroprocessing) for decades. In a 2012 
brochure, ANL claimed that its pyroprocessing technology, 
used in conjunction with fast reactors, would turn nuclear 
waste into a “wonderfuel” (ANL 2012).
 Specifically, Argonne National Laboratory asserts that  
its fast reactor and pyroprocessing system would: 


• “allow 100 times more of the energy in uranium ore  
to be used to produce electricity compared to current 
commercial reactors”


• “ensure almost inexhaustible supplies of low-cost  
uranium resources”
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• “markedly reduce the amount of waste and the time  
it must be isolated—from approximately 300,000 to  
approximately 300 years—by recycling all actinides” 
(ANL 2012)


The first two bullets refer to increasing uranium efficiency 
and the third to reducing the waste disposal burden.
 While this reactor system certainly sounds promising, 
this study finds that these claims are highly misleading.  
First, it is important to note that these two aspects of sustain-
ability—significantly reducing the quantity of TRU elements 
(primarily neptunium, plutonium, americium, and curium) 
contained in nuclear waste and significantly increasing  
uranium utilization efficiency—cannot be simultaneously 
achieved with the same reactor and fuel cycle system. The 
two goals are technically incompatible. This is because a  
nuclear reactor can only extract energy from a fixed amount 
of fissionable material per year, which depends on its power 
level. If the energy is produced by the fission of a TRU  
element that comes from nuclear waste, it cannot be pro-
duced by the fission of new fissionable materials generated 
from depleted uranium.
 To significantly reduce the high-level waste disposal  
burden, the reactor system would be designed to prioritize 
the fission of long-lived TRU isotopes extracted from nuclear 
waste—thus, most of the energy it produces would result from 
TRU fission. That is, the TRU contained in the LWR spent 
fuel stockpile would be the primary makeup source of fission-
able material for fresh fuel. On the other hand, to significantly 
increase the efficiency of uranium utilization, as discussed 
above, a reactor system must produce most of its energy by 
converting the U-238 in the depleted uranium to plutonium 
and then fissioning the plutonium. In this case, the depleted 
uranium stockpile would be the primary source of fresh  
fuel. But because the amount of energy produced per year  
in a reactor is constant, it cannot effectively use the existing 
stockpile of TRU in nuclear waste and the existing stockpile 
of depleted uranium at the same time.
 Moreover, while attaining either sustainability goal indi-
vidually may be achievable on paper, neither can be attained 
in practice over a reasonable time scale, as both would require 
a level of system performance far beyond what nuclear facili-
ties are capable of today or are likely to achieve in the fore-
seeable future. In order to make good decisions regarding the 
development of reactors systems with greater sustainability, it 
is critical that expectations for their real-world performance 
be distinguished from their theoretical performance in an 
ideal world.


High-Level Waste Reduction 


The United States has a nuclear waste problem—as do almost 
all other nations with nuclear power plants. Today, no country 
has a geologic repository ready to accept spent fuel or high-
level waste, and only Finland is constructing one for a nuclear 
power sector much smaller than that of the United States or 
other larger countries. While the United States does operate 
an underground repository—the Waste Isolation Pilot Plant  
in New Mexico—the facility accepts only TRU-containing 
wastes from military activities. It is legally prohibited from 
accepting spent fuel or high-level radioactive waste.
 Decades ago, the United States decided as a matter of 
policy to dispose of its spent fuel and high-level waste in a 
deep underground mined repository. However, for political, 
technical, and legal reasons, it has not yet been able to  
successfully build such a repository. It officially chose Yucca 
Mountain in Nevada as the repository site in 2002, and the 
DOE applied to the Nuclear Regulatory Commission for  
a construction license in 2008. Two years later, the DOE 
withdrew its application, stating that Yucca Mountain was 
not workable. Although early in former President Donald 
Trump’s tenure the DOE attempted to provide funds to  
restart Yucca Mountain project licensing at the Nuclear Regu-
latory Commission, the requests were rebuffed by Congress. 
In its budget request for fiscal year 2021, the DOE did not 
seek funding to move Yucca Mountain forward. 
 Nevertheless, the site remains the only one in the United 
States designated by law for geologic disposal of spent nuclear 
fuel. In order to prevent the disposal burden from being im-
posed on only one state, the law currently limits the capacity 
of Yucca Mountain to 70,000 metric tons heavy metal (MTHM) 
of waste. The US stockpile of waste has already exceeded  
this limit—as of mid-2017, US commercial reactor sites stored 
nearly 80,000 MTHM of spent fuel (GAO 2019). Subsequently, 
the reactor fleet has added about 2,000 MTHM of waste  
per year to this stockpile.
 However, the physical capacity of Yucca Mountain is 
four to nine times greater than maximum amount of waste it 
is legally allowed to store (Maden 2009). If the statutory limit 
were relaxed or eliminated, the United States might not need 
a second repository for centuries. A bill passed by the House 
of Representatives in May 2018 would increase the capacity 
to 110,000 MTHM, and the bill was introduced in both houses 
of Congress in the 2019-2020 session, but no votes were taken 
by either house. 
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CONSUMING NUCLEAR WASTE: THE HOPES AND CLAIMS


Given the lack of progress on spent fuel disposal, the notion 
that “advanced” nuclear reactors could consume existing  
nuclear waste is a very compelling idea to the public and  
to many policymakers. For example, Senator Sheldon White-
house (D-RI), in a floor speech in February 2016, referred to 
“advanced reactors that could actually consume spent fuel 
from conventional reactors and help us draw down our nucle-
ar waste stockpile” as “the Holy Grail” (Whitehouse 2016).
 Senator Whitehouse should not be faulted for his  
enthusiasm—many credible nuclear experts make assertions 
that NLWRs could essentially eliminate nuclear waste. For 
instance, the American Nuclear Society’s statement “Fast  
Reactor Technology: A Path to Long-Term Energy Sustain-
ability” states that for a fuel cycle with fast reactors and  
reprocessing, “virtually all long-lived heavy elements are 
eliminated during fast reactor operation, leaving a small 
amount of fission product waste that requires assured iso-
lation from the environment for less than 500 years” (ANS 
2005). This statement is echoed by a number of NLWR devel-
opers who say that their designs could “consume,” “burn,”  
or “recycle” spent fuel from LWRs. These include not only 
liquid metal–cooled fast reactors, but also gas-cooled reactors 
and molten salt reactors. One example—Argonne National 
Laboratory—has been cited above. Other examples follow.


OKLO, INC.’S FAST MICROREACTOR


Jacob DeWitte, co-founder of Oklo, Inc, testified before  
Congress that the company’s 4 megawatt-thermal fast micro-
reactor, now called the Aurora and under licensing review by 
the NRC, “can consume the used fuel from today’s reactors” 
(DeWitte 2016).


GENERAL ATOMICS’ ENERGY MULTIPLIER MODULE


General Atomics has been developing a high-temperature 
gas–cooled fast reactor—the Energy Multiplier Module (EM2), 
with a power output of 265 megawatts-electric (MWe). Ac-
cording to General Atomics, “deployed in sufficient numbers, 
EM2 is capable of substantially reducing pressures for long-
term storage and turning our waste stockpile into an impor-
tant energy resource” (GA 2019).


SEABORG TECHNOLOGIES’ COMPACT MSR


Seaborg Technologies, a Denmark-based company is devel-
oping a thorium MSR that it has also referred to as a “waste-
burner” (Seaborg Technologies 2015). The company says that 
“realizing the waste burning potential is part of Seaborg’s 
mission to make nuclear truly sustainable” (Seaborg Tech-
nologies n.d.).


TRANSATOMIC POWER’S WASTE-ANNIHILATING MSR


Another MSR startup, Transatomic Power had claimed that 
its reactor could consume nuclear waste as fuel. However, 
after errors were discovered in its analyses, it had to back-
track on the claim and lost credibility before shutting  
down in September 2018 (see chapter 7).


CONSUMING NUCLEAR WASTE: THE REALITY


The story of Transatomic Power is a cautionary tale for other 
NLWR developers who overstate the nuclear waste burning 
capabilities of their reactor systems. Unfortunately, as dis-
cussed below, it is virtually impossible to completely elimi-
nate or even significantly reduce nuclear waste by using it as 
fuel in any real reactor system. Therefore, the United States 
will need a deep geologic repository for nuclear waste regard-
less of the types of reactors it uses in the future.
 What most NLWR developers actually mean by “con-
suming” nuclear waste is using some of the components  
of spent fuel—namely, plutonium and other fissionable TRU 
isotopes—as fresh fuel in their reactors. These isotopes have 
half-lives from hundreds to millions of years. When they  
undergo fission, they primarily yield shorter-lived fission 
products such as cesium-137, with a half-life of 30 years. A 
process that could completely fission these long-lived TRU 
isotopes would greatly reduce the time the remaining waste 
would need to be isolated from the environment—but not 
enough to obviate the need for a geologic repository. For  
example, although cesium-137 would remain dangerous for 
only 300 years, instead of the 240,000 years needed for pluto-
nium-239, geologic disposal would still be necessary, since 
one cannot assume that current institutions will remain  
viable and able to safely manage an interim surface storage 
facility for even that period of time.
 But the long-lived TRU is only part of the problem. LWR 
spent fuel also contains long-lived fission products, such as 
iodine-129 (half-life: 15.7 million years), and technetium-99 
(half-life: 211,000 years) that cannot be fissioned. For decades, 
elaborate schemes have been devised to attempt to separate 
such fission products and transmute them to stable isotopes, 
but none has been implemented. Even if ultimately success-
ful, the cost and difficulty would be formidable (Chiba et al. 
2017). These fission products would also need to be geologi-
cally isolated in a deep underground repository for as long  
as some TRU isotopes.
 And in any event, it would not be practical for any real-
world system to effectively reduce the entire inventory of 
TRU to the extent necessary to eliminate or even greatly  
diminish the need for long-term deep geologic repositories, 
contrary to the American Nuclear Society and Argonne  
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National Laboratory claims cited above. Notably, it is impos-
sible to eliminate all the TRU in spent fuel—some fraction 
will inevitably end up in the waste stream and will require 
hundreds of thousands of years of geologic isolation. Never-
theless, if a system could reduce the quantity of TRU by a  
significant fraction—say, by 99 percent or more—this might 
enable a  repository to meet less stringent safety criteria,  
reducing the cost and increasing the number of technically 
suitable sites. The process would also reduce the decay heat 
of the remaining waste in the long term. Depending on re-
pository characteristics, this long-term heat reduction could 
potentially allow waste to be packed more densely in a reposi-
tory, reducing the disposal space required per unit of electric-
ity generated. (For the Yucca Mountain repository, in order  
to realize this benefit, the shorter-half-life elements cesium-137 
and strontium-90 would also have to extracted from the waste 
and stored above ground for 300 years—a questionable  
assumption, as discussed above.)
 But if the amount of TRU that is ultimately left over is 
too large, then the benefits for repository disposal would not 
be great enough to justify the cost and security risks of repro-
cessing and recycling TRU. As discussed below, although the 
amount of TRU lost to waste streams is a critical factor, one 
also must consider the total TRU amount remaining in the 
system—including the reactor cores, fuel cycle facilities, and 
storage sites. If the system shuts down in the future, all of the 
remaining material would also need to be disposed of in a reposi-
tory. But as shown below, the system would need to operate 
for hundreds or even thousands of years to reduce the total 
TRU inventory significantly. The present generation cannot 
guarantee that future generations will continue to operate, 
repair, and replace these systems for the length of time needed 
to achieve the necessary TRU reduction goal. If a reactor tech-
nology cannot significantly reduce the total TRU inventory  
in the system within a generation or two, future generations 
would still be stuck with a large stockpile of TRU—a situation 
only slightly better than the one that exists now.


INTERGENERATIONAL EQUITY


In addition to being impractical, a nuclear waste management 
strategy obligating future generations to maintain and operate 
a TRU burning system is inconsistent with the “intergenera-
tional equity” principle. According to this principle, “those 
who generate the wastes should take responsibility, and pro-
vide the resources, for the management of these materials in  
a way which will not impose undue burdens on future genera-
tions,” and “a waste management strategy should not be based 
on a presumption of a stable societal structure for the indefi-
nite future, nor of technological advance; rather it should  


aim at bequeathing a passively safe situation which places  
no reliance on active institutional controls” (NEA 1995).
 A robust geologic repository capable of containing waste 
for tens of thousands of years without the need for active  
controls and monitoring (beyond a reasonable period of  
retrievability) is arguably consistent with intergenerational 
equity. But a system requiring hundreds or thousands of years 
of costly and complex human activities to achieve its goals is 
clearly not. Our generation would bequeath to the future the 
obligation of maintaining and operating the system, without 
regard to cost and risk burdens. A TRU-burning system could 
only be consistent with intergenerational equity if it achieved 
its waste reduction goals within a few generations. The analy-
ses discussed below show that even 120 years would not be 
sufficient. 


SPENT FUEL “BURNING” REQUIRES REPROCESSING


It is also critical to realize that the term “waste burning” is an 
oversimplification that fails to convey the difficulty, cost, and 
risks of the industrial processes needed to extract re-usable 
materials from spent fuel and fabricate them into fresh fuel 
(see Box 3, p. 37). 


BURNING THE TRANSURANIC ELEMENTS (TRU)  
IN NUCLEAR WASTE


Although complete destruction of radioactive waste is not 
possible, a key question is whether the TRU in nuclear waste 
can be reduced deeply and rapidly enough to significantly 
reduce the need for deep underground repositories. Typically, 
one of the limiting factors in a geologic repository is the heat 
load of high-level waste, and the precise limits for a given  
repository will depend on its geochemical characteristics and 
design. The TRU is the primary heat source in the waste after 
several hundred years, so a reduction in the TRU content of 
high-level waste is a necessary (but not sufficient) condition 
to pack more waste in a given repository volume. Another 
limiting factor is the long-term environmental contamination 
that will occur when a repository starts leaking radioactive 
material far in the future (because any repository will even-
tually leak over time). If more waste is packed into the same 
repository space, dose rates would increase and potentially 
exceed regulatory limits for public exposure, depending on 
the nature of the repository and many other factors. 
 To address this question, one must define what consti-
tutes a “significant” reduction in TRU by a waste-burning 
system relative to LWRs operating on a once-through cycle. 
Analysts have used different standards over the decades, 
ranging from a reduction in total TRU mass by a factor of 
more than 1000 to as low as a factor of 10 (see Box 4, p. 38).
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By definition, spent fuel is discharged from a nuclear 
reactor when it can no longer be used as fuel in its current 
form. There are several reasons a nuclear fuel rod has  
a limited lifetime when irradiated in a reactor. The con-
centration of fissile material in the fuel decreases while 
the quantity of neutron-absorbing fission products 
increases—to the point when the fuel rod is unable to 
sustain a nuclear chain reaction. Irradiation increases the 
pressure inside the fuel rods (due to the generation of 
gaseous fission products) and decreases the strength of the 
metallic cladding surrounding the fuel rods until the rods 
are at high risk of rupture. A point is reached when it is  
no longer safe or productive to continue to irradiate the  
fuel rod.
 What would it entail to use the spent fuel from LWRs 
as fuel for a new reactor? No reactor concept today can 
safely use spent fuel directly as new fuel. Instead, the 
spent fuel would have to undergo some type of proces-
sing—referred to as reprocessing—before it can be  
turned into fresh fuel. 
 First, mechanical and chemical processing would be 
needed to separate to some degree the fissile components 
of the fuel, such as plutonium and other actinides, from 
other spent fuel constituents. This can be an aqueous 
process, in which the spent fuel is dissolved in an acidic 
solution, or a non-aqueous process, such as conversion  
to metal (reduction) and electrometallurgical treatment 
(pyroprocessing). As discussed in chapter 4, reprocessing 
is costly, requiring the use of shielded facilities and 
remote handling equipment. It is environmentally 
hazardous. And most importantly, it increases the risk  
of nuclear proliferation and makes bomb-usable material 
easier for terrorists to steal.
 After the spent fuel has been reprocessed to remove all 
the unusable or problematic isotopes, fresh fuel will have 
to be fabricated, with the new fuel form determined by 
the requirements of the type of reactor that will use it. 
Whether this process entails the fabrication of solid fuel 
or liquid fuel, it provides opportunities for diversion or 
theft of weapon-usable nuclear materials and therefore 
must be subject to stringent safeguards and security.


BOX 3.


Reprocessing and 
Recycling: Turning Spent 
Fuel into Fresh Fuel 


 Unfortunately, even using the least stringent reduction 
factor of 10, which was adopted by the DOE in a 2009 study,  
it would take a very long time for TRU-burning systems in 
practice to have a meaningful impact on repository require-
ments (see Box 4, p. 38). This general result has been con-
firmed by many studies of fuel cycle systems, including  
a seminal National Academy of Sciences study (NAS 1996).  
In the appendix to this report, simple models are provided  
to illustrate this important finding.


WHAT LEVEL OF WASTE REDUCTION IS POSSIBLE? 


In any real-world spent fuel reprocessing and recycling  
system, there are two primary sources of TRU-containing 
radioactive waste. First, there are process losses. Every time 
spent fuel from a reactor is reprocessed and refabricated into 
new fuel, a certain quantity of plutonium and other TRU end 
up in the waste streams. One can reduce that amount to very 
low levels, but that increases cost. Over time the mass of TRU 
that end up in unrecoverable waste streams can become sig-
nificant, even if the waste from any one cycle is very small. 
 The second source is TRU within the system that remains 
unfissioned for practical reasons. Many analyses of the waste 
reduction benefits of reprocessing and recycling only account 
for the material entering and leaving the system; they ignore 
the nuclear material within the system. This is a huge over-
sight. There will always be TRU within a nuclear power sys-
tem at any one time—in reactor cores, fuel fabrication plants, 
reprocessing plants, and interim storage facilities. However, 
unless one assumes that future generations will continue to 
operate the system (and replace old facilities) forever, eventually 
it will have to shut down, rendering unused fuel materials as 
radioactive wastes requiring geologic disposal. These materials 
need to be counted when estimating the overall reduction  
in TRU that the system can achieve. This observation was  
a key insight of the National Academy of Sciences study on 
sep-arations and transmutation of nuclear wastes (NAS 1996). 
 The National Academy of Sciences evaluated the TRU 
reduction performance of a number of burner reactors and 
associated closed fuel cycles. The study found that if all the 
TRU in both wastes and operating facilities are considered, 
these systems will have to operate for an impractically long 
time—centuries or even millennia—to achieve a 100-fold  
reduction in the total mass of TRU. 
 These results have been confirmed by many other  
detailed systems analyses. A 2009 study by the Electric Power 
Research Institute and Electricité de France assessed the  
impact of phasing in a fast reactor system operating together 
with LWRs (35 percent fast reactors and 65 percent LWRs), 
while keeping the total US nuclear generating capacity  


continued on p. 38
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A comprehensive 1996 report by the National Academy of 
Sciences concluded that in order to “have a significant effect” 
on the total mass of TRU that would require geologic disposal, 
“an entire system of many facilities would be needed in which 
all the components operate with high reliability in a synchro-
nized fashion for many decades or centuries. . . . The magnitude 
of the concerted effort and the institutional complexity . . . are 
comparable to large military initiatives that endure for much 
shorter periods than would be required” (NAS 1996). This 
report estimated in 1996 that the cost of such a system would 
be at least $500 billion (or more than $800 billion in 2020 
dollars).
 How great a reduction in the TRU inventory could justify 
the substantial expense of building and operating such a 
system over the decades or centuries that would be required? 
The National Academy of Sciences study pointed out that 
performance standards “changed markedly in recent years  
and have not been clearly defined,” but that the expectation  
of the DOE Advanced Liquid Metal Reactor Program in the 
early 1990s was a “thousand-fold reduction in the quantity of 
actinide waste going to a geologic repository” (NAS 1996). The 
study itself did not adopt a specific performance standard but 
implied that the authoring committee considered a 100-fold 
reduction as “significant” (NAS 1996).
 In 2005, the DOE adopted the objective of achieving a 
100-fold reduction in the quantity of TRU requiring disposal  
as one of the programmatic goals for its Advanced Fuel Cycle 
Initiative, which sought to develop a spent fuel reprocessing 
and recycling infrastructure in the United States (Piet et al. 
2011). The DOE observed that such a reduction would delay 
the need for a second geologic repository until the end of the 
21st century while allowing for significant nuclear power 
growth. 
 In a more recent evaluation of fuel cycle options, DOE  
scientists used a less stringent criterion—an order of magnitude 
(factor of 10) or more—to define “significant improvements” 
 in nuclear waste management and other nuclear power 
metrics relative to the LWR once-through cycle, including 
repository decay heat load (Wigeland et al. 2009). Their logic 
was that “significant benefits” should be those “resulting in  
an improvement that is clearly larger than the uncertainties . . . 
typically an order of magnitude or greater” (Wigeland et  
al. 2010).


BOX 4.


What Level of Transuranic Reduction in Radioactive 
Waste Would Make a Real Difference?


 While it is difficult to define an objective standard because 
these assessments are so complex and uncertain, the present 
report will reference the DOE factor of 10 as the standard for  
a significant reduction in TRU. However, this standard is ques-
tionable, given that the analyses used to calculate the actual 
TRU reduction in a given system have large uncertainties and 
are highly sensitive to various assumptions. For example, one 
study finds that the estimated increase in Yucca Mountain 
repository capacity gained from reprocessing and TRU recy-
cling (which is a function of the TRU reduction factor) would 
decrease by a factor of 50 as the assumed separation efficiency 
of TRU and fission products from waste decreases from 99.99 
percent to a more realistic 99.0 percent (Wigeland et al. 2006). 
Thus, it is not apparent that a calculated improvement of a 
factor of 10 would be “clearly larger than the uncertainties.” 
 Moreover, it is not clear that a TRU reduction factor of   
100 or even 1000 would be sufficient to meet waste disposal 
objectives. The original goal of the DOE’s Advanced Liquid 
Metal Reactor Program was to reduce the quantity of TRU 
elements in a repository to below the release limits stipulated 
by 40 CFR 191, the Environmental Protection Agency rule  
for geologic repositories (other than Yucca Mountain), which 
would require a reduction in plutonium-239 by a factor of 
more than 3000 (NAS 1996). In the realm of hazardous waste 
disposal, the standard for effective destruction of toxics is 
even higher. For example, a factor of one million (a 99.9999 
percent reduction) is used by the Environmental Protection 
Agency as a standard for the destruction of dioxin, a long-lived 
and highly hazardous substance. No TRU reduction scheme  
is capable of achieving such a dramatic goal, no matter how 
long the system is operated.
 Lastly, transmutation is not the only means of achieving  
an increase in the capacity of a repository. For example, it has 
been estimated that the long-term decay heat reduction from  
a 1000-fold reduction in the TRU mass in high-level waste 
would allow only a five-fold increase in Yucca Mountain 
capacity unless cesium-137 and strontium-90 are removed  
for above-ground storage (Wigeland et al. 2006). Given that 
the physical capacity of Yucca Mountain may be as great as 
nine times the current legal capacity (and assuming that the 
project is still viable), changing the law would be far cheaper 
than developing a TRU-burning system but would have an 
immediate impact on the quantity of waste that could be 
buried there. 
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constant (Machiels, Massara, and Garzenne 2009). The study 
found that the system would have to operate for 70 years to 
reduce the total TRU mass in the system by just a factor of 
two relative to the once-through cycle used by LWRs. To  
reduce the TRU mass by a factor of 10 would require   
continuous operation for 632 years. 
 It is clear from these estimates why a 2009 DOE study 
concluded that (assuming a factor-of-10 standard for signifi-
cance) “continuous recycle appears to be the only practical 
fuel cycle strategy that can significantly affect waste manage-
ment issues for [used nuclear fuel] and [high-level waste],  
but only if all of the TRU is recycled, leaving only fission 
products and residual amounts of TRU in the [high-level 
waste]” (Wigeland et al. 2009). Any leftover spent fuel would 
count against the system’s overall capability for TRU reduc-
tion. Or, as an Idaho National Laboratory article in 2011  
simply put it, “significant material accumulates throughout 
the system during recycling; thus achievement of high waste 
management benefits depends on continuation of recycling. 
Do not stop!” (Piet et al. 2011). Therefore, the system would 
have to operate forever. Such an exhortation is clearly  
inconsistent with the intergenerational equity principle. 
 The basis for these conclusions can be illustrated 
through relatively simple models. In the appendix to this  
report, examples are provided that demonstrate why it  
takes so long for a fast reactor system to burn up a signifi- 
cant fraction of its TRU fuel. Using optimistic performance 
assumptions, a fast neutron reactor operating as a TRU burner 
for 120 years would only reduce the total amount of TRU  
in the system by a factor of around eight—below the DOE’s 
factor-of-10 standard for a significant reduction.
 In summary, while the idea of burning nuclear waste 
sounds appealing on the surface, such burning cannot be 
done quickly or efficiently enough to be an effective waste 
management strategy. The marginal benefits of developing 
and deploying systems for TRU burning do not justify taking 
on the proliferation, security, and safety risks of reprocessing 
and recycling spent fuel.


Uranium Utilization Efficiency


LWRs that are operated on a once-through cycle use only 
about 0.6 percent of the uranium mined for their fuel for en-
ergy. The remainder—more than 99 percent—is contained in 
the reactor’s spent fuel (around 10 percent) and the depleted 
uranium produced by enriching natural uranium for reactor 
fuel ( just under 90 percent). 
 Some argue that the LWR once-through cycle is ineffi-
cient and wasteful, and should be replaced by fast breeder 


reactors and a closed fuel cycle with reprocessing (Lynas 
2011). They claim that this unsustainable use of uranium  
will eventually deplete the resource. 
 This argument has been cited by the International  
Atomic Energy Agency. In June 2018, then-director general  
of the agency, the late Yukiya Amano, said that although 
“identified uranium resources are sufficient for well over  
100 years of supply . . . the current over-supply may not last 
forever. It is therefore important that this vital resource is 
mined, produced, and managed sustainably.” He pointed to 
“promising work . . . underway on new generations of nuclear 
power reactors that require less uranium” (Amano 2018). 
Along the same lines, in a 2014 study, DOE researchers ad-
opted the following objective for improved natural resource 
utilization in nuclear fuel cycles: “on a per unit energy basis, 
[a] reduction in the amount of fuel resources needed by a  
factor of 100 or more” compared to the once-through  
LWR fuel cycle (Wigeland et al. 2014). 
 But is it really critical for the future of nuclear power to 
develop fuel cycles that use less uranium? The cost of uranium 
is only a small component of the cost of electricity to begin 
with (WNA 2020). And the world is not in danger of running 
out of uranium any time soon, even if nuclear power expands 
according to the most recent IAEA “high case” projections, and 
uranium remains so cheap that there is no economic incen-
tive to use it more efficiently. The up-front capital investment 
needed to build a fast breeder reactor system and associated 
fuel cycle facilities would be substantial, but significant ben-
efits to a nuclear utility’s bottom line would not be realized 
until the price of uranium is far higher than it is today,  
which is likely to be a long time from now (see chapter 5).
 Nevertheless, as discussed above, conserving natural  
resources could be a worthwhile goal even if not warranted 
by current market conditions. And there are other benefits  
to using uranium more efficiently. Doing so would reduce the 
need for uranium mining, which is dangerous for workers and 
pollutes the environment, and would perhaps even reduce the 
demand for enrichment, a proliferation-sensitive part of the 
nuclear fuel cycle. However, the safety and proliferation risks 
of uranium mining and enrichment could also be reduced by 
more stringent regulatory controls and nuclear material safe-
guards—which would likely be less costly than developing 
and deploying more uranium-efficient reactors. 
 Thus, developing advanced reactors and fuel cycles  
that use uranium more efficiently is not essential for nuclear 
power’s future, but could be beneficial, provided they do  
not increase proliferation, terrorism, and safety risks and  
are cost-effective compared to alternatives for reducing  
the impacts of uranium mining. 


continued from page 116
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IMPROVING URANIUM UTILIZATION


The uranium utilization efficiency of a reactor is generally 
defined as the ratio of the amount of heavy metal (e.g., uranium 
or plutonium) that undergoes fission (and hence releases  
energy) over the reactor’s lifetime to the mass of natural
uranium that was used to produce all the reactor’s fuel. The 
amount of heavy metal fissioned includes both the direct fission 
of uranium isotopes (primarily U-235) and the fission of plu-
tonium and other TRU produced through neutron absorption 
by U-238 and heavier nuclei. Since there is a very low prob-
ability that U-238, the major component of natural uranium, 
will undergo fission, to use natural uranium most efficiently,  
a reactor and fuel cycle system must convert as much U-238 
to plutonium as possible and then fission as much of that  
plutonium as possible to release energy. 
 To calculate uranium utilization efficiency correctly, it is 
necessary to account for the entire amount of natural uranium 
used to produce all the fuel a reactor will need over its life-
time. This includes not only fuel that is periodically fed into 
the reactor when it reaches steady-state operation, but also 
the fuel for the startup core and for the intermediate cycles 
during the transition to steady-state operation. The latter 
contribution is particularly important for some reactor sys-
tems that can take many years or even many decades to reach 
a steady state. The uranium utilization efficiency is then de-
fined as the total amount of heavy metal fissioned over the 
lifetime of the reactor divided by the total amount of natural 
uranium required (Yu et al. 2019). Also if a reactor uses tho-
rium fuel, as do some NLWRs discussed in the present report, 
then the amount of natural thorium required should also  
be included. In that case, the parameter of interest is the  
“natural resource” utilization.
 There are two reasons why the uranium utilization  
efficiency of current LWRs is so low. First, as discussed in 
chapter 2, the amount of heat energy that can be extracted 
from a given mass of fuel (the burnup) is limited. Second, the 
enrichment process results in the generation of a large stock-
pile of depleted uranium that is not usable as LWR fuel (and 
is thus a waste product) unless it is enriched, which is not 
economical as long as the uranium price remains low. 
 One reason why the burnup of fuel in LWRs is limited  
is that the proportion of fissile isotopes decreases as the fuel 
is irradiated. An insufficient quantity of new fissile isotopes, 
such as plutonium-239, are generated to compensate for the 
reduction in the quantity of U-235 in the fresh fuel that is 
fissioned.
 As discussed above, spent fuel discharged from an LWR 
at a typical burnup of around 50,000 megawatt-days of thermal 
energy per ton of heavy metal has a U-235 content of less than 


1 percent by weight and a total plutonium content of just over 
1 percent by weight. The spent fuel also contains about 0.1 
percent of other TRU, such as americium-241. The balance, 
around 93 percent, is almost entirely U-238. This means that 
95 percent of the remaining heavy metal in the fuel (primarily 
U-238, U-235, and plutonium) was not used to produce energy 
and is contained in the waste. In addition, the leftover U-238 
in spent fuel is only a fraction of the unused U-238 in the 
LWR fuel cycle. When natural uranium is enriched in the 
U-235 isotope for producing LWR fuel, a large stockpile  
of depleted uranium (containing greater than 99.7 percent 
U-238) is created, which is typically discarded as waste. 
A typical 1000 MWe LWR operating at 90 percent capacity 
and an 18-month refueling cycle requires around 20 metric 
tons of LEU fuel each year (at 4.5 percent U-235). About 180 
metric tons of natural uranium would be enriched to produce 
this fuel annually. This reactor would fission a little more 
than one metric ton of heavy metal per year. The uranium 
utilization is therefore about 1 metric ton/180 metric tons = 
0.6 percent. 
 However, this refueling strategy, which is typical for  
US LWRs today, is not optimized for efficient uranium use, 
but instead for maximizing the capacity factor by increasing 
burnup. Higher burnup fuel can be used for a longer time, 
increasing the cycle length and decreasing the average outage 
time for refueling between cycles. The same LWR in the pre-
vious example could operate on a yearly refueling cycle with 
a smaller required uranium enrichment (3.3 percent U-235) 
and fuel burnup. This refueling strategy would use only about 
160 metric tons of natural uranium feed to generate the same 
amount of energy, increasing the uranium utilization by  
about 10 percent.
 This example illustrates an important fact: uranium  
utilization is not necessarily improved if burnup is increased 
only through using higher enrichment fuels, because more 
depleted uranium will also be generated. This is why high-
temperature gas–cooled reactors do not use uranium more 
efficiently than LWRs even though their fuel can achieve 
higher burnups than LWR fuel (see chapter 6). This is also 
true for conventional sodium-cooled fast reactors such  
as the TerraPower Natrium (see chapter 5).
 How then can a fast reactor extract 100 times the 
amount of energy from a given quantity of uranium ore as  
an LWR does, as Argonne National Laboratory claims? This  
is only possible for a fast reactor operating in a breeding 
mode in a closed fuel cycle with reprocessing. Recall that the 
quantity of uranium and plutonium in LWR spent fuel com-
prises only about 10 percent of the mass of uranium mined to 
produce the fuel, while the remaining 90 percent is primarily 
bound up in depleted uranium tails. To achieve a 100-fold  
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increase in efficiency—that is, a uranium utilization of 60 per-
cent—the reactors not only would have to fission all of the 
uranium and plutonium in LWR spent fuel, but also would 
have to convert 50 percent of the depleted uranium generated 
to produce the LWR fuel into plutonium and fission it com-
pletely. As shown below, this is a formidable task in practice. 


THE FAST BREEDER FUEL CYCLE 


The goal of the breeder reactor fuel cycle is to maximize  
natural uranium utilization by converting as much U-238 to 
plutonium as possible. However, to fully utilize the U-238 in 
LWR spent fuel in a fast reactor, it must be separated from  
the spent fuel through reprocessing, fashioned into targets 
(known as blankets), loaded into the reactor, and bombarded 
with neutrons. The depleted uranium tails also must be pro-
cessed and fabricated into blanket fuel, but do not require 
reprocessing because the material is not irradiated. 
 Since the blanket material alone cannot sustain a chain 
reaction, the fast reactor must also be loaded with driver fuel. 
The preferred fissile fuel for a fast breeder reactor is pluto-
nium, which can be obtained from reprocessing LWR spent 
fuel. Plutonium fission produces more extra neutrons in a fast 
spectrum that can be used to convert U-238 to additional plu-
tonium. It is theoretically possible to breed more plutonium 
(and other TRU) in a fast reactor cycle than are consumed 
through fission (hence the name “breeder reactor”). The  
excess TRU generated by a breeder could be used as startup 
fuel for a new reactor.
 The plutonium and other TRU bred in the blankets, as 
well as leftover uranium, would then be separated by repro-
cessing and used to fabricate fresh fuel. More blankets would 
then be loaded into the core and the process repeated. How-
ever, the process would not become self-sustaining until the 
system had reached a steady state, which could take several 
operating cycles. 
 Before a fast breeder reactor system becomes self- 
sustaining, it would need an external supply of plutonium 
obtained by reprocessing LWR spent fuel. But the process  
of enriching the fresh fuel needed for the LWRs generates  
a huge stockpile of depleted uranium. This stockpile must  
be accounted for in assessing the true uranium utilization 
efficiency of the system. 


URANIUM UTILIZATION EFFICIENCY OF THE  
FAST BREEDER SYSTEM


In theory, the fast breeder system could achieve 100 percent 
uranium utilization efficiency, but only if the spent driver  
and blanket fuel from the fast reactor were repeatedly repro-
cessed; all of the recovered uranium, plutonium, and other 
TRU was recycled; and all of the U-238 contained in the origi-
nal ore were converted to fissionable material that is fissioned 
to produce energy. (In practice, as with burner reactor cycles, 


the unavoidable process losses—TRU that is discharged to  
the waste stream without being converted to energy—provide 
an upper bound to the utilization efficiency.)
 However, using the model given in the appendix, one can 
show that it would take a very long time for a breeder reactor 
to convert a large fraction of the initial stockpile of depleted 
uranium to plutonium and utilize it to generate energy. Since 
the reactor would require only a small amount of the depleted 
uranium stockpile each year, the system of reactors and fuel 
cycle facilities could only utilize the entire quantity if they 
were rebuilt periodically and operated continuously for  
thousands of years.
 According to the model (see appendix), 14,750 metric 
tons of natural uranium would have to be mined and enriched 
to fuel the LWRs needed to produce the plutonium for the 
initial cores of a 1000 MWe fast breeder reactor. At steady-
state, the system would only require an input of 1.1 metric 
tons of depleted uranium each year. At this rate, the depleted 
uranium stockpile could fuel this fast reactor for nearly 
12,000 years. At first glance, this seems like an amazing  
resource. And since the 1000 MWe reactor (operating at an  
85 percent capacity factor) would fission about 0.8 metric  
ton of heavy metal per year, it would appear that the reactor’s 
uranium utilization efficiency is about 80 percent (0.8 metric 
tons of fission/1.1 metric tons of uranium).
 However, it should be clear now that this is a misleading 
picture. According to the definition of uranium utilization 
efficiency presented above (Yu et al. 2019), the total amount 
of mined uranium used to produce the plutonium fuel for the 
fast breeder reactor over its lifetime must also be included. 
Using this definition, uranium utilization efficiency of the 
1000 MWe PRISM fast breeder reactor operated for a 60-year 
period at 85 percent capacity would be about 50 metric tons 
of fissioned heavy metal/14,750 metric tons of natural ura-
nium, or 0.34 percent—even less than that of an LWR. The 
annual uranium utilization would be less than 0.006 percent. 
For a breeder reactor to achieve a uranium utilization effi-
ciency of 60 percent as claimed by Argonne—a 100-fold  
increase in efficiency of uranium use over LWRs—future  
generations would have to continue to operate, maintain, and 
replace fast breeder reactors and their associated fuel cycle 
facilities for thousands of years (around 11,000 years in the 
above example). 
 This is similar to the example for a TRU burner fuel  
cycle discussed earlier, which would also require hundreds  
or thousands of years to achieve its performance goal. But if a 
future generation were to decide not to continue to building 
and operating breeder reactors, then the remaining depleted 
uranium stockpile would not be utilized. Instead of a resource, 
it once again would be rendered a waste product. 
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 Analyses of more detailed models confirm that the actual 
uranium utilization rate during a transition to a fast-breeder 
based reactor system would be far below 100 percent for  
hundreds of years. Department of Energy researchers have 
shown that when dynamic considerations are taken into account, 
such as the time lag required for spent fuel to be cooled, repro-
cessed, and refabricated into fresh fuel, the rate at which fast 
reactors can replace LWRs is significantly lower than indicated 
through static calculations (Piet et al. 2011). Consequently, 
even for the highest breeding ratio fast reactor considered 
(BR=1.75), the uranium utilization of the system would be at 
best no more than twice that of the LWR once-through cycle 
(1.2 percent) by the year 2100 and only 10 times more (6 per-
cent) by 2200 (Piet et al. 2013). This assumed, optimistically, 
that all fast-reactor fuel would be reprocessed and recycled 
on site within a two-year period. For a more realistic 11-year 
lag period, the analysis found that the uranium utilization 
efficiency would only be 1.3 and 1.9 times more than the  
once-through cycle by 2100 and 2200, respectively. When 
process losses of uranium and other actinides to waste from 
reprocessing and fuel fabrication are taken into account,  
the closed fuel cycle becomes even less uranium-efficient.


BURNERS ARE NOT GOOD BREEDERS, AND VICE VERSA:  
THE DIFFICULTY OF MEETING BOTH SUSTAINABILITY 
GOALS SIMULTANEOUSLY


As discussed earlier, some fast reactor developers (such as 
Argonne National Laboratory) claim that their systems can 
simultaneously achieve two main goals of sustainability: the 
ability to greatly increase uranium utilization and to recycle 
the TRU in spent fuel. In the appendix to this report, it is 
shown why that is not possible. A system can be optimized 
either for increased uranium utilization (breeding) or for  
recycling TRU (burning), but cannot do both effectively  
at the same time.
 The reason for this is simple: to use uranium most effi-
ciently, a reactor and fuel cycle system must convert as much 
U-238 to plutonium as possible and then fission as much of 
that plutonium as possible to release energy. In contrast, to 
most efficiently fission TRU extracted from LWR spent fuel, 
the system must convert as little U-238 into new plutonium 
and other TRU as possible. TRU burners use only slightly 
(about 25 percent) less uranium than LWRs (Piet, Hoffman, 
and Bays 2010). The present study was unable to identify a 
system that could meet the criteria for significant reductions 
in TRU mass and efficient use of natural uranium 
simultaneously.
 The reactors and fuel cycles described above represent 
attempts to improve nuclear power sustainability through 
reprocessing and recycling spent fuel. However, as dis- 
cussed in chapter 4, those activities raise serious nuclear  


proliferation and terrorism concerns, by rendering weapon-
usable materials susceptible to theft or diversion. In light of 
that, it is prudent to consider ways to improve the sustainabil-
ity of the once-through cycle without increasing proliferation 
and terrorism risks. If the current once-through fuel cycle 
could be modified to be more sustainable, the most compel-
ling  arguments for adopting a closed fuel cycle would no  
longer apply. 
 As discussed in chapter 8, it may be possible to develop 
reactors that can use uranium much more efficiently than 
current reactors on a once-through basis. Unfortunately, it is 
not likely that this can be accomplished by improving LWR 
technology because of the physical limits on burnup for con-
ventional uranium oxide fuel and cladding. But as seen above, 
even if an LWR could fission 100 percent of its fuel, that 
would amount to only about 10 percent of the amount of  
natural uranium mined to produce the fuel. The remainder 
would be the depleted uranium left over from the enrichment 
process, which cannot be used in LWRs without re-enriching 
it or adding other fissile materials obtained from reprocess-
ing, such as plutonium. Moreover, increasing fuel burnup 
alone does not increase uranium utilization if higher levels  
of enrichment are needed to enable higher burnup, because 
then even more depleted uranium would be generated  
(Kim and Taiwo 2010).  
 Therefore, to substantially increase uranium utilization 
in the once-through cycle, reactor systems would have to  
increase fuel burnup without an increase in the required level 
of uranium enrichment. Compared to current LWRs, such 
reactors would need to convert more U-238 to plutonium  
and fission more of that plutonium for energy. In addition, the 
reactors would have to be able to use U-238 as a fuel material, 
in order to utilize the inventory of depleted uranium tails. 
This approach is referred to as breed-and-burn. To date, the 
only reactor designs shown in theory to be capable of true 
breed-and-burn operation are fast reactors because extra 
neutrons are available for U-238 conversion in a fast spectrum. 
The TerraPower traveling wave reactor, which is a liquid  
sodium–cooled fast reactor, is the most prominent example. 
The TerraPower Natrium reactor, which is a once-through 
fast reactor with a conventional refueling cycle, is less  
uranium-efficient than an LWR (see chapter 5). 
 As discussed further in chapter 8, the uranium utiliza-
tion efficiency of a successful breed-and-burn system would 
compare favorably to that of a fast-breeder fuel cycle, but 
without the need to separate and recycle weapon-usable 
TRU. In our assessment, the avoidance of reprocessing is a 
major selling point for breed-and-burn reactors. However, 
significant technical and safety challenges remain, and it is 
not clear at this time whether such reactors will be viable. 
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Nuclear Proliferation and Terrorism  
Risks of Nuclear Power


[ chapter 4 ]


Technologies for generating peaceful nuclear power are dual-
use: they can also be used to produce the materials needed to 
make nuclear weapons. Nations that possess civilian uranium 
enrichment or spent fuel reprocessing technologies also have 
the means to produce fissile materials for nuclear weapons. 
The landmark Nuclear Non-Proliferation Treaty allows the 
186 non-nuclear weapon state parties to possess dual-use  
nuclear facilities for peaceful purposes, but prohibits those 
states from acquiring nuclear weapons. The International 
Atomic Energy Agency (IAEA) is tasked with implementing  
a safeguards system to verify that nations are not diverting 
nuclear materials from declared nuclear facilities which 
could be used to produce nuclear weapons. In some states, 
the IAEA also has the authority to verify the absence of  
undeclared facilities or materials. The IAEA conducts safe-
guards inspections intended to detect the diversion of  
such materials in a timely manner. 
 The five nuclear weapon states—the United States,  
Russia, France, China, and the United Kingdom—are not  
obligated to accept IAEA safeguards, but can volunteer indi-
vidual facilities for safeguards by placing them on an “eligible 
facilities list.” The IAEA, however, does not generally imple-
ment safeguards in nuclear weapon states due to a lack of 
resources. 
 The IAEA applies safeguards to “special fissionable  
materials,” which consist of enriched uranium, plutonium, 
and uranium-233 (U-233), as well as source materials such as 
natural uranium that can be used to produce special fission-
able materials. Of these, it defines highly enriched uranium 
(HEU) and plutonium (containing less than 80 percent pluto-
nium-238) and U-233 as “direct use materials.” HEU and  
plutonium are the materials that are believed to fuel all of  


the world’s nuclear arsenals, but U-233 is also weapon-usable. 
In addition, certain transuranic isotopes such as neptunium-237 
and americium-241 are weapon-usable, but they are considered 
“alternative” nuclear materials and are not in the scope of IAEA 
safeguards. Instead, the IAEA requests that states voluntarily 
track and report information about any stocks they possess.
 As discussed in chapter 2, natural uranium consists  
primarily of a mixture of two uranium isotopes: U-238  
(99.3 percent) and U-235 (0.7 percent). HEU is uranium with 
20 percent or more of the isotope U-235; low-enriched ura-
nium (LEU) has less than 20 percent U-235. It is extremely 
impractical, but not impossible, to make a nuclear weapon 
with LEU enriched to above about 10 percent U-235. 
 Current light-water reactors (LWRs) use LEU enriched 
up to about 5 percent U-235. However, facilities that enrich 
natural uranium to produce LEU for use in power plant fuel 
can be readily reconfigured to make HEU. Consequently,  
civilian enrichment facilities in Nuclear Non-Proliferation 
Treaty non-nuclear weapon states (and in some nuclear 
weapon states as well, on a voluntary basis) are under IAEA 
safeguards to verify that they are not being misused to  
produce HEU.
 The potential for Iran to use its uranium enrichment  
facilities to develop nuclear weapons was a major reason for 
the international concern that led to the 2015 Joint Compre-
hensive Plan of Action—the so-called Iran Deal. While Iran 
had announced its intention to produce only LEU, it could  
be capable of using its enrichment facilities to produce HEU. 
However, the physical limits on its uranium holdings and  
enrichment capacity that were stipulated in the Joint Com-
prehensive Plan of Action increased the “breakout” time it 
would have taken Iran to produce enough HEU for a nuclear 
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these standards spent fuel typically remains self-protecting 
for about 100 years. 
 An additional reason that spent fuel is difficult to steal  
is that it exists in the form of large and heavy assemblies.  
Today’s pressurized-water reactors typically have fuel assem-
blies that are roughly 15 feet long and weigh 1000 pounds, or 
about 450 kilograms (kg). A single pressurized-water reactor 
fuel assembly contains around five kg of plutonium: about one 
percent by weight. It is the combination of its radioactivity, 
size, and dilution that makes spent fuel an unattractive target 
for thieves seeking to obtain plutonium. 
 Thus, reprocessing extracts plutonium from an object 
that is very difficult to steal and converts it to a form that 
could be more easily stolen while it is being processed, stored, 
or transported. Theft could be carried out by an external at-
tacking force, an insider, or both working together. A covert 
insider theft might not be detectable for a long time because 
it is not possible to precisely measure the plutonium in a  
reprocessing facility, and therefore determine whether  
any is missing, while the plant is operating. 


International Standards for Detecting   
Diversion of Nuclear Materials and   
Protecting Them from Theft


Because peaceful nuclear technologies can be misused,  
stringent controls are needed to help ensure that civil nuclear 
power does not facilitate the spread of nuclear weapons to 
non-nuclear states or terrorists. These controls include (1) 
international safeguards to detect and thereby deter nuclear 
proliferation by countries, and (2) domestic security and  
nuclear material accounting measures to deter theft by  
sub-national terrorist groups. 


SAFEGUARDS AND MATERIAL ACCOUNTANCY


International safeguards are applied by the IAEA in countries 
with which it has legal agreements to verify that nuclear ma-
terials are not being diverted for undeclared use. This includes 
all the non-nuclear-weapon states that are party to the Nuclear 
Non-Proliferation Treaty that have nuclear facilities. In addi-
tion, the five nuclear weapon states (United Kingdom, China, 
France, Russia, and the United States) have voluntarily  
accepted safeguards on some of their civil facilities. 
 The IAEA’s fundamental objective is “timely detection” 
of the diversion of a “significant quantity” (SQ) of weapons 
material—nominally the approximate quantity needed to 
make a first-generation nuclear weapon, taking into account 
process losses. For instance, it should be able to detect the 
abrupt diversion of one SQ of plutonium or HEU within one 


weapon. After the United States withdrew from the agree-
ment in 2018 and launched an airstrike that killed Iranian 
general Qassem Soleimani in January 2020, Iran announced 
that it would no longer abide by the Joint Comprehensive 
Plan of Action’s operational restrictions on its nuclear pro-
gram that had increased its breakout time (Zarif 2020).  
Although repairing the damaged relationship between the 
United States and Iran will be difficult, hopefully the Biden 
administration will be able to salvage the Iran Deal and  
restore its constraints on Iran’s nuclear program. 
 A second route for nuclear proliferation is provided by 
civil reprocessing facilities, which use chemical processes to 
extract plutonium from spent reactor fuel. While the purpose 
of civil reprocessing is to separate plutonium that could be 
used in fresh nuclear reactor fuel (the “burning” of nuclear 
waste, as discussed in chapter 3), such plutonium could also 
be used to produce nuclear weapons. Indeed, nuclear reactors 
and reprocessing were first developed during the Manhattan 
Project to produce plutonium for nuclear weapons. 
 Reprocessing facilities present a greater risk than enrich-
ment plants that produce only LEU. While a large uranium 
enrichment plant could be readily reconfigured to produce 
HEU, it would be difficult to do covertly, and there would  
be some time delay before sufficient HEU were available.  
In contrast, a nation that possesses a stockpile of separated 
plutonium has a readily available supply of material that it 
could immediately use to produce nuclear weapons, should  
it decide to do so. 
 Moreover as discussed below, it is feasible to surrepti-
tiously divert enough plutonium to build a nuclear weapon 
from a commercial-scale reprocessing or plutonium fuel fab-
rication plant without timely detection by the IAEA. At such 
facilities, which could process several tons of plutonium each 
year, the measurement uncertainty alone could amount to  
far more than the relatively small amount of plutonium   
needed to produce a weapon.
 In addition to its proliferation risk, reprocessing spent 
nuclear fuel makes it easier for terrorists to steal weapon-
usable plutonium. In contrastto separated plutonium, un- 
reprocessed spent fuel contains highly radioactive fission 
products and must be shielded from human access and han-
dled remotely using specialized equipment. For this reason, 
spent fuel is considered “self-protecting,” in that anyone trying 
to steal it in a practical scenario would likely receive a high 
enough dose of radiation to cause a serious or even fatal  
injury. The Nuclear Regulatory Commission’s current thresh-
old for “self-protection” is 100 rem of radiation per hour for 
someone standing three feet away. The IAEA standard is sim-
ilar but uses a distance of 1 meter, or 3.3 feet. Although  
the radioactivity of spent fuel declines over time, under  
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month. The SQ value for plutonium is 8 kg; for HEU, it is  
a quantity of total uranium containing 25 kg of U-235.
 The foundation of safeguards is material accountancy: 
the measurement of a facility’s material inputs, outputs,  
and in-process inventory, to determine whether there is  
any  “material unaccounted for” (MUF) and how large it is. 
Because all techniques to measure or estimate quantities of 
nuclear materials have uncertainties, and because nuclear 
material can get stuck in parts of facilities that are hard to 
access, there will always be a non-zero value of MUF. The 
challenge for IAEA safeguards inspectors is to determine,  
on a statistical basis, whether a given MUF represents an  
actual diversion of material or whether there is an innocent 
explanation for it. 
 Trying to detect a genuine diversion of one SQ of pluto-
nium in a timely manner is a tough job at large commercial 
reprocessing plants, which separate many hundreds of SQs 
each year. For instance, at the still-unfinished Rokkasho re-
processing plant in Japan, which was designed to separate 
8000 kg of plutonium each year, a diversion of more than  
25 SQs—enough to make three first-generation nuclear  
weapons—would have to occur before the IAEA could con-
clude with 95 percent confidence that the resulting MUF  
was not due to a statistical error and therefore could be  
a sign of a diversion.
 Over the last 25 years, several examples of large pluto-
nium MUFs that went undetected for months or even years 
have come to light at plutonium-processing facilities around 
the world. These include the Tokai Reprocessing Plant in  
Japan in 2003 (206 kg of plutonium), the Thermal Oxide  
Reprocessing Plant (THORP) in the United Kingdom in 2005 
(190 kg), and the Cadarache plutonium fuel production plant 
in France in 2002 (39 kg) (Kuperman, Socolow, and Lyman 
2014). These examples underscore the inherent difficulty  
of achieving safeguards goals at such bulk-handling facilities.
 Because the IAEA cannot meet its detection goals at 
bulk-handling facilities using material accountancy alone, 
 it supplements this with “containment and surveillance” 
measures. These measures, which include closed-circuit 
television cameras and seals on nuclear material containers, 
are intended to ensure that no unauthorized movement of 
nuclear materials has taken place. However, these measures 
cannot fully compensate for inaccurate or slow material  
accountancy measures, as discussed below. 


SECURITY


Unlike international safeguards, protecting nuclear facilities 
from sub-national terrorist attacks, such as theft of weapon-
usable materials or radiological sabotage—is regarded by the 


international community as a sovereign responsibility.  
Security measures include “guns, guards, and gates” to pro-
tect against external threats, as well as measures to mitigate 
insider threats such as background checks for personnel.  
Nuclear plant security is also increasingly being challenged 
by emerging threats such as cyberattacks and malevolent use 
of aircraft such as drones. States are also responsible for 
maintaining material accountancy measures so that nuclear 
facility operators can determine whether terrorists are steal-
ing nuclear material, or to quickly resolve claims of theft that 
could be used for blackmail. (The accounting systems devel-
oped by states also play a dual role by providing data to IAEA 
inspectors for verifying compliance with their safeguards 
agreements, although state regulators may have different  
performance standards for those systems than the IAEA.) 
  The Nuclear Regulatory Commission (NRC), which  
has oversight over US commercial nuclear facilities, classifies 
the most sensitive nuclear materials containing plutonium, 
enriched uranium, and U-233 as Category I, II, and III, and 
has developed security standards for each category. These 
categories depend on the type of nuclear material, the quan-
tity, and whether the material is irradiated to the self-protec-
tion standard defined above (but not on other factors such  
as whether the material is pure or diluted with another sub-
stance). The highest level of physical protection, Category I, 
is applied to certain quantities of materials that can be direct-
ly used in the manufacture of nuclear weapons. For example, 
2 kg or more of unirradiated plutonium, and 5 kg or more of 
U-235 contained in HEU, fall under Category I. In contrast, 
the highest security category for low-enriched uranium with 
a U-235 content below 10 percent—which includes LWR 
fuel—is Category III. And 10 kg or more of uranium with a 
U-235 content from 10 percent to below 20 percent—defined 
in this report as high-assay LEU (HALEU)—is considered  
a Category II quantity, with an intermediate security risk. 
 The Department of Energy (DOE), in managing the  
nuclear materials under its control, uses a more complex  
security scheme that, in addition to considering the type and 
amount of material, also takes into account the material’s 
physical and chemical properties. These characteristics are 
relevant to the material’s attractiveness to someone seeking  
to build a nuclear bomb. Attractiveness is based on consider-
ations such as whether the material could be used to make  
a weapon directly or would need further refinement. And if 
the material requires refinement, the attractiveness ranking 
accounts for how difficult and hazardous it would be to steal, 
transport, and process it. Such considerations, however,  
are subjective and depend on the assumed capabilities  
of terrorists.
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 The Nuclear Non-Proliferation Treaty and IAEA safe-
guards do not include prevention of nuclear terrorism within 
their scope, in accordance with the belief that security should 
be a national responsibility. A different international instru-
ment, the amended Convention on the Physical Protection of 
Nuclear Material, obligates its parties to ensure that nuclear 
facilities within their borders, as well as international trans-
ports, meet a basic set of security standards. The convention 
incorporates a material security categorization scheme simi-
lar to that of the NRC. However, unlike the Nuclear Non- 
Proliferation Treaty, the convention does not contain any 
mechanisms for the enforcement of its provisions. 


NLWRs: Enrichment Issues


Weapon-usable HEU has been commonly used as a fuel for 
NLWRs. In the past, fast reactors such as the Experimental 
Breeder Reactor-II (EBR-II) in Idaho; molten salt reactors 
such the Molten Salt Reactor Experiment; and high-tempera-
ture gas–cooled reactors, including Fort St. Vrain, have all 
used HEU. Fast reactors operating today, including the Rus-
sian BN-600 and BN-800, continue to use full or partial cores 
of HEU fuel. Historically, designers preferred the use of HEU 
for technical reasons and discounted the security risks. Today, 
however, there is greater awareness of the proliferation and 
terrorism risks of HEU use. Deploying new reactors that use 
HEU would violate a growing international norm discourag-
ing the civil use of HEU. As a result, NLWRs that might  
have used HEU in the past are being designed today to use  
LEU instead. 
 However, many NLWR designs today require high-assay 
LEU (HALEU) because they need higher fissile enrichments 
and burnups than LWRs (see chapter 2). Recall that HALEU 
is defined as LEU with an enrichment from 10 percent to  
below 20 percent U-235, in accordance with a working defini-
tion used by the URENCO uranium enrichment consortium 
(see endnote 8). Proposed reactors that would use HALEU 
include the Oklo liquid-metal–cooled fast micro-reactor, the 
Xe-100 pebble-bed high-temperature gas–cooled reactor, and 
the ThorCon thermal molten salt reactor, discussed in chap-
ters 5, 6, and 7, respectively.
 Although HALEU is LEU and is not considered practical 
for use in nuclear weapons without further enrichment, it 
does present additional nuclear proliferation and security 
risks compared to LEU with lower enrichments. A key issue 
is that current NLWR designs would require large quantities 
of HALEU. For example: 


• A 1 gigawatt-electric (GWe) ThorCon plant, consisting  
of four reactor modules, would require 9.44 metric tons 
of 19.75 percent–enriched HALEU for the initial cores, 


and a supply of 2.63 metric tons per year over the eight-
year reactor lifetime. This corresponds to an average of 
3.8 metric tons per GWe-year. (Jack Devanney, principal 
engineer of the ThorCon molten salt reactor, email  
message to the author, January 4, 2018.)


• Each Xe-100 76 megawatt-electric (MWe) module would 
require 1.5 metric tons of 15.5 percent–enriched HALEU 
for its first core and an annual supply of nearly 0.5 metric 
ton per year. This corresponds to a requirement of about 
6 metric tons per GWe-year. 


• Based on information provided in the Oklo “Aurora”  
1.5 MWe license application to the NRC, the reactor 
would operate without refueling for 20 years and the 
peak fuel burnup would not exceed 1 percent (Oklo 
2020). This indicates that the core would require at least 
3 metric tons of HALEU, corresponding to a relatively 
high HALEU demand of 100 metric tons per GWe-year. 
This is consistent with the published requirements for  
a similar reactor concept, the Los Alamos Megapower 
reactor: 4.6 metric tons of 19.75–enriched HALEU for a 
five-year core lifetime, which works out to 460 metric 
tons per GWe-year.


Project Pele, the Department of Defense’s mobile micro- 
reactor program, could also require a significant supply of 
HALEU if it moves forward with prototype micro-reactor 
demonstration and deployment. The project specifies that  
the reactors must use HALEU fuel. While those very small 
reactors (10 megawatt-thermal or less) would likely have 
higher-burnup fuel than Oklo’s Aurora, they would still  
require substantial quantities of HALEU—likely many  
hundreds of kilograms over their operating lives.
 Annual HALEU demand for a reasonably sized fleet  
of NLWRs such as ThorCon or the Xe-100 could easily be 
hundreds of times greater than the current rate of supply.  
The Nuclear Energy Institute recently projected that the  
US nuclear industry could need more than 200 metric tons  
of HALEU per year by 2031 (Redmond 2020). In contrast, 
demand for US-origin HALEU by foreign research reactors, 
produced by down-blending excess military HEU stocks with 
natural uranium, is only around 1.5 metric tons per year. Even 
at that low rate, the current supply of excess HEU that the 
United States has designated for converting to HALEU  
will be exhausted around 2040 (Lyman 2018a).
 It is unlikely that sufficient additional military HEU 
would be available for downblending to HALEU for the first 
demonstration reactors, much less for a commercial fleet. 
Therefore, new uranium enrichment capacity for HALEU 
would be required, either domestically or internationally.  
In addition to enrichment facilities, a fleet of HALEU- 







47“Advanced” Isn’t Always Better


fueled NLWRs would require a new fuel cycle infrastructure 
including conversion, fabrication, waste management,  
and (eventually) disposal facilities. 
 This infrastructure is not likely to be limited to the  
United States. If the United States moves forward with  
commercialization of HALEU-fueled NLWRs, US companies 
will likely seek to export them, and the rest of the world may 
pursue their own programs. Brazil has already expressed in-
terest in producing HALEU at its domestic uranium enrich-
ment plant (Guimaraes and Perrotta 2020). The production, 
processing, and transport of large quantities of HALEU 
around the world could pose significant risks of nuclear  
proliferation and terrorism if not appropriately safeguarded 
and protected. 


Nuclear Terrorism and Proliferation   
Concerns of HALEU


Although the direct use of HALEU in a nuclear weapon 
would be impractical, its production and use on a large scale 
could have significant implications for the risks of nuclear 
terrorism and nuclear proliferation (Lyman 2018a). These 
issues need to be thoroughly assessed before the United 
States goes forward with an NLWR development program 
that could stimulate a global demand for the material. 
 As discussed below, the enhanced security risk of certain 
quantities of LEU with an enrichment greater than or equal 
to 10 percent but below 20 percent (defined here as HALEU) 
is reflected in domestic and international material security 
standards. That factor alone would increase security costs  
for reactors that use HALEU and their associated fuel cycle 
facilities. 
 There are two main reasons why the nuclear terrorism 
and proliferation risks of HALEU are greater than those of 
lower-assay LEU. The first is that the material can be used 
directly in nuclear weapons. The second is that it somewhat 
easier to enrich it to HEU.
 The first reason cannot be addressed definitively here 
because there is very little public information on the  effort 
needed to use HALEU directly in a nuclear weapon. How-
ever, it appears from available information that although  
it would likely be highly difficult for nations or terrorists  
with unsophisticated nuclear weapons programs, it is not 
considered impossible. The former director of the Theoreti-
cal Division at Los Alamos National Laboratory, J. Carson 
Mark, testified at a 1984 congressional hearing that “it is pos-
sible on paper to imagine that you could make an explosive 
out of anything in that [21 to 90 percent enrichment] range, 
and in fact, it’s even possible down to 10 percent” (Mark 
1984). However, he went on to say that “the penalties are 


quite tremendous.” For one, the total quantity of uranium  
that would be needed to make a bomb is considerably higher 
at lower enrichments: about 10 times higher at 20 percent 
than at 90 percent. But even so, the amount of 19.75 percent–
enriched HALEU needed for a bomb could be around 300 
kilograms. Thus, if a bomb with such a massive core were  
feasible, a single Oklo micro-reactor core would contain 
about 10 nuclear weapons’ worth of material.
 More recently, a review by the DOE national laboratories 
of the attractiveness of various types of nuclear materials for 
use in nuclear weapons concluded that HALEU was of “low” 
attractiveness, defined as material that is “impractical, but  
not impossible” for a sub-national group to process and use  
in a nuclear explosive device (Ebbinghaus et al. 2013). 
 With regard to the second question, less enrichment  
effort would be required to produce weapon-usable HEU 
from HALEU feedstock than from the lower-assay LEU used 
in LWR fuel. For example, the production of 90 percent– 
enriched HEU would require about three times less separative 
work (a measure of the effort required to enrich uranium; see 
chapter 2) using 19.75 percent–enriched LEU feed than using 
5 percent–enriched feed, and 1.7 times less than using 10 per-
cent–enriched feed. Some analysts have argued that produc-
ing HEU from HALEU feed would require a relatively small  
enrichment plant that would be cheaper and could be easier 
to conceal than the plant needed to produce HEU from  
lower-enriched feed (Forsberg et al. 1998). 
 However, these differences in the amount of separative 
work needed to produce enough HEU for a weapon is not  
as significant for modern gas centrifuge plants, which are 
compact and scalable, as they may have been for older tech-
nologies such as gaseous diffusion plants. For countries with 
large commercial enrichment facilities producing LEU for 
LWRs, the availability of HALEU would not appear to make  
a big difference in the timeline for producing HEU if the 
country overtly violates its nonproliferation commitments, 
although it might be more beneficial for covert proliferation 
pathways, such as the use of a small clandestine facility to 
produce HEU from HALEU diverted from a declared facility. 
The advantages of access to HALEU would be greatest for  
a country with a relatively small enrichment capacity such  
as Iran.


PHYSICAL SECURITY REQUIREMENTS FOR HALEU


US domestic and international security regimes both consider 
HALEU to be a higher-risk material than lower-assay LEU.  
In the Convention on Physical Protection of Nuclear Material, 
the IAEA ranks HALEU as a more attractive material than 
lower-assay LEU for terrorists. Specifically, 10 kg or more of 
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U-235 is classified as Category II if contained in HALEU,  
but only as Category III if contained in low-assay LEU. This 
requirement dates to the earliest version of the IAEA’s secu-
rity recommendations in the mid-1970s, but it still applies 
today, despite advances in enrichment technology. The NRC, 
which adopted the IAEA’s classification table decades ago, 
recently re-analyzed the relative attractiveness of different 
nuclear materials and reaffirmed the need to provide  
additional security for HALEU (Lyman 2018a).
 Therefore, under current protocols, Category II security 
measures will be required for HALEU at nuclear fuel produc-
tion facilities—measures more stringent than the Category III 
measures currently in place for LWR fuel facilities. The need 
for more robust security programs will have cost and manage-
ment implications for NLWR reactors that use HALEU and 
the fuel cycle facilities that support them. 
 There are no licensed Category II fuel facilities in the 
United States. One challenge that will be encountered in the 
licensing of new Category II facilities and transport activities 
in the United States is the absence of updated security require-
ments for such facilities. In 2019, the NRC terminated a rule-
making that would have updated NRC security requirements 
for nuclear materials such as Category II facilities to address 
changes in the threat environment since the existing rules 
were promulgated decades ago. Consequently, Category II 
applications will have to be evaluated on a case-by-case basis, 
which could lead to inconsistent application of security up-
grades. For that and other reasons, certain NRC staff formally 
objected to the NRC commissioners’ decision to terminate 
the rulemaking. 


SAFEGUARDS FOR HALEU


In contrast to the IAEA’s framework for physical protection, 
IAEA safeguards do not distinguish between high- and low-
assay LEU. Since HALEU is LEU, the IAEA considers it “indi-
rect use material,” and the SQ value and timeliness goal for 
detecting a diversion are the same as for lower-assay LEU:  
75 kilograms of U-235 and 1 year, respectively. Nevertheless, 
the greater proliferation risks of stockpiling HALEU have 
been recognized by the international community. Iran com-
mitted under the November 2013 Joint Plan of Action to vol-
untarily reduce its inventory of “up to 20 percent”–enriched 
LEU to only what was needed for working stock for its research 
reactor and to temporarily not enrich above 5 percent— 
restrictions that were strengthened in the now-defunct July 
2015 Joint Comprehensive Plan of Action but have now been 
violated by Iran. Arguably, these agreements created a new  
de facto safeguards category for HALEU that acknowledges 
that it does present a greater proliferation risk than lower-


assay LEU—but one that is not reflected in the IAEA’s  
detection goals.
 At first glance, it might appear that even under current 
guidelines the IAEA would need to apply more stringent  
material accountancy measures to meet its detection goals  
at a HALEU bulk processing facility than at a lower-assay 
LEU facility, because less material would have to be diverted 
to obtain 1 SQ. One SQ of LEU is 1.67 metric tons of total  
uranium for 4.5 percent–enriched LEU, but only 380 kilo-
grams for 19.75 percent enrichment. Therefore, a HALEU  
facility might need a more sensitive safeguards system to  
detect the diversion of this smaller amount of material in a  
timely manner. However, the total amount of uranium corre-
sponding to one SQ is a less important parameter than the 
fraction of facility throughput that it represents. If one com-
pares fuel facilities sized to supply the same amount of nucle-
ar power capacity per year, the detection requirements would 
be similar. A typical LWR fuel fabrication plant can supply 
about 1200 metric tons per year, or about 720 SQs: enough  
for about 60 1-GWe LWRs. In comparison, a HALEU fuel   
production plant supplying 60 GWe of X-Energy’s Xe-100  
reactors would have an annual throughput of about 360 met-
ric tons of 15.5 percent–enriched HALEU, or about 740 SQs. 
Thus, 1 SQ would be about 0.14 percent of the annual 
throughput in either case, and diversion of 1 SQ over the 
course of a year without detection would be of comparable 
difficulty at both facilities. But, as discussed above, the con-
sequences of a diversion of 1 SQ of HALEU, as currently  
defined, would be more serious than a diversion of 1 SQ  
of lower-assay LEU. 


HALEU SAFEGUARDS AND SECURITY: WHAT IS NEEDED?


The fact that the IAEA recommends different security mea-
sures for LEU with enrichments below and above 10 percent, 
but treats all LEU as equivalent with regard to safeguards, is  
a troubling inconsistency that should be resolved if the pro-
duction and use of HALEU expands. If HALEU requires 
more stringent security measures than lower-assay LEU, then 
it may warrant more intensive safeguards as well. US govern-
ment agencies and the IAEA should take a hard look at the 
proliferation implications of a commercial HALEU fuel  
cycle and adjust their protocols accordingly. 
 In an ideal world, the IAEA would have the flexibility to 
introduce a smaller SQ (perhaps 50 kg) and a more stringent 
timeliness detection goal (perhaps six months) for HALEU  
to reflect its greater proliferation significance. Unfortunately, 
such radical changes are nearly impossible at the IAEA, given 
the reluctance of its international Board of Governors to  
approve more restrictive or intrusive safeguards obligations. 







49“Advanced” Isn’t Always Better


Short of that, the IAEA could consider separate, voluntary 
tracking of HALEU production and use, similar to its approach 
to the “alternative nuclear material” neptunium, at least until 
more stringent safeguards measures can be imposed.
 Another issue to consider is the impact of NLWR deploy-
ment on global uranium enrichment requirements. Transi-
tioning to a fuel cycle that requires less enrichment could be 
positive for nonproliferation by reducing the number and size 
of uranium enrichment plants needed around the world to 
support a given level of nuclear energy production.
 For instance, once-through breed-and-burn reactors 
would, in theory, require less enrichment on average to sup-
port a given amount of electricity production. For example, 
TerraPower estimates that its traveling wave reactor would 
require, on average, only 25 percent of the uranium enrich-
ment per unit of electricity required for current LWRs  
(Gilleland, Petroski, and Weaver 2016).
 Unfortunately, other NLWR designs are not optimized 
for more efficient utilization of enrichment (Lyman 2018a). 
An LWR with a 60-year lifetime would require about 150,000 
separative work units per GWe-year on average. In compari-
son, the X-Energy Xe-100 would require 190,000 separative 
work units per GWe-year on average, or 25 percent more than 
an LWR. And an Oklo-type fast micro-reactor would require 
4 million separative work units per GWe-yr, or more than  
25 times the LWR requirement—another indication why 
these reactors would not be practical for large-scale distrib-
uted power generation. Thus, deployment of some NLWRs 
that use HALEU would require an expansion of enrich- 
ment capacity to support a given level of nuclear electricity 
generation—a trend in the wrong direction.


Reprocessing and NLWRs


As discussed in chapter 3, spent nuclear fuel must undergo 
some type of chemical treatment, or reprocessing, before  
it can be used by any reactor designed to “burn” nuclear 
waste. Thus, any reactor concept that advertises an ability  
to burn spent fuel requires a fuel cycle that incorporates 
reprocessing.   
 Compared to the once-through LWR fuel cycle with  
direct disposal of spent fuel, all reprocessing technologies 
make weapon-usable materials such as plutonium much  
more vulnerable to diversion by countries or theft by terrorist 
groups seeking to obtain nuclear weapons. Fuel cycles with 
reprocessing require significantly greater resources than 
once-through cycles to pay for more intensive nuclear mate-
rial accountancy, physical security, and (in non-nuclear weap-
on states) international safeguards activities. These additional 


activities are costly because they require highly trained  
personnel and more specialized equipment. 
 Decades ago, in recognition of the dangers of reprocess-
ing, the United States adopted a policy to not reprocess com-
mercial spent fuel, with the goal of discouraging other nations 
from doing so. While this policy has shifted over the years 
(see Box 5, p. 50), the United States does not currently repro-
cess spent fuel from power reactors, and it has no firm plans 
to do so. But the DOE continues to fund research and devel-
opment on reprocessing technologies and related advanced 
reactor projects, an indication that regardless of national  
policies and practices, there is strong support within the DOE 
and in Congress for developing a closed fuel cycle  
in order to recycle nuclear waste.


PYROPROCESSING


The standard reprocessing technology used worldwide today 
is PUREX. PUREX is an aqueous process, which begins with 
dissolving spent fuel in a water-based acidic solution. PUREX 
can be used for a variety of types of spent fuel materials, in-
cluding oxide fuel from LWRs. However, certain fuels for  
NLWRs—such as the metallic fuel used in the GE-Hitachi 
PRISM fast reactor and fuels for molten salt reactors—are 
compatible with a different, non-aqueous type of reprocess-
ing known as pyroprocessing.9 One often hears that pyro- 
processing has lower proliferation and terrorism risks than 
PUREX. However, as discussed in detail below, this is a  
highly inaccurate claim. 
 Today, PUREX reprocessing takes place at a few central-
ized facilities, such as La Hague in France, which accept 
spent fuel from around the world. The plutonium separated 
from spent fuel is then shipped to fuel fabrication plants, for 
instance the MELOX plant, which is 700 miles away from  
La Hague. Fresh fuel containing plutonium is then shipped to 
reactor sites around the world. These transports are of par-
ticular concern because they are arguably the hardest to protect— 
and therefore most vulnerable—part of the nuclear fuel cycle.
 In contrast, pyroprocessing facilities are far more com-
pact than PUREX plants, making it feasible to incorporate 
on-site pyroprocessing and fuel fabrication plants into the 
reactor facility itself. The Integral Fast Reactor program  
(discussed in chapter 5) sought to develop a metal-fueled  
fast reactor with co-located pyroprocessing and fuel fabri-
cation. Also, many molten salt reactor concepts would  
require co-located fuel reprocessing plants. Co-locating  
reprocessing and fuel fabrication plants at reactors would 
reduce the need to transport both spent fuel and fresh fuel, 
providing a security benefit compared to current reproces-
sing practices. 
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 However, this benefit likely would be outweighed by the 
far greater risks presented by the large number of sensitive 
reprocessing and fuel fabrication facilities dispersed at  
multiple reactor sites. Nuclear reactor owners would be  
responsible for providing far higher levels of security than  
are needed for the reactors alone. Increased resources would 
also be needed by national regulators and international in-
spectors to safeguard distributed small reprocessing facilities. 
As discussed below and in chapter 7, molten salt reactors, 
which may require co-located pyroprocessing plants to  


periodically treat the reactor fuel (or even continuously,  
depending on the design), would be particularly difficult  
to safeguard.
 Therefore, if such reactor designs and their associated 
fuel cycle facilities were built in the United States, the risk of 
nuclear terrorism would increase by increasing the number  
of facilities possessing nuclear weapon-usable materials. 
Likewise, if they were built in other nations that do not have 
nuclear weapons, the risks of both nuclear proliferation  
and nuclear terrorism would increase.


The United States began reprocessing spent fuel from US 
power reactors in the 1960s. This effort was reassessed after 
India’s 1974 test of a nuclear weapon that used plutonium 
produced with reprocessing technology it had imported from 
the US under claims of “peaceful use.” Under Presidents Ford 
and Carter, the United States adopted a no-reprocessing policy, 
arguing that the spread of commercial reprocessing facilities 
could spur the proliferation of nuclear weapons. They hoped 
the US policy would convince other countries to adopt a 
similar stance. 
 Several other countries, including Brazil, Pakistan, South 
Korea, and Taiwan, sought to follow India’s example by 
launching ostensibly peaceful reprocessing programs. In   
each case, however, the effort was halted largely because of  
US opposition. The United States questioned these nations’ 
motives for acquiring these technologies and argued that its 
own example showed that a robust nuclear power program 
does not require reprocessing. 
 The United States was also able to influence other countries 
through its agreements for nuclear cooperation, which allow it 
to export nuclear technologies and materials while retaining 
consent rights over the reprocessing of US-origin spent fuel. 
For example, the United States has to date blocked repro-
cessing in South Korea. (That decision will be subject to 
review in the future by a joint US-South Korean commission 
under the current nuclear cooperation agreement, which was 
renewed in 2015.) On the other hand, for political reasons, the 
United States has provided some other countries, most notably 
Japan, with blanket consent for reprocessing. This policy has 
resulted in Japan’s accumulation of a stockpile of about 46 
metric tons of plutonium—enough for thousands of nuclear 
weapons—which has caused concern around the world 
(Obayashi and Sheldrick 2018).
 In 1981 President Reagan reversed the Carter administra-
tion’s policy, allowing US companies to reprocess their spent 
fuel provided they paid for it, but the US industry did not do  


BOX 5.


The Ups and Downs of US Reprocessing Policy
so because it was too costly. In 1993 President Clinton reversed 
the policy once again, stating that “the United States does not 
encourage the civil use of plutonium and, accordingly, does 
not itself engage in plutonium reprocessing for either nuclear 
power or nuclear explosive purposes” (Clinton 1993).
 In 2001, the George W. Bush administration’s National 
Energy Policy called for a major expansion of nuclear power, 
along with a reconsideration of reprocessing and the use of 
plutonium for fuel. In 2006, the administration launched the 
Global Nuclear Energy Partnership, which would have entailed 
reprocessing US spent fuel and expanding the reprocessing 
capacity of certain partner nations. Under this plan, the United 
States and its partners would lease reactor fuel to other 
nations and require them to return the spent fuel for repro-
cessing, with the goal of dissuading them from acquiring   
their own enrichment and reprocessing facilities. 
 In 2009, the Global Nuclear Energy Partnership was can-
celled by the Obama administration before it had progressed 
very far. Under Obama, the United States maintained a policy 
similar to that of the Clinton administration and pressured 
some partner nations, like the United Arab Emirates, to refrain 
from building their own enrichment and reprocessing facili-
ties. The United States dropped plans to build reprocessing 
facilities at home but continued reprocessing research and 
development at a modest level.
 The overall position of the Trump administration on repro-
cessing was unclear. The administration repeatedly proposed 
significant reductions in spending for nuclear fuel cycle 
research and development in areas including reprocessing 
technologies, but Congress restored much of that funding. 
However, the administration’s director of the DOE Office of 
Nuclear Energy, Rita Baranwal, often spoke of her interest in 
spent fuel reprocessing and recycling, which she believes “can 
be better utilized to reduce the amount of nuclear waste over 
time” (Baranwal 2019). As of this writing, the Biden adminis-
tration’s position on these matters is unclear.
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 There are two primary considerations when assessing 
the terrorism and proliferation risks posed by a reproces- 
sing technology—the attractiveness of the materials in the 
system and the difficulty of applying adequate safeguards  
and security.


MATERIAL ATTRACTIVENESS


Material attractiveness is related to the physical properties  
of the separated material. Could it be used to make a weapon 
directly, or would it need further refinement? And if it needs 
to be refined, how difficult and hazardous would it be to steal, 
transport, and convert it to a weapon-usable form? In other 
words, how attractive would the material be to someone  
seeking to build a bomb? 
 Conventional aqueous reprocessing—the PUREX pro-
cess—separates plutonium from all the other elements in the 
spent fuel. Because separated plutonium can be used directly 
to make a nuclear weapon and is not highly radioactive (that 
is, not self-protecting), in sufficient quantity (2 kg or greater) 
it falls under Category I, the NRC’s highest category for  
physical protection.
 Other proposed reprocessing technologies, such as  
pyroprocessing or alternative aqueous processes, would not 
produce a separate plutonium stream (if the process were 
operated as designed). Depending on the process, the pluto-
nium would be mixed with combinations of other actinides, 
such as uranium, neptunium, americium, and curium, as well 
as certain fission products (primarily radioactive isotopes  
in the lanthanide series of the periodic table, some of which 
have similar chemical properties to actinides). The product 
would be somewhat more radioactive than separated pluto-
nium due to the presence of some transuranic isotopes and 
fission products, arguably creating a deterrent to diversion 
and theft. Depending on the composition, some NLWRs 
might be able to incorporate this material directly without 
further processing, and it would retain its deterrent prop-
erties throughout the fuel cycle. 
 For years, the DOE argued that alternative reprocessing 
technologies such as pyroprocessing would have lower pro-
liferation and terrorism risks than PUREX because their 
product would be more difficult to steal and process than sep-
arated plutonium (DOE 2006). However, by the end of 2008, 
the DOE had reassessed these technologies and concluded 
they would not be less risky than conventional reprocessing 
with respect to both nuclear proliferation and nuclear terror-
ism. In the December 2008 Draft Nonproliferation Impact 
Assessment for the Global Nuclear Energy Partnership,10 the 
DOE stated that “in the context of a potential diversion by  
a state, the nonproliferation benefits of blending plutonium 
either with uranium or the minor actinides are both very 


modest” and that “the hazards of this level of radiation  
exposure by themselves would not prevent theft or malicious 
use of the material and would do little to deter someone  
who was willing to accept these risks” (DOE 2008). 
 The DOE’s draft nonproliferation impact assessment  
did find that retaining some lanthanide fission products in  
the reprocessing product would make it somewhat harder to 
handle safely. However, because the radiation levels would 
remain well below the “self-protection” threshold, it judged 
that the increased difficulty of safe handling would be mar-
ginal “and would be unlikely to deter an adversary who was 
willing to accept injury (or self-sacrifice)” (DOE 2008). That 
is, terrorists would be able to steal and chemically process the 
mixture to remove the lanthanides without being exposed to 
immediately life-threatening levels of radiation. As a result, 
the DOE concluded that all of the alternatives to PUREX it 
analyzed “involve materials that are sufficiently attractive for 
poten-tial misuse that they require Category I physical pro-
tection measures” (DOE 2008). This assessment, based on 
studies conducted by nuclear weapons experts in the national 
laboratories, was consistent with the findings of the Union  
of Concerned Scientists report Nuclear Power in a Warming 
World, issued a year earlier (Gronlund, Lochbaum, and  
Lyman 2007) and other independent analysts (Kang and  
von Hippel 2005). 
 But even if the lanthanide fission products did make  
the end product harder to handle, there are strict limits on 
lanthanide impurities in fresh fast reactor fuel well below the 
level anticipated for the pyroprocessing product (Piet et al. 
2010). The lanthanides would still have to be separated out, 
most likely using an aqueous process, before the product 
could be turned into fresh fuel—thus undoing any prolif- 
eration and terrorism-resistance benefits. 
 In sum, fuel cycles based on pyroprocessing or other  
advanced separation processes do not significantly reduce the 
material attractiveness of the reprocessing product relative  
to PUREX.


SAFEGUARDABILITY OF REPROCESSING  
AND FUEL FABRICATION PLANTS


The safeguardability of nuclear material processing facilities— 
or the ease of meeting safeguards goals for timely detection  
of diversion—is another major consideration in assessing the 
proliferation risks of closed fuel cycles. As discussed above,  
it is extremely challenging to monitor nuclear material effec-
tively at bulk-handling facilities such as reprocessing and fuel 
fabrication plants, which process materials in forms such as 
liquids and powders. There are fundamental physical limits 
on the ability to keep track of weapon-usable material at  
industrial-scale facilities. These limits may make it extremely 
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difficult, if not impossible, for authorities to detect the diversion 
or covert theft of bomb-usable quantities of fissile material 
with enough warning time to prevent a country or terrorist 
from building a weapon. 
 In recent years, some have argued that this problem 
could be resolved through the practice of “safeguards by  
design”—the incorporation of design features into new facili-
ties to improve the accounting of weapon-usable materials. 
However, while better facility design can help address the 
problem, it is unlikely to sufficiently mitigate the fundamen-
tal accounting problems (and associated diversion risks)  
at reprocessing plants, which are largely driven by the impre-
cision of available measurement techniques. This has become 
apparent in the recent DOE program known as MPACT  
(Material Protection, Accounting, and Control Technologies), 
which was intended, among other things, to demonstrate  
advanced safeguards by design principles for a model pyro-
processing plant, but was still unable to achieve acceptable 
detection probabilities for many diversion scenarios (Cipiti, 
Shoman, and Honnold, forthcoming). This is discussed  
further below. 


MATERIAL ACCOUNTANCY IN PUREX REPROCESSING PLANTS


At a conventional PUREX reprocessing plant, spent nuclear 
fuel is processed in batches. It is first dissolved in acid, and 
the spent fuel solution is then piped to an input accountabil-
ity tank, from which samples of the solution are drawn. The 
samples are taken to a laboratory for “destructive analysis,” 
where technicians chemically separate and purify the pluto-
nium and uranium. This enables them to make the most accu-
rate measurements of the total quantities of plutonium and 
uranium in the batch. (Even so, there are uncertainties result-
ing from sampling errors, measurement errors, and errors 
due to a lack of precise knowledge of the ratios of different 
plutonium isotopes.) Since methods for direct measurement 
of plutonium in spent fuel before it is dissolved are currently 
not precise enough to be useful in material accountancy, the 
first accurate measurement of the plutonium input occurs 
only after the fuel is dissolved and samples are taken.
 At PUREX reprocessing and plutonium fuel fabrication 
plants, operators shut the facility down on a regular basis and 
remove as much material as possible from the process areas 
to measure the total amount of plutonium present. This  
physical inventory is necessary because it is not possible to 
accurately measure some of the material in processing areas. 
Even after the plant is flushed out, some plutonium—“residual 
holdup”—remains lodged in the equipment, so that the amount 
of plutonium coming out is generally less than the amount 
going in. 
 It is difficult to accurately account for the residual  
holdup. New plants are designed to have equipment in pro-


cess areas to measure holdup that cannot be feasibly removed 
and measured, but those in situ measurements have large un-
certainties. This is why it is important to reduce the amount 
of residual holdup to as low a level as possible. However, over 
time, the residual holdup stuck in the plant can equal many 
bombs’ worth of plutonium. This makes it nearly impossible 
for operators and inspectors to determine with confidence 
that no plutonium has been covertly removed from the plant. 
Indeed, the facility MUF examples (“material unaccounted 
for”) described above demonstrate that the IAEA has not 
been able to meet its material accountancy goals at some 
PUREX and plutonium fuel fabrication facilities. 


MATERIAL ACCOUNTANCY IN PYROPROCESSING PLANTS


Pyroprocessing plants have certain characteristics that would 
make them even harder to safeguard than PUREX reprocess-
ing plants. In particular, it will be even more challenging at 
pyroprocessing plants to make the accurate measurements 
needed to keep track of plutonium and other weapon-usable 
materials (Mickum, McElroy, and Hertel 2014; Cipiti and 
Shoman 2018).
 First, operators and safeguards inspectors cannot directly 
measure the quantity of plutonium going into a pyroprocess-
ing plant. In these plants, metallic spent fuel is placed in a 
basket and immersed in an electrorefiner vessel filled with 
molten salt. As the spent fuel dissolves into the molten salt, 
plutonium is distributed to different parts of the system in an 
inhomogeneous manner. There is no counterpart to the input 
accountability tank in PUREX plants, where all the pluto-
nium in a batch is first contained and representative samples 
can be taken and measured before further processing. With-
out an accurate measurement of how much plutonium is  
going into the facility, it is difficult to know when a significant 
quantity of material has gone missing. This would not be a 
problem if it were possible to accurately calculate the quan-
tity of plutonium and other actinides in the initial spent fuel. 
However, such calculations typically have uncertainties on 
the order of 10 percent, far too large an error to be useful  
in material accountancy.
 Second, pyroprocessing is an inherently impure separa-
tion process, which further hinders the ability to directly and 
accurately measure all of the plutonium in the system. The 
process is designed to separate most of the uranium from the 
remainder of the spent fuel. But the separated uranium plates 
out on a steel cathode in the form of hard deposits called den-
drites. In order to collect the deposits, a hammer is used to 
chip away at the dendrites, leaving a considerable amount of 
uranium stuck to the cathode—anywhere from two to 10 per-
cent. Because the uranium product is also contaminated with 
a significant amount of plutonium, this residue also contrib-
utes to the plutonium measurement uncertainty. 
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 Third, an essential element of reprocessing plant  
safeguards—periodically cleaning out the plant and taking a 
physical inventory of the material—cannot be performed in a 
timely manner at pyroprocessing plants. At these plants it is 
necessary to build up and maintain a minimum concentration 
of plutonium and other actinides in the molten salt in order  
for the process to work (Cipiti et al. 2012). There is no need 
from an operational perspective to process and purify the salt 
until the actinides have accumulated to the extent that they 
become a safety concern—for instance, if the risk of an acci-
dental chain reaction (a criticality event) becomes too high. 
(At the pyroprocessing facility at the Idaho National Labora-
tory, for example, because most of the spent fuel that has  
been pyroprocessed contained very little plutonium and  
other TRU, the salt has remained in the vessel without being 
cleaned up since the process was started up in 1996.) Thus, 
cleaning out the salt to directly assay its nuclear material con-
tent frequently enough to meet safeguards goals could disrupt 
operation of the plant. PUREX plants have no counterpart  
to the electrorefiner salt that would cause an analogous 
problem. 


NON-DESTRUCTIVE ASSAY


Because operators would not clean out pyroprocessing plants 
frequently, it would not be possible to directly measure the 
plutonium accumulating in the plant using destructive analy-
sis. One way to address this problem would be to directly 
measure the plutonium in the plant by non-destructive assay 
methods, such as counting the neutrons that fissile isotopes 
emit through processes such as spontaneous fission. 
 However, this approach could at best indirectly—and 
imprecisely—determine the amount of plutonium. Neutron 
counters are designed to detect neutrons emitted by radio-
active isotopes such as plutonium-239, but it is hard to distin-
guish the neutrons emitted by one isotope from those emitted 
by another. Therefore, if plutonium is mixed with other neu-
tron-emitting materials, neutron counters are not very good 
at identifying the specific isotopes. This is particularly prob-
lematic in pyroprocessing plants because the separation  
process is designed to keep plutonium mixed together with 
other neutron-emitting TRU in spent fuel, including curium 
isotopes. However, the curium isotopes Cm-244 and Cm-242 
emit neutrons at high rates that swamp the neutron emissions 
from the plutonium isotopes; neutron counting thus can only 
directly measure the amount of curium.
 The amount of plutonium can be determined indirectly 
if the ratio of plutonium to curium is known throughout the 
system. But this will be the case only if this ratio can be accu-
rately determined in the original spent fuel and if it remains 


constant throughout the entire process—two questionable 
assumptions.
 Some researchers developing pyroprocessing safeguards 
rely heavily on presumed knowledge of the plutonium-curium 
ratio in spent fuel. However, there are numerous technical 
problems with the approach. For example, the ratio can only 
be estimated by computer simulations of reactor operations 
that have unacceptably high uncertainties. According to Oak 
Ridge National Laboratory researchers, “the Pu/Cm ratio  
may not allow definitive safeguards conclusions to be drawn 
because the Pu material unaccounted for (MUF) may exceed 
the significant quantity of 8 kg” (Mickum, McElroy, and  
Hertel 2014). 
 And modeling by Sandia National Laboratory researchers 
has shown that for a small plant (100 metric tons per year) 
uncertainties of 0.5 percent for the TRU mass in the pyro-
processing cell and 1.0 percent for input and output measure-
ments would be necessary to meet IAEA goals, including 
detection of a protracted diversion of 8 kg of plutonium  
within one year. These researchers point out that those  
uncertainty targets “may be difficult to achieve” by using  
non-destructive assay (Cipiti et al. 2012). 
 More recent results of the DOE MPACT (Material  
Protection, Accounting, and Control Technologies) study 
mentioned above are consistent with these findings (Cipiti, 
Shoman, and Honnold, forthcoming). The study analyzed the 
effectiveness of safeguards measures for detecting various 
diversion scenarios at a pyroprocessing plant with a capacity 
of 100 metric tons per year that incorporates safeguards-by-
design principles. The study found that to achieve at least a 
95 percent probability of detection of a diversion of 8 kg of 
plutonium in 30 days for all scenarios, all key measurements 
would have to have an uncertainty of 1 percent, and the facil-
ity would have to be shut down every eight days to conduct a 
physical inventory. For more realistic uncertainties of 5 per-
cent, detection probabilities for different diversion scenarios 
would range from 63 percent to as low as 13 percent, falling 
far short of the 95 percent goal (Cipiti, Shoman, and Honnold, 
forthcoming). The study found even worse results if the ob-
jective were to detect the diversion of 2 kg of Pu in seven 
days, the NRC’s regulatory goal. For larger, commercial-scale 
pyroprocessing plants, the difficulty of detecting diversions 
would be even greater.
 A recent survey of a wide range of potential non-destruc-
tive assay measurement techniques at pyroprocessing plants 
found few possibilities with theoretical uncertainties of less 
than 1 percent; most had uncertainties between 1 and 15 per-
cent. The more precise techniques would require pure sam-
ples and/or take hours or weeks to obtain measurements,  
and would not be useful by themselves for timely detection  
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of diversions (Coble et al. 2020). The study concluded that 
individual state-of-the art measurement approaches are  
insufficiently precise to meet the necessary requirements  
for achieving material accountancy goals.


CONTAINMENT/SURVEILLANCE AND PROCESS MONITORING 
IN PYROPROCESSING SAFEGUARDS


Given the large measurement uncertainties to be expected at 
pyroprocessing plants, the IAEA would have to rely heavily 
on complementary measures to meet its inspection goals,  
including containment and surveillance. However, these  
are inadequate substitutes for accurate material accounting. 
For instance, if surveillance such as closed-circuit television 
coverage were interrupted, then inspectors would not be able 
to rule out the possibility that material was diverted during 
the outage. The only way to resolve this problem would be  
to conduct an inventory to verify that no material is missing. 
But if the material accounting system has large uncertainties, 
then it may take a very long time, or may not even be possible, 
to verify that a significant quantity of material was not diverted 
during the loss of the surveillance system. 
 An additional complementary method being studied by 
researchers utilizes process monitoring. This is a qualitative 
approach to identify deviations from normal process param-
eters that would alert operators if a diversion of material or 
another type of abnormal event were taking place (Cipiti and 
Shoman 2018). However, such approaches themselves have 
major limitations, including the potential for a high rate of 
false alarms. As with containment and surveillance measures, 
their use would not obviate the need for precise quantitative 
techniques to quickly determine whether a diversion had  
occurred should a process anomaly be detected.
 To summarize, pyroprocessing plants would likely  
present greater proliferation risks than conventional PUREX 
plants because they would be more difficult to safeguard. The 
IAEA is already unable to meet its material accountancy goals 
at PUREX plants using the best available technologies, and 
these would be less effective or not usable at all at pyropro-
cessing plants. Moreover, there are no techniques currently 
available or on the near horizon that could accurately  


measure the amount of plutonium going in, the amount  
of plutonium going out, or the amount of plutonium within  
a pyroprocessing plant. As a result, nuclear plant operators 
and safeguards inspectors would have even more difficulty 
detecting diversions of weapon-usable material in a timely 
manner than at PUREX plants.
 The lack of an effective safeguards approach for NLWRs 
and their fuel cycles may be an obstacle to their deployment 
in non-nuclear weapon states such as Canada, because the 
IAEA will need to approve a safeguards approach before such 
reactors could operate. For example, the Canadian Nuclear 
Safety Commission is now undertaking pre-licensing activities 
for a number of NLWR designs that may involve on-site  
reprocessing or have other features that would require new 
safeguards techniques. The lack of a safeguards approach  
will be one of a number of significant obstacles to the rapid 
deployment of such reactors in Canada that some vendors 
hope to achieve.
 Nuclear proliferation is not a risk in the United States 
simply because it already possesses nuclear weapons and  
is designated as a nuclear-weapon state under the Nuclear 
Non-Proliferation Treaty. As such, it is not obligated to sub-
mit its nuclear facilities and materials for verification by the 
IAEA, although it is free to do so on a voluntary basis. How-
ever, nonproliferation is relevant to US reactor development 
both because US vendors seek to export new reactors to other 
countries and because other countries are likely to emulate 
the US program. The United States has the responsibility to 
set a good international example by ensuring its own nuclear 
enterprise meets the highest nonproliferation standards.
 One way to do that would be for the United States to  
designate all new nuclear reactors and fuel-cycle facilities  
as eligible for IAEA safeguards under its voluntary offer 
agreement with the IAEA. This would give the IAEA an  
opportunity to develop verification approaches for new  
types of facilities—if such approaches are feasible. Unfortu-
nately, there is no indication that the United States is plan-
ning to make any of its proposed new NLWR projects  
eligible for IAEA safeguards.
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Liquid Sodium–Cooled Fast Reactors


[ chapter 5 ]


In 2017 the Department of Energy (DOE) identified liquid 
sodium–cooled fast reactors as one of two non-light-water  
reactor (NLWR) technologies that it believed were sufficiently 
mature to support construction of either a test reactor or a 
commercial demonstration reactor in the “near future” (the 
other being the high-temperature gas–cooled reactor dis-
cussed in chapter 6) (Petti et al 2017). Today, the DOE is mov-
ing forward with plans to build both a fast test reactor and a 
commercial demonstration fast power reactor—both based on 
the General Electric-Hitachi (GEH) PRISM sodium-cooled,  
metal alloy–fueled design. 
 This chapter discusses the history and current status of 
sodium-cooled fast reactors, safety issues, and the time scale, 
costs, and risks of building a commercial-scale demonstration 
PRISM reactor and its associated fuel cycle facilities, which 
may include a facility to pyroprocess its spent fuel. It assesses 
the steps needed before a reactor vendor would be ready to 
build a commercial-scale demonstration fast reactor or test 
reactor based on the PRISM design.
 In September 2020, the DOE decided to proceed with 
engineering design of the 300 megawatt-thermal (MWth) 
Versatile Test Reactor (VTR), which would most likely be 
built at the Idaho National Laboratory (INL). Also, in October 
2020 it selected the 840 MWth (345 megawatt-electric (MWe)) 
TerraPower-GEH Natrium reactor as one of two designs to  
be built under its Advanced Reactor Demonstration Program 
(ARDP). If DOE decides to proceed with construction of the 
VTR, it anticipates the reactor will be operational between 
2026 and 2031—as soon as eight years after the project began 
in 2018 and four years after construction begins in 2022  
(INL n.d.). The Natrium is supposed to be operational by 


2025–2027, according to the terms of the ARDP. A third metal- 
fueled fast reactor project with some similarities to the PRISM 
design is also underway: the Oklo, Inc. Aurora 1.5 MWe micro-
reactor. Oklo is applying for a combined operating license to 
build an Aurora unit at the INL, which it anticipates could  
be operational by the early- to mid-2020s.  
 The DOE judges that PRISM is a mature reactor design, 
and the VTR and Natrium projects are proceeding on the  
expectation that both can skip performance demonstrations 
because prior fast reactor demonstrations have provided  
the necessary data.11


 However, as discussed below, the PRISM design has  
never had a full-scale performance demonstration: the VTR 
and the Natrium will serve as the first large-scale demon-
strations of PRISM technology. It is far from clear that prior 
fast reactor experience has provided adequate supporting 
evidence that full-scale PRISM reactors can be operated  
safely or reliably. Thus proceeding with construction of the 
VTR and the Natrium without conducting prototype testing 
could pose unacceptable risks to public health, safety, and  
security, as well as to the success of either project. 


History and Current Status


The fast reactor—a nuclear reactor that does not require a 
moderator material to slow down fission neutrons—is an old 
technology. The concept of the fast breeder reactor was origi-
nally conceived by Leo Szilard and other Manhattan Project 
scientists in 1944. The first nuclear reactor to generate elec-
tricity in the world was the Experimental Breeder Reactor-I 
(EBR-I), which famously lit four light bulbs in December 
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in part by Bill Gates, the ARC-100, and Oklo, Inc (actually  
potassium-cooled, with sodium-bonded fuel). All three  
companies are developing reactors that are based to varying 
extents on the GE-Hitachi PRISM reactor design, which  
itself is an evolution of the EBR-II. 
 TerraPower, likely the best-capitalized of the startups, 
was founded to develop a once-through traveling-wave “breed-
and-burn” reactor (see chapter 8), but it is currently focusing 
on the more conventional Natrium fast reactor. Initially, the 
company has planned to build a 600 MWe reduced-scale  
prototype traveling-wave reactor in China by as soon as 2022, 
although it would not have been capable of breed-and-burn 
operation because some of the necessary technologies— 
including ultra-high burnup fuels—have not yet been devel-
oped. TerraPower has now rebranded this more conventional 
design as the Natrium, which the DOE has selected for deploy-
ment by 2027 under the ARDP. At 100 MWe, the ARC-100, 
which is being developed by Advanced Reactor Concepts 
(ARC), a private company founded by former EBR-II engineers 
in collaboration with GE-Hitachi. In July 2018 ARC signed an 
agreement with New Brunswick Power in Canada to explore 
deployment of the reactor at the Point Lepreau nuclear plant. 
And Oklo, a 1.5 MWe “micro-reactor,” submitted a combined 
operating license application to the Nuclear Regulatory Com-
mission (NRC) in February 2020 for construction of a single 
unit at the INL. Oklo has said it would like to deploy its first 
reactor by the “very early 2020s” (DeWitte 2016).
 Also, as discussed above, with $65 million in support 
from Congress in fiscal year (FY) 2020 and $45 million in FY 
2021, the DOE is proceeding with detailed design of the VTR, 
which it hopes to build and operate as early as 2026, pending 
a final go-ahead in 2022. The ostensible purpose of the VTR  
is to produce a high flux of fast neutrons for assisting in the 
development of fuels and materials for fast reactors. But in 
order to do that, the VTR itself will be a moderately sized, 
300 MWth sodium-cooled fast reactor based on the GEH 
PRISM design. Despite being labeled as a “test” reactor, the 
VTR would be larger than the largest materials-test reactor in 
the world, the 250 MWth Advanced Test Reactor at the INL, 
and about as large as the PRISM reactor design that GEH had 
previously submitted to the DOE as a candidate demonstra-
tion reactor. In addition, as discussed below, the VTR would 
have novel characteristics that have not been sufficiently 
demonstrated in previous fast reactors (Lyman 2018b). There-
fore, it would be more accurate to characterize the VTR as a 
demonstration reactor rather than a materials test reactor. 
However, unlike the Natrium, since the VTR will not be gen-
erating electricity, it will not demonstrate this key aspect of 
commercial power operation.
 Other countries are deferring long-planned sodium-
cooled fast reactor projects. France, a long-time proponent  


1951. The EBR-I also has the distinction of being the first  
US nuclear reactor to experience an unplanned core melt,  
in November 1955.12 
 Since water cannot be present in a fast reactor core  
because it would slow down the neutrons, it is necessary to 
use a heavier substance as a coolant, such as a liquid metal. 
The US EBR-I used a sodium-potassium coolant, and the  
Soviet BR-2 used a mercury coolant. However, based on  
extensive testing of coolants by the United States and other 
countries, all other fast reactors built over the last 50 years 
have used sodium. Other potential candidate liquid metal 
coolants are molten lead or lead-bismuth alloy, but lead- 
bismuth so far was used only in a small number of Soviet  
nuclear submarines, resulting in three deadly accidents. 
 Since the 1950s, there has been considerable research 
and development of sodium-cooled fast reactor technology 
around the world (see Table 1, p. 17). There are five such  
reactors operating today: four experimental demonstration 
reactors in India, Russia, and China, and one commercial 
demonstration reactor in Russia. India’s 500 MWe demon-
stration reactor has been delayed for more than a decade  
and is currently slated to begin operation in December 2021 
(WNA 2021). While there are new types of fast reactors  
under development in several countries, there are no other 
sodium-cooled fast reactors currently being built. 
 The only large fast reactors that have been connected  
to the electricity grid that are sodium-cooled are the French 
Superphénix reactor and the Russian BN-600 and BN-800 reac-
tors. Superphénix, which operated for 13 years, was shut down 
more than half of the time for repairs (Cochran et al. 2010). 


RECENT DEVELOPMENTS


Two sodium-cooled fast reactor concepts were submitted to 
the DOE for evaluation as potential demonstration reactors  
in its 2017 study: the GEH PRISM modular reactor concept 
and Argonne National Laboratory’s AFR-100. The DOE  
concluded that a commercial-scale demonstration PRISM  
reactor was ready to be built because the design was based  
on the Experimental Breeder Reactor-II (EBR-II), a small test  
reactor in Idaho that operated for about three decades. Each 
PRISM module would produce 471 MWth or 165 MWe, about 
eight times greater than the EBR-II. (A larger model would 
produce 311 MWe.) In contrast, the DOE concluded that the 
AFR-100, which would produce 100 MWe, was sufficiently 
different from the EBR-II that it would require validation  
at an experimental scale before a commercial-scale  
demonstration plant could be built. 
 A number of startup companies are pursuing commer-
cialization of sodium-cooled fast reactors in the United States 
and abroad. These include TerraPower, the company financed 
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of fast reactor technology, decided in 2019 to postpone plans 
to build a demonstration fast-breeder reactor called ASTRID 
until the “second half of the century,” effectively terminating 
the project after spending over $800 million on it (Patel 
2019). Also, Russia deferred construction of its BN-1200 fast 
reactor—a long-planned next step in commercialization of the 
technology—until after 2035. Russia is continuing to pursue 
construction of a nuclear reactor complex, called the “Break-
through” project, that will include a 300 MWe lead-cooled 
fast reactor called the BREST-300. However, the DOE believes 
that fast reactors using lead-based coolants are less mature 
than sodium-cooled fast reactors and would require a larger 
effort to commercialize them.


FAST REACTOR FUEL TYPES: METALS AND OXIDES 


One important distinction among fast reactors is the type  
of fuel that they use. The two most common fast reactor fuels 
are metals and oxides, although other compounds such as 
nitrides have also been pursued. The choice of fuel type 
seems to be based more on institutional and national pref-
erence than on any definitive technical factors. For its fast  
reactors, the United States has used both oxides and metals  
in the past but currently prefers metal, while France has  
chosen oxide, and Russia is developing nitrides. 
 The early fast reactors (EBR-I, EBR-II, Fermi-1, and 
Dounreay Fast Reactor) used a metal fuel, in part to maximize 
the potential for breeding plutonium (see chapter 3). Compared 
to compounds such as oxides, metal fuels are denser, allowing 
for higher concentrations of neutrons. Also, the energy of the 
neutrons is higher (since there are no lighter elements, such 
as oxygen, that can slow down neutrons). Both of those factors 
improve the breeding potential of the reactor. However,  
radiation causes the metal fuel to swell over time and poten-
tially break through its cladding if used in the reactor for 
more than a short period of time. Since commercial reactors 
have an economic incentive to use the fuel for a relatively 
long time, this issue (as well as other safety concerns) led to 
the development of ceramic oxide fuel, which subsequently 
was adopted for most fast reactor projects around the world. 
 However, metal fast reactor fuel still has its advocates in 
the United States and a few other nations including South 
Korea. As noted above, a number of fast reactors under devel-
opment in the United States, including the VTR, the Natrium, 
the ARC-100, and Oklo’s Aurora, are designed to have metal 
fuel. Researchers have partly addressed the clad failure  
problem by providing extra space to accommodate fuel  
swelling and other modifications. However, significant further 
development is needed to resolve other issues that limit fuel 
burnup, such as the high pressure from fission product gases 
released from the fuel. 


 Another gap in the experimental record for metal fuels is 
the lack of data on plutonium-based fuels. Most fast reactors 
under development in the United States would likely need  
to use fuels fabricated with plutonium for breeders or pluto-
nium and other transuranic elements (TRU) for burners. The 
DOE’s choice of fuel for the VTR is an alloy of plutonium and 
low-enriched uranium metal. However, most plutonium fuels 
irradiated in fast reactors around the world have been oxides. 
In the United States, other than a small fraction of test fuel 
elements (less than 0.5 percent), the metal fuels irradiated  
at fast reactors contained uranium at the outset (either highly 
enriched or depleted) and not plutonium. This is an issue  
because plutonium and other TRU have different physical, 
chemical, and nuclear properties than uranium, which will 
lead to differences in the performance of these fuels in 
reactors. 


Fast Reactors: Cost Considerations


This report does not attempt to conduct a comprehensive 
analysis of the costs of NLWRs. Developing cost estimates for 
any new nuclear power technology is a treacherous business, 
even for LWR designs that are close cousins of the operating 
fleet. The total cost of the AP1000 LWR project at the Vogtle 
nuclear plant in Georgia is now projected to be $28 billion, 
twice the original estimated cost (Nuclear Engineering  
International 2020). 
 However, one relatively safe bet is that sodium–cooled 
fast reactors will be significantly more expensive to build and 
operate than LWRs. There are fundamental technical reasons 
why this is the case. This has also been borne out by the  
historical experience with sodium-cooled fast reactors, for 
which there are many more examples than with other types 
of NLWRs.


ADDITIONAL SYSTEMS, SPECIALIZED EQUIPMENT, 
AND MORE ROBUST CONSTRUCTION


Liquid metal-cooled  fast reactors have higher capital costs 
than LWRs because they require many systems that LWRs  
do not need (Zhang et al. 2009). For instance, liquid-sodium 
cooled reactors typically have an additional, intermediate 
coolant loop that transfers heat from the primary sodium 
coolant system to the steam generators. This system acts as a 
buffer between the radioactive sodium in the primary coolant  
system and the water in the steam generators, avoiding the 
potential for a sodium-water explosion that could disperse 
radioactivity. The reactor also must have prevention, detec-
tion, and mitigation systems for sodium leaks (Zhang et al. 
2009). Fast reactor vessels would also cost more than LWR 
vessels. Although their walls do not need to be as thick  
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because the system pressure is lower, they are also larger and 
more complex, containing additional structures and requiring 
specialized equipment (Braun 2012). Lastly, fast reactor con-
tainment structures would need to be larger and more robust 
than LWR containments if regulators ultimately require them 
to withstand the very high pressures and temperatures of  
severe accidents, including the so-called hypothetical core 
disruptive accident discussed below. 
 Past studies of fast reactors have estimated that their 
capital costs would exceed those of LWRs by 25 to 75 percent 
(Cochran et al. 2010). One comprehensive survey assumes a 
fast reactor premium of 20 percent for both overnight capital 
cost (e.g., without considering interest during construction) 
and operating and maintenance costs, although it does not 
provide the basis for this assumption (NEA 2013). A review  
of the historical experience of building demonstration-scale 
sodium-cooled fast reactors has found that their capital costs 
have typically been more than twice those of contemporary 
LWRs (Cochran et al. 2010).
 Given the problems caused by liquid sodium, could fast 
reactors be cheaper if they used a different coolant? Some 
argue that because other coolants such as lead or lead-bismuth 
do not react violently with water, fast reactors using them 
would not need the costly intermediate heat exchanger  
that sodium-cooled reactors require. However, the neutron 
activation of bismuth generates polonium-210, a hazardous 
radioisotope, so the intermediate heat exchanger may still  
be necessary in lead-bismuth-cooled plants to isolate the  
radioactive coolant from the steam generators and protect 
workers from excessive radiation exposure. And lead’s  
chemical toxicity and extreme corrosivity would compli- 
cate the management of large volumes of the molten metal.


DISECONOMIES OF SCALE IN MODULAR CONSTRUCTION


Another issue affecting the capital costs of fast reactors is  
a potential safety limit on the power rating of a single unit. 
While LWRs in principle can achieve greater economies of 
scale by getting larger without necessarily compromising 
safety, fast reactors become less safe as they get larger because 
the sodium void coefficient tends to increase with reactor 
size. Therefore, a safer way to build large baseload fast reac-
tor plants would be to construct multiple modules rather than 
to build a single large reactor. But this would tend to increase 
cost due to diseconomies of scale. Although proponents of 
small modular reactors claim that this cost penalty would be 
outweighed by the efficiencies gained from mass production 
of multiple modules, there is no compelling evidence at  
present to support this assertion (Lyman 2013). Also, smaller 
fast reactors tend to leak more neutrons and have worse  
sustainability performance (see chapter 3).


HIGHER OPERATING AND MAINTENANCE COSTS


Operating and maintenance costs for fast reactors would also 
be greater than for LWRs. Liquid sodium is a difficult material 
to work with in a number of ways. For example, because it  
is opaque, safety inspections are more difficult for reactor 
structures immersed in sodium.
 Additional security and material accountancy measures 
will also increase the operating cost relative to LWRs. Because 
of sodium’s opacity and chemical reactivity, it is difficult for 
safeguards inspectors to keep track of fast reactor fuel within 
the reactor and intermediate storage pools containing spent 
fuel. Fast reactors using plutonium fuels are generally Cat-
egory I facilities, which are required in the United States to 
maintain armed response forces capable of preventing both 
sabotage and theft of weapon-usable materials. In contrast, 
armed security forces at LWRs need only to protect against 
sabotage, since their LEU fuel is not directly usable for  
weapons. Security measures for protection against theft  
of weapon-usable materials are generally more stringent— 
and costly—than those for protection against sabotage.
 Some fast reactor advocates are keenly aware that the 
additional costs associated with this technology would make 
nuclear power less economical than for the current fleet of 
LWRs, which is already struggling to compete with low-cost 
natural gas–fired generation and wind and solar power. But 
some claim that they can build fast reactors that not only will 
be cheaper than LWRs but will be competitive with natural gas. 
In Russia, Rosatom has initiated a project called “PRORYV” 
(Breakthrough), with a primary goal to establish the compe-
titiveness of the nuclear power industry, which project leaders 
believe has been in crisis for the last 30 years (Adamov et  
al. 2016). PRORYV is undertaking an effort to develop fast 
reactors with capital costs 20 percent below those of LWRs. 
However, for the reasons discussed above, doing so may  
require significant compromises in safety and security,  
and there is good reason to be skeptical. 


REPROCESSING AND RECYCLED FUEL COST


In addition to the greater capital and operating costs of fast 
reactors, there is also the cost of the fuel cycle. As discussed 
in chapter 3, most fast reactors can only realize their full  
potential for increasing sustainability in a closed fuel cycle 
with recycling of plutonium in fresh fuel. 
 Plutonium-based fuel will be considerably more expen-
sive than LEU fuel for LWRs. For fast reactor designs using 
plutonium and possibly other TRU elements, such as neptunium 
and americium, fuel production would involve some type  
of spent fuel reprocessing. Reprocessing is an extremely  
costly industrial enterprise that requires the construction  
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and operation of high-capital-cost, heavily shielded facilities 
with remote-controlled equipment, as well as many safety 
and security features necessary to manage separated pluto-
nium and highly radioactive fission products. Reprocessing 
plants convert a single waste form—spent nuclear fuel—into 
multiple waste streams, which pose additional challenges  
for management and disposal. In addition, fabrication plants  
for fresh reactor fuel containing plutonium or other TRU  
elements require additional safety, security, and waste  
management measures compared to LEU plants, adding  
to the cost.
 Many studies over the last few decades have confirmed 
that nuclear fuel cycles including reprocessing and plutonium 
fuel fabrication will increase cost relative to the once-through 
cycle with direct disposal of LEU spent fuel that is used by 
LWRs (Bunn et al. 2003; MIT 2011; NEA 2013). A review by 
the Nuclear Energy Agency reported that such studies found 
cost premiums for the fast reactor–based closed fuel cycle 
ranging from 25 to 42 percent (NEA 2013). However, repro-
cessing advocates argue that this would lead to only a small 
increase in the total cost of electricity, since the fuel-related 
cost is only a fraction (less than 20 percent) of the electricity 
cost. Nevertheless, the absolute cost premium that would be 
borne by taxpayers or electricity consumers could be on the 
order of many tens of billions of dollars over the lifetimes  
of all of the facilities needed to research, develop, and  
implement the respective fuel cycles. 
 These estimates find that closed fuel cycles are more  
expensive even after accounting for several factors that tend 
to offset the additional costs of reprocessing and recycle. 
These include the reduced demand for natural uranium and 
the potential to reduce the required footprint for geologic 
repositories for long-lived radioactive wastes.
 In any event, the potential impact on the total fuel cycle 
cost of these and other factors is highly sensitive to input  
parameters that have large uncertainties. For instance, analy-
ses have shown that the most important parameter in deter-
mining the relative costs of different fuel cycles is the price  
of uranium. The cost savings resulting from a reduced need 
for natural uranium is only significant if uranium is expen-
sive. A Nuclear Energy Agency study found that a fuel cycle  
in which spent fuel was repeatedly reprocessed and the  
plutonium used in both LWRs and fast reactors would only 
become economically attractive for uranium prices of $270  
to $300 per kilogram—nearly 4 times the February 2021 spot 
price of around $77 per kilogram (NEA 2013).13 The second 
most important factor was the assumed cost of reprocessing. 
The results were also very sensitive to the assumed cost  
premium for fast reactors relative to LWRs. On the other 
hand, the calculated fuel cycle costs were far less sensitive  


to the assumed cost of a geologic repository—which means 
that even if adoption of a closed fuel cycle did reduce the 
need for geologic repository capacity, it would not translate 
into significant cost savings. This calls into question the real 
value of one of the major selling points of closed fuel cycles 
(see chapter 3).
 The Nuclear Energy Agency study asserts that the  
estimated difference in the cost of closed and open fuel cycles 
is small enough that it is washed out by the uncertainties in 
the input parameters. However, for some choices of those   
parameters the magnitude of the cost difference itself could 
be far larger. For example, the study chose a uranium price of 
$130 per kilogram as its base case value (corresponding to the 
spot price in early 2011) and expected the price to rise in the 
future. But since then the price has plummeted to 60 percent 
of that amount, increasing the cost premium of plutonium 
fuel. Also, the total cost of reprocessing used in the study— 
a critical parameter—ranged from $579 to $2,640 per kilogram, 
depending on numerous assumptions; however, this may  
underestimate the actual cost of fast reactor fuel reproces-
sing systems. 
 Proponents of pyroprocessing, a key component of  
several proposed advanced-reactor fuel cycles, argue that  
the technology would be cheaper than conventional aqueous 
reprocessing. They have a long way to go to demonstrate  
that, however. To date, the actual cost of the only operating 
pyroprocessing system has averaged more than $50,000 per 
kilogram of spent fuel—20 times greater than the highest  
value assumed in the Nuclear Energy Agency study. 
 In summary, recent studies have confirmed that the 
adoption of a closed fuel cycle utilizing fast reactors and re-
processing will increase the cost of nuclear power. Given that 
reprocessing and plutonium recycling make waste manage-
ment more difficult while simultaneously increasing cost  
and safety and security risks, it is hard to see the benefits  
of advanced reactor systems that are lauded for their ability 
to “consume” nuclear waste.


Safety


Sodium-cooled fast reactors have inherent safety disadvan-
tages relative to LWRs. Fast reactor designers have worked 
for decades to address these issues, but for the most part they 
have failed to resolve them. One of the primary concerns is 
that compared to LWRs, these reactors commonly have a fun-
damental and significant instability: a positive void coefficient. 
As discussed in chapter 2, this means that if the temperature 
of the sodium coolant increases and the sodium boils, the 
power of the reactor typically increases. This positive feed-
back effect could lead to a rapid increase in pressure and  
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temperature, further coolant boiling, and core damage. This 
effect was a major contributing factor to the 1986 Chernobyl 
accident, which involved a type of reactor that had a positive 
void coefficient. It has proven very difficult to design fast 
power reactors that are entirely free of this problem. In con-
trast, LWRs typically have a negative void coefficient and  
exhibit more stable behavior: as the power increases and  
the coolant (water) heats up and becomes less dense, the  
reactor power decreases. 
 The properties of the different chemical forms of fast 
reactor fuels, such as metals, oxides, or nitrides, can affect 
reactors’ safety and performance. For instance, advocates of 
metal-fueled fast reactor designs, such as PRISM, claim they 
are inherently safe because the metal fuel expands more rap-
idly than ceramic oxide fuel when heated, causing negative 
reactivity feedback that would reduce the reactor’s power 
production even if the sodium boils. However, this claim  
that metal-fueled fast reactors are inherently safe, despite  
the presence of a positive sodium void coefficient, is over-
blown and misleading, as discussed below.
 As discussed in chapter 1, one of the original objectives 
of the DOE’s Generation IV program was to develop NLWRs 
that are significantly safer than current-generation LWRs. 
However, given the significant uncertainties and unresolved 
safety issues of sodium-cooled fast reactors, it remains far 
from clear that they can meet this objective. In a 2015 review, 
the French nuclear safety research organization Institut de 
Radioprotection et de Sûreté Nucléaire (IRSN) stated that it 
could not determine, “in view of design differences and the 
current state of knowledge and research,” whether sodium-
cooled fast reactors would be significantly safer than LWRs 
currently under construction such as the EPR (IRSN 2015). 
 Moreover, sodium-cooled fast reactors have a number  
of characteristics that may render them less safe than current-
generation LWRs. Although reactor designers have been 
aware of most of these problems since the early days of the 
technology, the problems have proven difficult to resolve.  
In addition to the positive void reactivity problem, others   
include the use of chemically reactive liquid sodium coolant; 
the potential for rapid, hard-to-control power increases;  
and even the possibility of a small nuclear explosion, or as  
has often been referred to euphemistically, an “energetic  
core disassembly.”


SODIUM COOLANT SAFETY ISSUES


Liquid sodium coolant has several characteristics that appear—
initially—to provide safety advantages compared to water. 
Sodium has a high boiling point of nearly 900°C and does  
not need to be kept under high pressure during reactor opera-


tion. It also does not corrode reactor structures at normal  
operating temperatures. 
 On the other hand, sodium is a highly reactive material 
that combusts upon contact with air and reacts violently with 
water. Problems resulting from leaks of liquid sodium coolant 
have played a significant role in the poor performance of fast 
reactor demonstration projects around the world. For example, 
the Monju facility in Japan was shut down for more than two 
decades after experiencing a sodium fire in 1995 and is now  
to be decommissioned. 
 Even though liquid sodium exerts low pressure during 
normal operation in a fast reactor, the increases in pressure 
and temperature resulting from a sodium fire could be severe 
and potentially breach the reactor vessel, piping, and contain-
ment. To reduce the risk of the sodium fires that have affected 
many fast reactor projects, current designs are equipped with 
elaborate systems for sodium leak detection, leak mitigation, 
and fire suppression. In addition, unlike LWRs, sodium-cooled 
fast reactors must have an intermediate sodium coolant loop 
between the primary system and the steam production system, 
to reduce the risk of radioactive sodium in the primary cool-
ant system coming into contact with—and violently reacting 
with—water. As mentioned above, to avoid the difficulties   
of liquid sodium, some have proposed using a lead-bismuth  
or pure lead coolant instead, which would eliminate the risk 
of violent sodium-air or sodium-water reactions. However, 
stainless steel is highly vulnerable to corrosion from molten 
lead, introducing other problems.


REACTIVITY FEEDBACKS IN FAST REACTORS


As discussed in chapter 2, one of the classes of events that 
could cause a severe reactor accident is a rapid increase in 
power resulting from a runaway chain reaction—the cause  
of the 1986 Chernobyl accident. Some types of nuclear reac-
tors have a property that significantly reduces the likelihood 
or severity of this type of accident: an inherent tendency to 
slow down the fission process if the fission rate (and tempera-
ture) increases (see chapter 2). Indeed, for all US reactors,  
the NRC’s General Design Criterion 11 requires that “the  
reactor core and coolant system be designed so that in the 
power operating range, the net effect of prompt inherent  
nuclear feedback characteristics tends to compensate for  
rapid increases in reactivity” (Appendix A to 10 C.F.R. §50 
(1971)).14  
 The reactivity feedback behavior of fast reactors differs 
significantly from that of LWRs (see Box 6, p. 61). This is 
quantified by differences in their reactivity coefficients, 
which describe how the reactivity of the system changes in 


continued on p. 63
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POWER COEFFICIENT


For an assessment of the stability of a reactor system, all of the 
various effects that change with reactor power or temperature 
must be considered together. If the overall reactivity decreases 
with an increase in the reactor power, the reactor is inherently 
stable.
 While LWRs generally have negative moderator, fuel, and 
void temperature coefficients—and an overall negative reac-
tivity feedback with respect to increases in temperature and 
power—the situation for metal-fueled fast reactors is more 
complicated. They may have positive coolant temperature and 
void coefficients, but a negative fuel coefficient. The magnitude 
of these coefficients, as well as those associated with other 
feedback effects, will determine the overall stability with 
respect to changes in power. These analyses are quite complex 
and rely on a combination of often-sparse experimental data 
and large-scale calculations. The uncertainties in such analyses 
may be large, making it hard to accurately predict the reactor’s 
behavior.
 One challenge in designing sodium-cooled fast reactors is 
that making changes to reduce the sodium void coefficient to 
reduce the severity of a sodium boiling accident can increase 
the severity of a “transient overpower accident,” a rapid 
increase in power that could be caused by the ejection of a 
control rod. A reactor core that readily leaks neutrons would 
require greater excess reactivity in the fuel, meaning that the 
control rods would have to be stronger neutron absorbers 
(have higher “worth”) to maintain the necessary power level  
at the beginning of the reactor cycle. But the presence of 
higher-worth control rods would increase the severity of a 
rod ejection event. Addressing these safety concerns simul-
taneously has proven difficult, especially for metal fuels   
(Van Tuyle et al. 1992).


FUEL TEMPERATURE COEFFICIENT


The fuel temperature coefficient is a measure of how the   
reactivity changes with the fuel temperature. As discussed  
in chapter 2, one important phenomenon that affects the   
fuel temperature coefficient is the Doppler effect. As the fuel 
temperature increases, the U-238 in the fuel absorbs more 
neutrons but does not fission, thus slowing down the fission 
process. The time scale over which the feedback occurs is 
nearly instantaneous, because it is a response to an increase  
in motion of the nuclei within the fuel. The magnitude of this 
effect depends on the properties of the fuel and the neutron 
speeds within the reactor.


BOX 6.


Reactivity Effects in Fast Reactors


 For the low-enriched uranium oxide fuel used in LWRs,  
the fuel temperature coefficient of reactivity is negative:   
the reactivity decreases if the reactor temperature increases 
(which could be caused, for example, by an increase in power). 
This is because the fuel is nearly 90 percent U-238, and the 
neutron speeds are in the range where they are most suscep-
tible to being absorbed. 
 Compared to in LWRs, the Doppler effect in fast reactors is 
less effective because there is less absorption in U-238 at high 
neutron speeds. And fast reactors that use metal fuels have 
even smaller Doppler feedback than those with oxide fuels. 
This is because with the absence of oxygen in the fuel, which 
has a slight moderating effect, neutrons will have higher 
average neutron speeds.
 Another important phenomenon that affects the fuel 
temperature coefficient in fast reactors is thermal expansion 
of the fuel, which can provide a relatively rapid negative  
reactivity temperature feedback effect and help to stabilize 
the reactor power. Both oxide and metal fuels will expand as 
they get hotter, but the expansion is greater for metal fuel. 
This expansion would primarily take place along the direction 
of the fuel rod (the axial direction). As the fuel expands, it 
becomes less dense, reducing the chance that a neutron will 
strike a nucleus and cause it to fission, thereby reducing 
reactivity. 
 Proponents of metal-fueled fast reactors such as PRISM 
highlight the negative reactivity effect of fuel expansion as a 
major passive safety feature. For example, the PRISM website 
states that “in the event of a worst-case-scenario accident, the 
metallic core expands as the temperature rises, and its density 
decreases slowing the fission reaction. The reactor simply 
shuts itself down” (GEH 2021). However, this statement is 
misleading. First, the thermal expansion effect in metal fuels 
merely compensates for the much smaller Doppler effect rela-
tive to oxide fuels. The inherent prompt feedback of metal  
fast reactor fuels is no greater than that of LWR fuels. Second, 
the passive feedback would not by itself “shut [the reactor] 
down”—that is bring the reactor to a zero-power, subcritical 
state (NRC 1994). To make that happen, power plant opera-
tors would have to activate shutdown systems, such as control 
rods. (This is true for most reactors.) Finally, negative feed-
back associated with core expansion is not a feature of metal-
fueled reactors only. Although metal fuels expand more than 
oxides as they heat up, analysis has shown that the actual 
negative temperature feedbacks from core expansion (both 
axial and radial) are comparable in metal-fueled and  
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reactors—the steam bubbles, or voids, will expand). The 
formation of voids decreases the density of the moderator at  
a faster rate than an increase in temperature without a phase 
change, and will also reduce reactivity.
 For LWRs, where water is both the coolant and moderator, 
the formation of steam bubbles will result in less moderation 
of the neutrons and hence a reduction in the power output. 
Thus, these reactors generally have negative void coefficients. 
For sodium-cooled fast reactors, the void feedback effect is 
quite different. Void formation in the sodium will significantly 
and rapidly reduce its density. As is the case with the coolant 
temperature coefficient, the void coefficient could be either 
positive or negative, depending on the properties of the 
reactor system and where the voids occur.
 The sodium void coefficient depends strongly on the size 
and shape of the reactor core. For a fixed shape, larger cores 
will leak fewer neutrons than smaller cores (because the 
neutrons have to travel farther through the core before they 
escape, increasing the chance that they will strike a nucleus). 
Therefore, the void coefficient tends to become more positive 
as the core size increases. And for a fixed core volume, the rate 
of neutron leakage depends on the shape. The more surface 
area is available for neutrons to escape, the higher the leakage 
rate. The 471 MWth PRISM reactor has a positive void coef-
ficient (NRC 1994, Petti et al. 2017). The 300 MWth VTR is 
reported to have an overall negative sodium void coefficient 
because of its size and shape, but has a locally positive coef-
ficient near the center of the core where neutron leakage   
is less probable (Heidet 2019). 
 Because of the safety risks from positive power feedback, 
some engineers have tried to design large fast reactor cores 
with negative or very small positive void coefficients. This has 
turned out to be very challenging. One approach to reducing 
the void coefficient is to make the core leakier by changing  
the shape of the reactor so that it has a relatively high surface 
area to volume ratio (such as a pancake does). However, this  
is hard to implement in practice and can decrease reactor 
performance and safety in other ways. For instance, a fast 
reactor’s capability to breed—one of the major advantages 
cited by advocates—depends on how efficiently the reactor 
uses neutrons to convert U-238 to plutonium. Fast reactors 
designed to leak a lot of neutrons have worse breeding 
performance.
 As a result, some fast reactor designers have concluded that 
it is not necessary to eliminate the positive void coefficient  
but only to add design features to mitigate its impact; others 


oxide-fueled fast reactors (NRC 1994). Thus, metal fuel does 
not have any clear safety advantages in this regard relative  
to other types of fuel. 
 In any event, the negative reactivity feedbacks from   
fuel expansion are not as fast-acting and therefore are less 
dependable than Doppler feedback. Shutdown mechanisms 
from fuel expansion “are somewhat delayed because of the 
inertia that must be overcome” (Lewis 1977). Such delays are 
problematic because fast reactors can experience “extremely 
rapid rates of power increase” if the system becomes “even 
slightly” supercritical (Lewis 1977). 


MODERATOR AND COOLANT TEMPERATURE  
COEFFICIENTS


For LWRs, the moderator and the coolant are the same:  
ordinary water. If the coolant water heats up, it will expand 
and become less dense. This reduces the ability of the water, 
acting as a moderator, to slow down the neutrons as required 
for a thermal reactor—generally leading to a reduction in   
the reactor’s power output. Therefore, the temperature  
coefficient of reactivity for the coolant is mostly negative, 
although it can be slightly positive for some operating  
conditions (which are strictly limited by the regulator). 
 For fast reactors, especially those that use plutonium fuel, 
the opposite is often true. Fast reactors rely on fast neutrons 
to maintain a chain reaction and use coolants, like liquid 
sodium, that do not have a significant moderating effect. 
Nevertheless, neutrons do lose some energy when they 
collide with the coolant nuclei. As the coolant gets hotter and 
becomes less dense, the neutrons collide less frequently with 
the sodium coolant, and the population of neutrons becomes 
slightly more energetic, which increases the probability that 
the plutonium-239 fuel will fission if struck by a neutron and 
increases the number of neutrons released per fission. Both 
these effects can increase the reactor power. However, at the 
same time, the less dense coolant allows more neutrons to 
leak out of the core, which could reduce the power. Thus, 
there are two competing effects. The sign of the coolant 
temperature coefficient could be either positive or negative, 
depending on which effect is dominant in a specific core.


VOID COEFFICIENT


As the power level and temperature of an LWR increases,  
the water will eventually reach the boiling point and form 
steam (or if the coolant is already boiling—as in boiling-water 
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Pandora’s Promise, a former EBR-II nuclear engineer de-
scribed the experiment as “almost a direct parallel to what 
happened at Fukushima” and claimed that “the reactor  
quietly shut itself down” (Stone 2013). 
 In a loss of flow accident, a fast reactor’s primary coolant 
pumps stop operating, coolant flow through the core is greatly 
reduced and the fuel temperature increases. The reactor has  
a protection system that normally would shut it down auto-
matically by triggering a “scram,” or the rapid insertion of 
control rods. However, there is a small chance that the scram 
will not work. For the EBR-II safety test on April 3, 1986,  
operators simulated a loss of flow without scram to observe 
whether the reactor would reach a stable state or continue to 
overheat. Operators brought the EBR-II to 100 percent power 
and then switched off coolant pumps to simulate the impact 
of a total loss of alternating current power (a station black-
out, similar to what occurred at Fukushima in March 2011). 
Unlike Fukushima, however, the EBR-II was not scrammed  
to stop the chain reaction, and it continued to generate power. 
As expected, the reactor temperature rose rapidly. But the 
overall system exhibited a negative reactivity feedback effect 
in response to the increase in temperature, and the tempera-
ture then decreased until the reactor reached a stable state  
at low power (although it did not completely shut down).  
At this low power level, natural forces such as convection  
removed heat quickly enough to allow the temperature  
to stabilize. The reactor fuel remained intact because the 
temperature stopped rising before the fuel heated up to  
its damage point.
 In a second type of test, operators simulated a “loss of 
heat sink without scram,” shutting off the secondary coolant 
system so that there was no way to remove heat from the  
reactor. This caused the primary coolant to heat up as the re-
actor continued to generate power. In this test as well (though 
a less severe challenge than the loss of flow without scram), 
the resulting temperature increase caused negative reactivity 
feedback that safely shut down the reactor without causing 
fuel damage. 


THE LIMITATIONS OF THE SAFETY TESTS


These test results appear impressive at first glance, but  
there is less here than meets the eye. For example, in one  
test, the reactor operated for only a couple of hours before  
the test in order to limit the decay heat after scram (IAEA 
2017). In others, the fission chain reaction never actually 
stopped. And although the reactor fuel was not damaged  
due to overheating in the loss of flow without scram tests, in 
three tests the final fuel temperature did exceed the safety 
limit that operators had established—including the one on 
April 3, 1986. 


are not ready to accept this compromise. One of the  
original goals of the now-cancelled ASTRID project in 
France was to design a large (600 MWe) oxide-fueled 
fast reactor with an overall negative sodium void coef-
ficient. However, this resulted in what one report called 
a “peculiar” core design that is very complex to analyze 
and that is still susceptible to positive feedback effects  
if sodium voids form in only one part of the core (Nuria 
et al. 2017). It is unclear whether it will be possible to 
design practical fast reactors with a negative sodium 
void coefficient.


RADIAL EXPANSION COEFFICIENT


Another source of negative reactivity with increasing 
temperature comes from the expansion of the core in the 
radial direction—that is, perpendicular to the axis of the 
fuel assemblies. This occurs primarily from the expansion 
of core structures, such as the metal grids that hold the 
fuel assemblies in place. In contrast to the fuel tempera-
ture coefficient, this is not an inherent property of the 
fuel, and it is not a prompt (nearly instantaneous) 
response, so it should not be considered as reliable a 
feedback mechanism as the fuel temperature coefficient.


continued from p. 60


response to changes in the state of the reactor, such as tem-
perature and pressure. While LWRs generally have negative 
power feedback and meet the NRC’s General Design Criterion 
11, fast reactors generally do not meet this criterion and have 
power instabilities that can have serious implications for safety.


PASSIVE SAFETY CLAIMS AND THE EBR-II 1986  
SAFETY TESTS


As discussed above, proponents of metal-fueled sodium-
cooled fast reactors claim that these reactors are passively 
safe and would shut themselves down with no operator  
intervention if the fuel were to overheat. They frequently 
point to a series of safety tests carried out by Argonne  
National Laboratory in 1986 at the 62.5 MWth (20 MWe)  
Experimental Breeder Reactor-II (EBR-II). The most severe 
of these tests, on April 3, 1986, known as a “loss of flow with-
out scram,” is often cited as a conclusive demonstration  
that fast reactors are passively safe. In the 2013 documentary 
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 Most significantly, the entire series of tests was highly 
scripted and conducted under very carefully controlled con-
ditions to minimize the potential for failure; the EBR-II  
underwent “a number of hardware and software changes” to 
prepare the facility for the tests (Messick et al. 1987). While   
it is reasonable—or even essential—to carry out such prepara-
tions when doing safety tests, it limits the tests’ relevance to 
real-world accident scenarios. At best, the tests demonstrated 
certain safety features were functional under certain condi-
tions, but they did not simulate the entire range of plausible 
severe accident conditions. 


Thus, the tests did not prove that the reactor “cannot 
melt down,” as some claimed in Pandora’s Promise. On the 
contrary, as discussed below, fast reactors are vulnerable to  
a number of different accident initiators that could result  
in core damage and release of radioactivity into the environ-
ment. Below are some of the parameters of the EBR-II safety 
tests that had significant impacts on the outcomes and pre-
vent the test results from being applicable to all fast reactors 
in all accident scenarios of concern.


Coastdown Time


A critical factor for the success of the EBR-II  “loss of flow 
without scram” tests was the relatively long period of time 
that the primary system coolant pumps took to coastdown 
(gradually slow down after the power was cut off ). This  
is because most of the feedback mechanisms that work to  
reduce a fast reactor’s power need time to take effect. If the 
coolant pumps shut down immediately, then the sodium  
temperature could increase to its boiling point before the 
negative reactivity feedback would have a chance to kick in 
and reduce the reactor power. Therefore, fast reactor coolant 
pumps must be designed with a sufficiently long coastdown 
period to allow the reactor to withstand a loss of flow with-
out scram accident without fuel damage. The EBR-II loss  
of flow without scram tests extended the coastdown time  
artificially, and thus were not fully representative of  
real accidents.


The EBR-II used two conventional motor-driven cen-
trifugal pumps to circulate the primary coolant, as well as  
an auxiliary electromagnetic pump with a battery backup  
to supplement natural convection cooling during shutdown.  
For motor-driven centrifugal pumps, which drive fluid  
motion by rotating, coastdown occurs naturally due to the 
rotational inertia of the pump. However, the natural coast-
down period of a pump may be too short, requiring artificial 
means to lengthen it. And electromagnetic pumps—which 
induce electromagnetic fields to drive metal coolant flow and 
have no moving parts—require auxiliary mechanical flywheels 


to simulate coastdown if the pumps stop operating. These 
artificial mechanisms do not fully compensate for pumps 
with short natural coastdown periods because they could  
be vulnerable to failure during an accident.


The scientists at Argonne National Laboratory knew  
that pump coastdown was “critically important in determin-
ing the peak transient temperatures” (Planchon et al. 1987). 
However, the 50-second coastdown period of the centrifugal 
pumps was too short. So to prepare for the 1986 loss-of-flow 
tests, the scientists introduced electronic controls and other 
modifications to artificially extend the coastdown time to as 
long as 600 seconds (Planchon et al. 1987). Given that rotating 
pumps can seize—suddenly stop running—a sufficiently long 
coastdown time is not guaranteed and should not be con- 
sidered an intrinsic passive safety feature. 


In addition to the artificial lengthening of the primary 
pump’s coastdown time, other parameters that were varied 
included the operating power of the reactor and the state of 
the auxiliary coolant pump (on, off, or on battery backup) 
(Planchon et al. 1988). 


However, none of the tests included the most challenging 
but still plausible combination of conditions: 100 percent 
power, natural coastdown time for the primary pumps, and  
no auxiliary pump. In short, the tests did not provide infor-
mation about how the reactor might respond to complex,  
real-world accidents that evolved in unexpected ways, as was 
the case at Fukushima. For example, the April 3, 1986, test was 
initiated at full power, but the coastdown time of the primary 
pump was extended to 95 seconds and the auxiliary pump 
was allowed to operate on battery power. Thus, the test dif-
fered in an important way from the Fukushima accident, when 
nearly all battery power supplies, as well as the electric distri-
bution systems, were lost due to the flooding from the tsunami. 
Moreover, at Fukushima, fuel melting did not begin until  
several hours after all power (alternating current as well as 
battery) was lost. But in a fast reactor, fuel melting can begin 
within seconds after a total loss of power causing the failure 
of both primary and auxiliary pumps.


Sodium Void Coefficient


Another major reason why the EBR-II safety tests were not 
representative of all fast reactors is because the reactor had a 
negative sodium void coefficient (Chang 1992), which would 
not normally be the case for full-scale power reactors. As  
discussed earlier, larger fast reactors such as PRISM (165 to 
311 MWe) will typically have a positive sodium void coeffi-
cient. As the size of the reactor core increases, the fraction of  
neutrons that leak from the core decreases. Also, plutonium-
fueled reactors will have larger positive void coefficients  







65“Advanced” Isn’t Always Better


than uranium-fueled ones, with potentially more severe  
consequences. In a reactor with a positive sodium void  
coefficient, if the sodium coolant heats up and starts to boil, 
the total reactivity and power will sharply increase, heating 
the coolant even more and resulting in a positive feedback 
loop. This is an unstable condition that could result in a  
power increase so rapid that it would be impossible to con-
trol—as occurred during the 1986 Chernobyl accident. 
 The EBR-II’s void coefficient was negative because  
it was a small reactor and was fueled with HEU instead of 
plutonium. The small size of the core enhanced the neutron 
leakage, and the use of U-235 instead of plutonium resulted in 
a smaller increase in fission rate at high neutron speeds. The 
negative void coefficient worked in concert with other phe-
nomena contributing to negative feedback, such as expansion 
of the core. Indeed, the negative void reactivity was the larg-
est contributor to the overall negative temperature feedback 
(IAEA 2017). If the void coefficient of the EBR-II had been 
positive, the other feedback effects might not have been 
strong enough to offset its impact on reactivity, and the loss  
of flow without scram tests would have had less benign out-
comes. Therefore, the EBR-II tests do not demonstrate that 
all metal-fueled fast reactors are passively safe.
 Notably, the NRC itself has questioned the use of the 
term “passively safe” to describe reactors with a positive  
void coefficient such as PRISM (NRC 1994):


The positive sodium void worth is a concern in the  
passive safety argument. Because of it, one must qualify 
any characterization of the PRISM response as “passively 
safe” by pointing out that this is conditional on the sodium 
remaining below the boiling temperature. Should sodium 
boiling begin on a core-wide basis under failure-to-scram 
conditions, the reactor would be likely to experience  
a severe power excursion.


In other words, if the liquid sodium boils, the reactor power 
would continue to rapidly increase, overwhelming the passive 
safety features, and a severe core damage accident could 
result. 
 How likely is it that the sodium would boil during an  
accident? Fast reactor developers argue that such an event 
would be extremely unlikely because there is a significant 
margin between the normal operating temperature of the  
reactor (around 500ºC) and the sodium boiling point (around 
900ºC). Nevertheless, the likelihood of a rapidly developing 
sodium boiling event is design-dependent, highly uncertain, 
and not so easily dismissed. 
 There is very little information about the temperature 
limits of metal fast reactor fuel and how much time would  


be available before fuel damage would occur if cooling were 
lost (NRC 1994). However, a loss of flow without scram would 
likely result in a devastating accident if all of the primary 
coolant pumps were to seize abruptly. In that case, the NRC’s 
analysis found that large-scale sodium boiling would begin 
after about 14 seconds, leading to a power increase after  
25 seconds. By 26 seconds, the power level would have  
increased by a factor of three, and the temperature at the  
centers of the fuel pins would have exceeded 1300°C, which 
is greater than their melting point. The NRC terminated the 
calculation at 26 seconds because there was little doubt 
where things were headed after that. The NRC report dryly 
states that “assuming that the prediction of the sodium flow 
rate through the core . . . is correct, this is clearly an event  
that must be avoided” (NRC 1994). 
 Another type of fast reactor accident known as the  
unprotected transient overpower event, in which a control 
rod is ejected and the reactor fails to shut down, could also be 
very severe. An Argonne National Laboratory analysis found 
that such an event at a relatively small SFR (380 MWe, similar 
to the Natrium) could cause large-scale fuel melting within  
10 seconds, and dangerously high radiation doses to the off-
site public (hundreds of rem at a 200-meter site boundary) 
(Grabaskas et al. 2016). These doses are not lower than those 
that could result from a core-melt accident at a large LWR.


THE HYPOTHETICAL CORE DISRUPTIVE ACCIDENT


It is commonly said that nuclear reactors cannot explode  
like nuclear weapons. While this is essentially true for LWRs, 
it is not the case for other types of reactors, such as Chernobyl-
type thermal reactors or fast reactors. In the event of a severe  
accident in which nuclear fuel overheats, the fuel elements 
may melt and fuse together into a dense mass. The conse-
quences of this compaction will differ in LWRs and in fast 
reactors.
 Because LWRs require a moderator (water) to be inter-
mingled with the fuel to achieve criticality and produce  
power, if the fuel becomes more compact and the moderator 
(water) is expelled from the core, there is a greater chance 
that neutrons will be absorbed in the fuel or escape before 
they are slowed down enough to cause fission and generate 
more neutrons. This reduces the reactivity of the reactor  
and increases its stability.
 However, in a fast reactor, a moderator is not needed  
to achieve criticality. If the fuel rapidly becomes denser, then 
there is a smaller chance that neutrons will leave the fast  
reactor system without causing fission. This increases the  
reactivity and power of the reactor, not unlike the mechanism 
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by which nuclear fission weapons explode. In a nuclear fission 
weapon, plutonium or another fissionable material is rapidly 
assembled or compressed to a highly supercritical state. The 
yield of the weapon depends on the degree of compaction and 
how long it remains in a supercritical state before blowing 
itself apart. Although the degree and time scale of the com-
paction in a fast reactor would not lead to conditions nearly 
as destructive as most nuclear weapons, a small explosion is 
possible, with the potential to cause a catastrophic dispersal 
of highly radioactive fuel into the environment.
 Hans Bethe, the Nobel laureate in physics who headed 
the theoretical division for the Manhattan Project, and a  
collaborator, J. H. Tait, were quick to recognize this risk and 
developed a back-of-the-envelope method to estimate the 
potential explosive energy release. When applied to metal-
fueled fast reactors such as EBR-II and Fermi 1, the Bethe- 
Tait method revealed that the resulting explosion could be 
comparable to a detonation of several hundred pounds of 
high explosive (Lewis 1977). Although not as large as typical 
truck bombs today, such an explosion in the core of a nuclear 
reactor could breach the reactor vessel and containment.  
The resulting radiological release would not be primarily 
composed of radionuclides generated by the fissions during 
the explosion (as in the case of a nuclear weapon detonation),  
but rather those that accumulated during operation of the 
reactor—generally a much larger quantity of long-lived  
fission products. 
 This type of analysis, which was subsequently refined  
by others, also revealed that the size of the explosive energy 
detonation increases with the volume of the reactor core and 
could be significantly greater for commercial-scale reactors 
than for the relatively small EBR-II core (Lewis 1977).
This type of scenario was christened the hypothetical core 
disruptive accident or HCDA. The modifier “hypothetical” 
was originally added to emphasize that the initial analyses 
simply assumed the core could become compacted but  
did not postulate how that could actually occur. However, 
researchers have identified plausible fast reactor accident 
sequences that could result in core meltdown and rapid  
reactivity increases (Tentner et al. 2010). Moreover, after  
the meltdowns at Three Mile Island in 1979, Chernobyl in 
1986, and Fukushima in 2011, the occurrence of severe acci-
dents is no longer hypothetical—and the “H” in HCDA is  
unnecessary. Nevertheless, the term sometimes continues  
to be used.
 Historically, the question of considering HCDAs in  
the design and licensing of fast reactors such as the Fast  
Flux Test Facility at the DOE’s Hanford site in the state  
of Washington and the proposed (but never built) Clinch  
River Breeder Reactor in Tennessee was very controversial. 


Reactor developers feared that it would prove too costly if 
regu-lators required that reactor structures be engineered to 
withstand HCDAs. Ultimately, the NRC decided in the 1970s 
that HCDAs could be excluded from the design basis for 
Clinch River if their probabilities were shown to be sufficiently  
low, which the applicant claimed was the case (Flanagan, 
Fanning, and Sofu 2015).
 Nevertheless, the events are complex, the uncertainties 
large, and the potential consequences catastrophic. An [H]CDA 
is a very real and serious risk that must be considered in eval-
uating the prospects for fast reactors. The Generation IV Inter-
national Forum, in a recent assessment of sodium-cooled  
fast reactor safety, concluded that “the possibility to robustly 
mitigate consequences of [a] whole core accident has to be 
investigated,” including the need for “a robust confinement capa-
bility” for radioactive material releases (Ruggieri et al. 2017). 


Sustainability and Proliferation/ 
Terrorism Risk


The above discussion shows that fast reactors have trouble-
some features that may render them less safe than LWRs. But 
some of these very characteristics do offer the potential for 
increased sustainability compared to LWRs. As discussed in 
chapter 3, fast reactors are capable (in theory) of significantly 
improving uranium utilization by breeding plutonium, or  
significantly increasing the capacity of geologic repositories 
by more effectively fissioning (or “burning”) the long-lived 
TRU in spent nuclear fuel.
 However, there are two very large caveats. As discussed 
in chapter 3, it is completely impractical, if not impossible, to 
achieve either of these sustainability objectives within a real-
istic timeframe. Depending on the technologies employed, it 
could take centuries or even millennia for fast burner reactors 
to recycle a significant fraction of the TRU contained in spent 
fuel, or for fast breeder reactors to utilize a significant frac-
tion of the depleted uranium stockpile.
 And as discussed in chapter 4, reprocessing and recycle 
of plutonium and other TRU greatly increases the likelihood 
that nations or terrorists seeking nuclear weapon-usable  
material will succeed. The security and safeguards measures 
needed to mitigate these risks are costly and cumbersome,  
yet only have limited effectiveness. 


Sustainability of Once-Through Fast Reactors


A number of vendors are developing fast reactors that would 
utilize high-assay low-enriched uranium (HALEU) fuel in  
a once-through cycle without reprocessing, at least for their 
initial operation. While these reactors, such as TerraPower’s 







67“Advanced” Isn’t Always Better


Natrium, would pose lower proliferation and nuclear terror-
ism risks than TRU-fueled fast reactors with reprocessing, 
they are not more sustainable than LWRs and thus fail to  
realize one of the main benefits of developing fast reactors. 
Indeed, such fast reactors are typically even less uranium-
efficient than LWRs, as the below discussion illustrates.
 Although TerraPower has provided few details publicly 
about the Natrium’s fuel cycle, enough information is avail-
able about it and similar reactor designs to estimate its  
uranium utilization efficiency. An 18.75%-enriched HALEU-
fueled fast reactor core requires approximately 2.5 times 
more natural uranium per GWe than LWRs (Hoffman and  
Fei 2019). About 820 metric tons of natural uranium would be 
needed for the core of a typical 1,000 MWe LWR containing 
89 metric tons of LEU with an enrichment of less than 5 per-
cent. Thus about 2,050 metric tons of natural uranium would 
be needed for the core of a 1,000 MWe HALEU-fueled fast 
reactor. For the 345 MWe Natrium fast reactor, this corre-
sponds to about 710 metric tons of natural uranium, which 
would be enriched to produce 17.6 metric tons of 18.75 per-
cent HALEU. This value is consistent with the range of  
15–20 tons per startup core that a Terra-Power representa-
tive specified at a 2020 DOE workshop (Gallacher 2020).
 In addition to the natural uranium needed for the initial 
core fuel load, the annual natural uranium requirement for a 
HALEU-fueled fast reactor utilizing current fuel technology 
will also be greater than for an LWR of similar capacity.  
TerraPower has said that the Natrium will operate on a 18–24 
month refueling cycle typical of LWRs. Also, GE-Hitachi has 
specified that the average discharge burnup of a HALEU- 
fueled PRISM reactor would be about 70,000 MWd/MTHM 
(Petti et al. 2017).15 If one assumes that the HALEU fuel will 
be irradiated for three 18-month cycles (4.5 years in total) and 
that the Natrium has a capacity factor of 85 percent, the reac-
tor will require about 3.7 metric tons of HALEU per year, cor-
responding to a natural uranium requirement of 150 metric 
tons per year, or 500 metric tons/GWe-year. This is about 2.5 
times the annual natural uranium requirement for an LWR. 
 HALEU-fueled once-through fast reactors also generate 
more long-lived radioactive waste than LWRs. The quantity 
of TRU discharged in the spent fuel per GWe-year would be 
over 500 kg per year, or more than twice the comparable  
value for an LWR (Hoffman and Fei 2019). 
 The benefits for sustainability of fast reactor–based fuel 
cycle systems with reprocessing are modest at best, but the 
proliferation and nuclear terrorism risks of such systems are 
profound. And while fast reactors operated with HALEU fuel 
on a once-through basis are less risky, they also are less uranium-
efficient than LWRs. Thus it is likely that reactor developers 


are pursuing once-through HALEU-fueled fast reactors only 
as “gateway” reactors to facilitate a transition to TRU-fueled 
reactors with reprocessing. 


Time Scale and Costs


READINESS FOR COMMERCIAL DEMONSTRATION


Recall from chapter 1 that the commercialization of a new 
reactor technology involves several stages: research and  
development, an engineering demonstration using a reduced-
scale prototype reactor, a performance demonstration using  
a scaled-up prototype, and a commercial demonstration using 
a full-scale reactor that would be the model for subsequent 
units. A reactor that has had a successful performance  
demonstration is usually considered “high maturity.” 
 When estimating the time scale and cost to commercial-
ize an NLWR, it is also necessary to consider the fuel cycle 
facilities necessary to support the reactor’s operation. These 
facilities may use experimental technologies that have not 
been demonstrated at commercial scale. Before the reactor 
can be commercially deployed, all the elements of the fuel 
cycle infrastructure—commercial-scale fuel production, 
transportation, and spent fuel management—must be  
available and reliable.
 The DOE’s 2017 study of advanced demonstration and 
test reactor options identified sodium-cooled fast reactors  
as a high-maturity technology, estimating that it would cost 
$4 billion and take 13 to 15 years to build and start up a com-
mercial-scale demonstration reactor. The analysis concluded 
that that the 471 MWth (165 MWe) PRISM design is ready  
for a commercial demonstration, because prior fast reactor 
projects “had engineering and performance demonstration 
systems over three decades ago” (Petti et al. 2017). Consistent 
with this conclusion, the DOE has now chosen two PRISM-
type designs—the Versatile Test Reactor and the Natrium com-
mercial demonstration reactor—for near-term deployment.
 However, the DOE has not made the case that PRISM-
based fast reactors are mature enough to bypass the per- 
formance demonstration stage. First, prior fast reactor  
performance demonstrations were less than successful. The 
DOE report points to the Fermi-1 and Fast Flux Test Facility 
reactors as US examples and Phénix and Superphénix (France), 
Monju (Japan), and BN-600 (former Soviet Union) as inter-
national examples. But Fermi-1 and Monju both suffered  
major accidents. Phénix experienced operational anomalies 
that remain unexplained. Superphénix also never achieved 
full power and was unreliable. And the BN-600 experienced 
many sodium fires. The DOE report itself acknowledges that 
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“the track record of [sodium-cooled reactor] demonstration  
plants is mixed” (Petti et al. 2017). 
 Second, and even more to the point, those reactors dif-
fered in significant ways from the VTR and Natrium designs 
and thus are not directly relevant. The 20 MWe EBR-II was 
the experimental fast reactor most similar to PRISM. Could 
data from the EBR-II, a smaller-scale engineering demon-
stration, enable PRISM to leapfrog over the performance 
demonstration phase? According to the DOE’s definition, as 
discussed in chapter 1, performance demonstration is needed 
to establish that scale-up of the system works, gain operating 
experience to validate integral behavior of the system, and 
provide proof of performance. However, the results of the 
EBR-II demonstration cannot be readily extrapolated to larger 
PRISM-type reactors such as the VTR and the Natrium.
 The 840 MWth Natrium would have a power rating 14 
times that of the EBR-II—a significant difference with regard 
to many aspects of reactor operation. Indeed, GE-Hitachi 
originally recommended in 2016 that the DOE build a smaller, 
471 MWe PRISM demonstration reactor rather the larger, 
840 MWth model (Petti et al. 2017). But the Natrium would 
be more than a mere EBR-II scale-up. Unlike the EBR-II,  
the sodium void coefficient for a metal-fueled fast reactor  
as large as the Natrium will be positive. Also, the DOE notes 
that the EBR-II cooling system “was effective for a reactor  
of that size” but “a larger reactor may require a different  
technology” (Petti et al. 2017). The cooling systems that  
work for very small reactors may well be inadequate for larger 
reactors that generate heat at a higher rate. For instance, 
PRISM designs includes a novel, additional passive decay 
heat removal system called the Reactor Vessel Auxiliary  
Cooling System, which the EBR-II did not have.
 In addition, the design of PRISM’s primary coolant 
pumps would be different than those of the EBR-II, which 
could significantly impact safety analyses. As noted above, for 
ordinary motor-driven centrifugal pumps, coastdown occurs 
naturally as a consequence of the rotational inertia of the 
pump after power is cut off. The EBR-II had two primary 
centrifugal pumps and one auxiliary electromagnetic pump. 
However, PRISM designs use only electromagnetic pumps, 
which take advantage of the fact that the coolant is metallic. 
However, as discussed above, these pumps do not have moving 
parts and therefore have no intrinsic inertia to allow for 
coastdown. To compensate, the PRISM design includes  
synchronous motor-generator machines that are intended  
to simulate coastdown by providing power for a short time  
to the electromagnetic pumps in the event of a station black-
out (NRC 1994). However, this arrangement is not as safe  
as a centrifugal pump. For instance, if the power connections 


between the motor-generator machines and the electromag-
netic pumps are disabled—in the event of a severe flood, for 
instance—then there would be no coastdown effect, and a 
rapid power excursion and core meltdown could result.
 Also, the equipment needed to provide high coolant flow 
rates following a pump shutdown is expensive, according to  
a recent study on the DOE VTR project (Sumner and Fanning 
2020). As a result, DOE researchers are looking for ways to 
cut the VTR’s cost by reducing the post-trip flow rate, which 
would lower the safety margin as well (Sumner and Fanning 
2020). Thus to reduce cost, commercial fast reactors based  
on the PRISM design may have lower post-shutdown flow  
rates than the EBR-II did, increasing the risk of an accident.   
 The NRC recognized in the 1990s that the EBR-II  
was not representative of the PRISM design and other fast 
reactors in its 1994 PRISM preapplication safety review: 


. . . the fact that EBR-II is obviously quite different from 
the other cores decreases one’s confidence in extrapo-
lating from the EBR-II test series. Analyses consistently 
indicate that the “passive shutdown” will work as designed 
in the PRISM, but a series of safety tests using a proto-
type reactor is needed for confirmation (NRC 1994).


Another important difference is that neither the EBR-II nor 
other fast reactor demonstrations used a fuel similar to the 
uranium-plutonium-zirconium metal alloy that the VTR  
will use. Fermi-1 used a metallic fuel alloy of highly enriched 
uranium (25.6 percent U-235) and molybdenum, which was 
bonded to the cladding in a different way than PRISM fuel. 
The FFTF and other reactors used mixed plutonium-uranium 
oxide (MOX) fuel. 
 Almost all the PRISM-type driver fuel used by the  
EBR-II was an HEU-containing metal alloy. Less than 1 per-
cent of the fuel tested in the reactor was composed of a pluto-
nium-uranium-zirconium alloy, which would be the fuel of 
choice not only for the VTR but also for future fast breeder 
reactors. And the EBR-II did not test metal fuel with TRU 
other than plutonium, which would be included in the fuel 
for a TRU burner fast reactor. Such differences—highly  
enriched uranium versus plutonium, metal versus oxide—
could have significant impacts on reactor operation,   
safety, and performance. 
 The NRC also flagged the fuel issue in its 1994 
assessment:


The PRISM fuel system, U-Pu-Zr fuel clad with HT9,  
is a new concept. Many of the basic design principles 
have been developed from EBR-II metal-fuel experience. 
However, because of differences in material, geometry, 
and exposure conditions, this experience must be extrap-
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olated to the PRISM design through the use of analytical 
tools that characterize the operational history and tran-
sient responses of the fuel system. Experimental data 
must be obtained both to support the model develop-
ment efforts and to verify the integrated computer  
codes (NRC 1994).


The lack of experience with plutonium fuel will not be an  
issue for the HALEU-fueled Natrium. However, there is dis-
agreement about the maturity level of the proposed PRISM 
fuel—even without plutonium—in light of past EBR-II experi-
ence. The DOE’s evaluation team judged that it was signifi-
cantly less mature than the GEH team did. The DOE noted 
that “no attempt was made to reconcile this [its own] in- 
dependent assessment with those of the individual team  
assessments” (Petti et al. 2017).  
 At the time of the NRC’s 1994 PRISM preapplication  
review, the DOE planned to conduct additional research  
and development for metal fuel qualification at the EBR-II 
and also build a more representative prototype of a PRISM  
module to conduct full-scale performance and safety testing, 
which would have addressed the NRC’s concerns. The DOE 
had laid out a 20-year PRISM technology development 
schedule to support an NRC design certification. 
 However, the EBR-II was shut down in 1994, the DOE 
never built the prototype, and the required fuel qualification 
and safety testing was never carried out. An additional fuel 
transient testing program to support severe accident analyses 
was supposed to take place at the Transient Reactor Test 
(TREAT) Facility, a test reactor at the INL, but was never  
carried out because TREAT was also closed in 1994. The DOE 
recently restarted the TREAT reactor to conduct transient 
fuel testing, but that effort is only in its beginning stages, and 
it will take many years to accumulate enough data to make  
a strong safety case for fast reactor licensing.
 The decision to bypass prototype testing raises questions 
about how the safety case for the VTR and Natrium will be 
adequately demonstrated and how their fuels will be qualified. 
Both reactor designs are very different from EBR-II, as dis-
cussed above. The DOE’s current approach, to rely on EBR-II 
performance and fuel data, would suffer from many of the 
same issues raised by the NRC for PRISM licensing.
 If the proposed VTR project goes forward, it could per-
form some of the fuel qualification activities for commercial 
fast reactors that would have been done by the EBR-II in the 
1990s. However, the VTR is not likely to be operational before 
the late 2020s, and even then it will likely require several years 
of commissioning activities before it can begin sustained  
operation. Thus fuel qualification programs at the VTR could 
take well into the 2040s, taking into account irradiation time, 


post-irradiation examinations, and additional safety testing. 
And if the VTR is used to qualify its own fuel, there will be  
a bootstrapping problem that could raise safety concerns.
 It is unclear why the DOE has now changed its position 
from the one it held in the 1990s, and now maintains that  
construction and testing of a PRISM prototype will not be 
necessary prior to licensing a commercial demonstration  
reactor (or, by the same logic, a large test reactor). An open 
question is whether the NRC which has regulatory authority 
over the Natrium demonstration reactor but not the VTR,  
will also agree that it can proceed with licensing the   
Natrium without requiring prototype testing. 
 To recap, compared to the EBR-II, PRISM-based designs 
such as the VTR and Natrium are many times larger, use only 
electromagnetic coolant pumps, may use fuel containing  
plutonium and possibly other TRU, and will have positive  
sodium void coefficients. All of these factors tend to make 
accidents such as the loss of flow without scram more  
severe. Therefore, the relevance of the EBR-II safety tests  
to commercial-scale PRISM systems is highly questionable. 
There is little evidence to support the DOE’s assertion that 
the PRISM design is ready for deployment as either a com-
mercial demonstration or as a test reactor without first con-
ducting a performance demonstration for safety testing.
 If the 20-year schedule that the DOE proposed in the 
1990s for PRISM development were followed today, with 
credit for preliminary design activities that began around 
2018, licensing of the first commercial unit would not take 
place until the late 2030s. Assuming that there were com-
mercial orders at that time, the first units would not likely  
be operational until around 2050. 


FUEL CYCLE READINESS


In order for commercial PRISM-type units such as the  
Natrium to be available by the 2030s, all the fuel cycle facilities 
needed to support reactor operation would also need to be 
available. As noted in chapter 3, two of the primary justifica-
tions for fast reactor development are to reduce the genera-
tion of long-lived radioactive waste and to use uranium more 
efficiently. As discussed above, the once-through, HALEU-
fueled Natrium will not achieve either of these objectives.  
To do so, the Natrium and most other fast reactor concepts 
would require reprocessing of their spent fuel to recover  
uranium, plutonium, and possibly other TRU for use in fresh 
fuel—using technologies that themselves require intensive 
development. For example, the full PRISM fuel cycle would 
require facilities for pyroprocessing the reactor’s metal-based 
spent fuel to extract plutonium and other TRU, and facilities 
for fabricating fresh fuel from the separated materials.
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 Moreover, the current PRISM metal fuel design, which  
is also the basis for the VTR, the Natrium, and Oklo’s Aurora 
microreactor, contains a bond of metallic sodium between the 
fuel and the metal cladding to provide for good heat transfer. 
The DOE has long argued that such fuel, if exposed to a high 
burnup cannot be directly disposed of in a repository but 
must be processed to remove the bond sodium. Unless the 
DOE changes its position—and unless new fuel designs  
without bond sodium are qualified for safe use in the future—
it will require processing of the spent fuel from all three of 
these fast reactor projects.
 The process that the DOE has used to date for reprocess-
ing metallic fast reactor spent fuel, pyroprocessing, has not 
been demonstrated at commercial scale, and its only significant 
operating experience at a reduced scale arguably has not been 
successful (see Box 7, p. 71). Since 1996, US researchers at the 
INL have been struggling to pyroprocess 26 metric tons of 
metallic spent fuel from the shutdown EBR-II and FFTF fast 
reactors. Of this amount, about 3.2 metric tons consists of 
HEU–based driver fuel, which is being down-blended with 
depleted uranium to produce HALEU with an enrichment 
just under 20 percent. 
 In 2000, the DOE estimated that the project would  
be completed by 2010, but as of December 2020, only about 
20 percent of the spent fuel had been processed. At that rate, 
it appears likely that several more decades will be needed  
to finish the job (see Box 7, p. 71). About half of the driver  
fuel was pyroprocessed by 2020, at an average rate of about 
85 kilograms per year. To put that in perspective, the VTR, 
which would discharge about 1.8 metric tons of spent driver 
fuel per year, would require a pyroprocessing annual  
throughput 20 times higher than this average rate. The 345 
MWe Natrium would discharge about twice as much spent 
fuel per year as the VTR, or more than 40 times the current  
pyro-processing rate. 
 The DOE has plans to increase the operating time of the 
pyroprocessing facility by running it 24 hours a day, 7 days a 
week, which would only increase the throughput by a factor 
of about three (INL 2020). But it is not just a scale-up issue: 
The process at the INL is generating nuclear waste streams 
that cannot be effectively managed and do not have an  
established disposition path (see Box 7, p. 71). More funda-
mental development work is also needed at the engineering 
scale to address this waste problem. 
 The difficulty of scaling up the pyroprocessing process 
and other considerations, including the proliferation risks  
of separating plutonium, have led the DOE to recently pro-
pose a new and different process called “melt-distill-dilute” 
(also called “melt-distill-package”) for treating the VTR spent 
fuel (Crawford 2020). This process would involve melting the 


spent fuel pins and then heating the melt until the sodium is 
driven off. The process would also vaporize volatile fission 
products, which would have to be trapped and stored. The 
plutonium and other TRU would not be separated from  
uranium, and would be diluted by fuel structural materials  
to below 10 weight-percent to meet the DOE’s safeguards  
requirements. This concept still requires developmental  
work (Crawford 2020). 
 The DOE has not provided similar information about  
its proposed disposition path for the even greater quantity  
of sodium-bonded spent fuel that would be discharged by the 
Natrium annually. However, the melt-distill-package process 
will obviously not be suitable if the intention is to improve the 
unfavorable sustainability characteristics of the design—albeit 
modestly—by reprocessing and recycling the plutonium and 
other TRU in the spent fuel. 


FUEL CYCLE FACILITY DEVELOPMENT


What additional time and resources would be needed to  
develop and build commercial-scale pyroprocessing and fuel 
fabrication demonstration facilities for sodium-cooled fast 
reactors? 
 A 2014 DOE study estimated that it would cost $12 bil-
lion to $35 billion to achieve a first-of-a-kind commercial 
demonstration of a relatively high-maturity advanced fuel 
cycle, of which only one component facility (e.g., the repro-
cessing plant) would require engineering-scale demonstra-
tion (Wigeland et al. 2014). For less mature technologies, 
which would need to demonstrate several components of  
a fuel cycle at engineering scale, the study estimated costs  
of $35 billion to $75 billion to reach the same stage. The study  
estimates that it would cost hundreds of billions of dollars  
to transition to a new fuel cycle in the United States.
 The 2014 DOE study did not estimate the total time  
it would take to achieve commercial demonstration of a fast 
reactor fuel cycle. But a schedule presented by a DOE official 
at a conference of the American Nuclear Society in 2017 
showed that it was estimated to take 45 years from beginning 
the design of an LWR fuel reprocessing plant (which would 
be needed to produce the initial plutonium for the fast reac-
tor) to beginning the operation of a full-scale fast reactor  
reprocessing plant (Paviet 2017).
 Another issue that will affect cost is the need for HALEU 
by many fast reactor designs, as discussed in chapter 4.  
Uranium enrichment plants would have to be built or recon-
figured to supply this material, and downstream conversion 
and fuel fabrication plants would have to be modified to  
handle the criticality risks of such materials. Security would 
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The Union of Concerned Scientists has reviewed documents 
that it obtained through the Freedom of Information Act 
(FOIA) that highlight the failure of the DOE’s decades-long 
effort to chemically process 26 metric tons of sodium-bonded 
metallic spent fuel from the shutdown EBR-II reactor (Lyman 
2017). Ostensibly, the purpose of the program was to convert 
the waste to forms that would be safer for disposal in a geologic 
repository. A secondary goal was to demonstrate the viability 
of a new type of pyroprocessing process (see chapter 4). 
Instead, it has demonstrated the numerous shortcomings  
of this technology. Pyroprocessing, like other reprocessing 
technologies, takes one form of nuclear waste and converts  
it into multiple different types of nuclear waste, each 
presenting new challenges for disposal.
 Pyroprocessing is a form of spent fuel reprocessing that 
dissolves metal-based spent fuel in a molten salt bath (as 
distinguished from conventional reprocessing, which dissolves 
spent fuel in water-based acid solutions). Understandably, 
given all of the technology’s problems, the DOE has been 
reluctant to release public information on this program,  
which has largely operated under the radar since 2000.


DOE PYROPROCESSING ACTIVITIES


The DOE initiated the pyroprocessing program for EBR-II 
spent fuel in the mid-1990s as a consolation prize to Argonne-
West National Laboratory (now part of present-day INL) after 
it cancelled the Integral Fast Reactor project. The idea was to 
connect the EBR-II to an adjacent pyroprocessing facility, 
which would extract plutonium, uranium, and other elements 
from the reactor’s spent fuel and fabricate them into new 
reactor fuel. In theory, this could be a system that could 
convert its nuclear waste into usable fuel on site and thus be 
largely self-contained. Pyroprocessing was billed as a simpler, 
cheaper, and more compact alternative to the conventional 
aqueous reprocessing plants that have been operated in 
France, the United Kingdom, Japan, and other countries.
 Although the DOE shut down the EBR-II in 1994 (the 
reactor part of its Integral Fast Reactor Program), it allowed 
work at the pyroprocessing facility to proceed. It justified 
doing so by asserting that the leftover spent fuel from the 
EBR-II could not be directly disposed of in the planned  
Yucca Mountain repository because of the potential for metallic 
sodium in the fuel (used to bond the fuel to the cladding) to 
react violently with water and air.
 Pyroprocessing would separate the sodium from other  
spent fuel constituents and neutralize it. The DOE decided  


BOX 7.


The Pyroprocessing Files


in 2000 to use pyroprocessing for the entire inventory of left-
over EBR-II spent fuel—both driver and blanket fuel—even 
though it acknowledged that there were simpler methods to 
remove the sodium from the lightly irradiated blanket fuel, 
which constituted nearly 90 percent of the inventory.
 However, as the FOIA documents reveal in detail, the   
pyroprocessing technology simply has not worked well and  
has fallen far short of initial predictions. Although the DOE 
initially claimed that the entire inventory would be processed 
by 2007, as of the end of 2020, only about 20 percent of the 
roughly 26 metric tons of spent fuel had been processed. More 
than $210 million had been spent, at an average cost of around 
$50,000 per kilogram of fuel treated, compared to the original 
estimate of less than $18,000 per kilogram. Since 2016, only 
driver fuel has been pyroprocessed, at a rate of about 100 kilo-
grams per year and an annual cost of $8 million (INL 2020).  
This corresponds to a cost of about $80,000 per kilogram.  
At this rate, it would take until the end of the century to 
complete pyroprocessing of the entire inventory, at an   
additional cost of more than $1 billion.
 But even that assumes, unrealistically, that the equipment 
will continue to be usable for this extended time period. More-
over, there is a significant fraction of spent fuel in storage that 
has degraded and may not be suitable for pyroprocessing in 
any event. The long time to completion is problematic because 
the DOE has had an agreement with the state of Idaho since 
1995 to remove all spent fuel from the state by the year 2035. 
The FOIA documents reveal that the DOE was well aware  
that it was not on track to comply with this obligation. In 2019, 
Idaho and the DOE reached a supplemental agreement with 
additional conditions, including a requirement that the DOE 
complete pyroprocessing of the EBR-II driver fuel by 2028. In 
order to accomplish this, the facility will have to be ramped up 
to 24 hour-per-day, 7 day-per-week operations by 2024, which 
is not realistic given the age of the facility and its previous 
operating record (INL 2020). 


GENERATING AND ATTEMPTING TO MANAGE 
MULTIPLE WASTE STREAMS


What exactly is this pyroprocessing campaign accomplishing? 
Instead of making management and disposal of the spent fuel 
simpler and safer, it has created an even bigger mess. Pyro-
processing separates the spent fuel into three waste streams. 
The first is a cast metal ingot called the “spent fuel treat-  
ment product.” Some of this material is HALEU obtained by 
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have to be upgraded to Category II. However, HALEU supply 
is likely to be too scarce to meet demand for the foreseeable  
future. HALEU fuel will remain an expensive commodity  
unless significant new investments in supply and processing 
are made. In 2020, TerraPower announced a partnership  
with Centrus to expand its pilot centrifuge plant in Piketon, 
Ohio to produce HALEU for the Natrium demonstration  
reactor, but the facility would have to be quickly scaled up  
by a factor of three or more in order to produce the 15–20 MT 
of HALEU needed for the reactor’s initial core by 2027. In  
the absence of sufficient domestic HALEU production, fast 
reactors in the United States may become dependent on  


foreign producers, such as Russia and China, raising issues  
of reliability of supply.  
 Finally, fast reactors are significantly more expensive to 
build and operate than LWRs, and reprocessing and recycling 
spent fuel also increases cost, as discussed above. Thus, sodium-
cooled fast reactors operating on a closed fuel cycle will likely 
generate more expensive electricity than LWRs on a once-
through cycle until uranium becomes so scarce that its price 
increases to several times its current value. (And at that point, 
extraction of seawater uranium, a virtually inexhaustible  
resource, could be an economically competitive and more  
attractive alternative to reprocessing and plutonium 
recycling.)


downblending highly enriched uranium recovered from  
pyroprocessed driver fuel with natural uranium to reduce  
the U-235 concentration. But because this material contains 
unacceptably high levels of plutonium and other contami-
nants, it has a high radiation dose rate and until recently it  
was considered a waste product. The material has been  
accumulating and taking up valuable space at INL storage 
facilities, causing its own safety issues.
 In 2020, the INL reached an agreement with Oklo, Inc.,  
to provide it with HALEU for its proposed Aurora fast micro-
reactor at the laboratory. However, in order to use HALEU 
previously produced from the down-blending of EBR-II driver 
fuel, the material will have to be purified and recast into 
smaller ingots to reduce the dose rate and make it acceptable 
for reuse. As discussed in chapter 4, Oklo will require about  
3 metric tons of HALEU for its demonstration reactor. The 
cost of supplying this fuel will be between $50 and $100 
million.
 The second waste stream is the molten salt bath that is used 
to dissolve the spent fuel. Fission products and plutonium 
have accumulated in this salt for 20 years. Eventually it will 
have to be removed and safely disposed of. But for various 
reasons—including cost and a lack of available space for the 
necessary equipment—the INL is reconsidering the original 
plan to convert this waste into a stable ceramic waste form. 
Instead, it may just allow it to cool until it hardens and then 
directly dispose of it in the Waste Isolation Pilot Plant in   
New Mexico.
 The third waste stream consists of the leftover metal  
cladding tubes that encased the nuclear fuel and the metal 
plenums that extended above the fuel region. These tubes are 


contaminated with fission products and sodium. The original 
plan was to convert these scraps into a stable, homogeneous 
high-level waste form. But the FOIA documents reveal that 
the DOE  is considering redefining this material as transuranic 
or low-level waste so that without further processing it could 
be disposed of in the Waste Isolation Pilot Plant or a low-level 
radioactive waste disposal facility. Storage of the accumu-
lating metal scrap material is also becoming an increasing 
burden at the INL.


A WASTE PROBLEM MAGNIFIED


Simply put, the DOE has spent hundreds of millions of dollars 
only to magnify, rather than simplify, the waste problem. This 
is especially troubling in light of other FOIA documents that 
indicate that the DOE never definitively concluded that the 
sodium-bonded spent fuel was unsafe to directly dispose of  
in the first place. But it insisted on pursuing pyroprocessing 
rather than conducting studies that might have shown that 
this costly, ineffective, and dangerous procedure was 
unnecessary.
 Everyone with an interest in pyroprocessing should reas-
sess their views given the real-world problems experienced  
in implementing the technology over the last 20 years at the 
INL. They should also note that the process needed to extract 
plutonium and other TRU to produce fresh fuel for fast reactors 
would be even more complex than the EBR-II pyroprocessing 
system and hence would require considerably more research 
and development. The technology is a long way from being 
demonstrated as a practical approach for recycling spent   
fuel for use in power generation.
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 In conclusion, the deployment of a fast reactor–based 
closed fuel cycle would likely decrease safety, would likely 
cost far more than LWRs on a once-through fuel cycle, and 
would make nuclear weapons materials more accessible to 
terrorists. And these reactors would neither solve the nuclear 
waste problem nor significantly reduce uranium use over  
reasonable time scales. 


 Fast reactors utilizing HALEU and operating on a  
once-through cycle with direct disposal of spent fuel would 
have many of the same safety risks but would be even less 
uranium-efficient than LWRs. The one exception, if the  
approach could work, would be a fast reactor that could oper-
ate in a once-through breed-and-burn mode (see chapter 8).  
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High-Temperature Gas–Cooled Reactors


[ chapter 6 ]


The second NLWR concept identified by the 2017 DOE dem-
onstration and test reactor study as being sufficiently mature 
to support a near-term commercial demonstration is the 
high-temperature gas–cooled reactor (HTGR), a thermal-
neutron reactor (Petti et al. 2017). “High temperature” here is 
defined as an outlet temperature (where the coolant gas exits 
the reactor core) of up to 800°C.16 In comparison, pressurized-
water reactors have a coolant temperature below 300°C. The 
higher coolant temperature makes this class of reactors about 
20 to 33 percent more thermally efficient than an LWR and 
also would enable the reactor to provide high-temperature 
heat for industrial processes.  
 There are two primary types of HTGR. One is called  
a prismatic-block HTGR because the fuel elements are long 
blocks in the shape of a hexagonal prism. The second is a  
pebble-bed reactor, with spherical fuel elements. In contrast 
to prismatic-block HTGRs or LWRs, pebble-bed HTGRs are 
refueled continuously while the reactor is operating. Fuel 
pebbles are loaded at the top of the reactor core and circulate 
to the bottom, where they are removed. Depending on how 
long they have already been irradiated, pebbles are then  
either fed again into the reactor or stored as waste and  
replaced with fresh fuel. 
 Contemporary HTGR designs typically rely on passive 
means for emergency cooling, which limits their power to 
below about 300 megawatts-electric (MWe) in order to  
meet safety limits.
 In October 2020, the DOE selected a pebble-bed HTGR 
design, the X-Energy Xe-100, as one of the two commercial 
demonstration plants to be built by 2027 under the Advanced 
Reactor Demonstration Program (ARDP).


The Technology


The HTGR uses graphite as a neutron-moderating material 
and helium gas as a coolant. Another of the HTGR’s distinctive 
characteristics is its fuel, which must be capable of with-
standing far higher operating temperatures than LWR fuel.   
The current standard fuel, called TRISO (tristructural- 
isotropic), is composed of tiny spheres about one millimeter 
in diameter, each consisting of a kernel of fissile material 
(typically uranium oxide or uranium oxycarbide) surrounded 
by a porous graphite buffer layer, which is encapsulated in 
two spherical layers of pyrolytic carbon (a graphite-like  
material) with a silicon carbide layer sandwiched between 
them. Each layer serves a different purpose. The main objec-
tive of the layered fuel structure is to provide barriers to 
greatly inhibit fission product releases at the high temperatures 
this reactor would reach during normal operation and the even 
higher ones that could occur during design-basis accidents. 
 The TRISO fuel particles themselves are embedded in  
a matrix material in order to form fuel elements. There are 
two fuel element designs, corresponding to the two types of 
HTGRs. Prismatic fuel elements are fabricated by pressing 
TRISO fuel particles into a carbon matrix to form pellets 
called compacts, which are then inserted into holes drilled  
in prism-shaped graphite blocks. Pebble-bed fuel elements 
are fabricated by embedding 10,000 to 20,000 TRISO particles 
into graphite spheres 6 centimeters in diameter. The core  
of either type of reactor would contain billions of TRISO 
particles. 
 In principle, the special properties of TRISO fuel could 
lead to improved safety. The TRISO fuel coating can prevent 
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PAST DEMONSTRATION PROJECTS


Since the 1960s, there have been five HTGR engineering-scale 
demonstration reactor projects around the world, only one  
of which was in the United States: Peach Bottom 1 in Pennsyl-
vania. There have also been two demonstrations of larger, 
commercial-scale plants: Fort St. Vrain in Colorado, and the 
THTR (Thorium Hochtemperatur Reaktor) in Germany  
(see Table 1 on p. 17).17 
 Engineering-scale prototypes such as the 115 megawatt-
thermal (MWth) Peach Bottom 1, which operated from 1967 
to 1974, performed relatively well, compared to the larger  
reactors. The 842 MWth (330 MWe) Fort St. Vrain reactor, a 
prismatic-block HTGR that was essentially a scaled-up version 
of Peach Bottom with technology improvements, operated 
from 1979 to 1989; during that time it experienced multiple 
technical problems and was highly unreliable. In Germany, 
the 300 MWe THTR, a pebble-bed HTGR, began generating 
electricity in 1985 and operated at full power for just two 
years before being shut down in 1989. It also experienced 
technical problems. 
 In recent decades, several other HTGR projects were 
initiated but failed to come to fruition. In the 2000s, the 
South African utility Eskom and the US utility Exelon pur-
sued the development of a pebble-bed modular reactor in the 
United States. However, Exelon withdrew from the project in 
2002, with the company’s chief executive officer saying it was 
behind schedule and too speculative (Thomas 2008). Eskom 
continued development of the reactor in South Africa, order-
ing plant components and manufacturing fuel, but shut the 
project down in 2010 before the reactor was built.
 The Energy Policy Act of 2005 authorized the Next  
Generation Nuclear Plant (NGNP) project, a commercial 
demonstration HTGR, at Idaho National Laboratory. However, 
that project was terminated after the private sector refused  
to commit to paying 50 percent of the research and develop-
ment costs, as required by the Energy Policy Act (Kadak 
2016). Subsequently, the DOE has continued to fund some 
HTGR-related research and development, including the 
Advanced Gas Reactor (AGR) fuel development and quali-
fication program at Idaho National Laboratory and Oak  
Ridge National Laboratory. 
 A brighter spot for HTGRs may be China, where  
researchers have been developing the technology since the 
1970s. In 1992, China decided to build a 10 MWth pebble- 
bed test reactor module. The HTR-10 uses a conventional 
steam cycle to produce electricity. The reactor reached first 
criticality in 2000 after five years of construction and 
achieved full-power operation in 2003 for 72 hours. Since 
then it has operated intermittently, primarily to conduct  


the release of most fission products up to a temperature of 
around 1600°C, whereas LWR fuel cladding begins to degrade 
and release some fission products at around 800°C. And the 
fissionable fuel particles are dispersed in a large volume of 
graphite, so an HTGR core has a lower power density and 
heats up more slowly than an LWR core if cooling is lost.  
In an LWR, the cladding failure temperature can be reached 
within minutes in the worst-case loss-of-coolant accident, 
while in an HTGR it could take tens of hours for the fuel  
to reach 1600°C.
 However, there are caveats that make it difficult to  
assess whether HTGRs will be significantly safer overall than 
LWRs in practice. An HTGR must be designed to have a very 
low likelihood that its fuel temperature would exceed 1600°C 
during an accident, because the ability of TRISO particles  
to retain fission products decreases significantly if they heat 
up to higher temperatures. Also, TRISO fuel must be manu-
factured to very exacting specifications because the fuel will 
not perform as intended if it is produced incorrectly. This 
shifts part of the safety burden from the reactor to the fuel 
fabrication process. And a loss of coolant is not the only  
accident that could affect HTGRs. Other accident scenarios, 
as well as sabotage, could result in core damage and fission 
product release—some of which have not been thoroughly 
analyzed.


History and Current Status


The Department of Energy’s (DOE’s) judgment that HTGR 
technology is sufficiently mature for commercial demon- 
stration is based on a considerable number of research,  devel-
opment, and demonstration projects over many decades.  
Between 2006 and 2016 alone, $1.5 billion was spent by in-
dustry and the DOE on HTGR research and development 
(Kadak 2016). 
 HTGRs were first proposed in the late 1940s, and they 
initially generated a great deal of enthusiasm. In 1970, the 
Atomic Energy Commission even predicted that almost half 
of US nuclear capacity by the year 2000 would be made up  
of HTGRs (Shropshire and Herring 2004). General Atomics,  
a prominent HTGR developer, sold 10 large reactors to US 
utilities between 1971 and 1974 (Mcdowell et al. 2011). How-
ever, the HTGR revolution did not come to pass, in large part 
because the operating experience with demonstration reac-
tors did not inspire confidence. Even the DOE concedes that 
“the track record of the early HTGRs is mixed” (Petti et al. 
2017). Ultimately, all of the projects were cancelled due to 
“technological impasses and lack of competitiveness against 
light water reactors” (Shropshire and Herring 2004).







76 union of concerned scientists


experiments.18 Although it is difficult to find references  
documenting the HTR-10’s operating performance, one  
report states that the reactor was down from 2007 to 2014  
for maintenance, but does not provide further details (RAHP 
2019). A project to couple the reactor to a gas turbine for elec-
tricity production by the end of 2005 was never carried out. 
 The HTR-10 is currently the only operating HTGR in  
the world. Japan’s 30 MWth test HTGR, the HTTR (High-
Temperature Engineering Test Reactor), has been shut down 
since the 2011 Fukushima accident. In June 2020, the Japanese 
Nuclear Regulation Authority authorized the reactor’s owner, 
the Japan Atomic Energy Agency, to make changes to bring 
the HTTR in compliance with post-Fukushima regulatory 
standards, paving the way for its eventual restart by March 
2021 (Ohno 2020).


NEW PROJECTS


Soon after the HTR-10 was first started up, China decided to 
build a much larger pebble-bed HTGR commercial demon-
stration plant, the HTR-PM, as well as a pilot fuel fabrication 
plant. The HTR-PM will have two 105 MWe modules con-
nected to a single steam turbine. Plant design commenced  
in 2001. The project was initially supposed to be finished by 
around 2013 (Zhang et al. 2009). However, construction did 
not begin until the end of 2012, at which point the plant was 
projected to begin supplying electricity to the grid by 2017 
(Dalton 2013). But fuel fabrication did not commence until 
2016, and the project has been beset by further delays. Appar-
ently China’s initial plan was to connect the first module to 
the grid before completing the second module (Jian et al. 
2014), but at some point it decided to defer commissioning 
until the second module was also built. It is unclear why  
the plan was changed. The plant is currently projected  
to be fully operational by the end of 2022.
 Despite the delays in the HTR-PM project, China  
continues to plan construction of an even larger, 600 MWe 
version, the HTR-PM600, which would have six modules 
connected to a single steam turbine. 
 In the United States, a number of startup companies  
are again attempting to commercialize HTGRs. X-Energy  
has revived the pebble-bed small modular reactor design that 
was abandoned by Eskom in 2010. Its Xe-100 reactor would 
generate 200 MWth (75-80 MWe) and would be bundled in 
300 MWe “four-packs” connected to a single steam turbine 
(X-Energy n.d.).19 In October 2020 the DOE chose the  
Xe-100 four-pack for commercial demonstration by 2027  
under the ARDP, after previously awarding X-Energy a  
number of grants, including $8.9 million to support design 
and Nuclear Regulatory Commission (NRC) licensing of a 
TRISO fuel fabrication facility. 


 Framatome (formerly New NP, a subsidiary of Areva  
NP) designed a prismatic-block HTGR that was chosen by the 
NGNP industry alliance in 2012 as the optimum NGNP design 
before the DOE terminated the project. The NGNP Alliance 
was unable to find another customer for the reactor. More 
recently, Framatome submitted information about its HTGR 
design for evaluation in the DOE’s demonstration and test 
reactor study (Petti, et al. 2017). However, there is no indica-
tion that Framatome is pursuing further development of its 
HTGR at this time.
 General Atomics, which heavily promoted a modular 
thermal HTGR design in the past, now appears focused on 
gas-cooled fast reactors. In 2009, it began to develop the  
Energy Multiplier Module (EM2), a 265 MWe convert-and-
burn design that in theory would operate for up to thirty 
years on one load of fuel. The project has not progressed  
beyond the research phase. More recently, General Atomics 
and Framatome announced the start of a collaboration to  
develop a 50 MWe gas-cooled fast reactor that would oper-
ate on a more practical nine-year refueling cycle (GA 2020). 
However, the DOE considers gas-cooled fast reactors, which 
have never been demonstrated, to be the least technologically 
mature of all the NLWRs it evaluated (Petti et al. 2017), and 
the present report does not discuss them further.20 
 More recently, TRISO-fueled HTGRs have gotten an ad-
ditional boost from the Department of Defense (DOD), which 
issued a “request for solutions” in 2019 for the “first phase  
of a multi-phase prototype project for a small mobile nuclear 
reactor,” with a capacity of 1 to 10 MWe—otherwise known  
as a microreactor. Decades after ending its previous nuclear 
power program, the Army is now interested in developing 
microreactors for domestic bases in remote locations and for 
forward operating bases overseas (Lyman 2019). The request 
for solutions specified that these reactors must use TRISO 
fuel. In March 2020, the DOD awarded contracts to three 
teams—BWXT, Westinghouse, and X-Energy—to begin  
design work on a prototype (DOD 2020). The DOD will  
decide whether to proceed with actual prototype construc-
tion after a two-year “design maturation period.” X-Energy, 
which received the largest award ($14.3 million), will have to 
scale its Xe-100 down by a factor of around 10 in order to pro-
vide a prototype microreactor meeting DOD requirements.
 Two foreign companies, StarCore and U-Battery, are  
pursuing small modular HTGRs and microreactors. StarCore 
would use a static pebble-bed core, and U-Battery a prismatic 
core. StarCore submitted a microreactor proposal to DOD but 
was not selected. U-Battery, a 10 MWth microreactor, which 
is a project of a consortium led by the URENCO uranium  
enrichment conglomerate, hopes to have a demonstration 
plant operating by 2028 (U-Battery 2019). 
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Safety


HTGRs have several attractive characteristics from a safety 
perspective. First, similar to LWRs, they have negative  
temperature coefficients, so that reactor power will tend  
to decrease if the fuel overheats (see chapter 2). This is an 
important inherent safety feature. Second, the core has a  
low power density because of the presence of a large mass  
of graphite, so that it tends to heat up slowly if cooling is  
interrupted. The third safety feature is the ability of the  
TRISO fuel itself to retain fission products during both  
normal and certain accident conditions.
 It is this latter characteristic that HTGR developers  
most often emphasize when claiming that their reactors are 
safer than LWRs. For example, the NGNP Industry Alliance 
writes that


the high temperature and robust structural capabilities 
eliminate concerns of fuel damage that could lead to sig-
nificant release of radioactive materials from the nuclear 
fuel. The ceramic-coated nuclear fuel provides the primary 
containment for radioactive materials rather than  
depending on a containment building (NGNP 2010). 


Or, in the words of a leading HTGR expert, David Petti,  
the fuel is the “sine qua non” of the design (ACRS 2011).  
The Pentagon was apparently swayed by these arguments 
in specifying that the microreactors it is considering for  
deployment should only use TRISO fuel, citing its “robust 
safety” and even “minimized fission product release due  
to blast conditions/adversary attacks” (DOD 2019). 
 Based on the claim that each TRISO fuel particle has  
its own “containment,” current HTGR designs do not enclose 
the reactor vessel in a leak-tight, high-strength containment 
building, which is standard for LWRs. Instead, the designs 
call for a less protective “confinement” building with filtered 
exhaust systems. (This aspect is no doubt a desirable feature 
for DOD’s mobile microreactor program.) The safety of 
HTGR designs without a conventional containment structure 
depends critically on the fuel performing as advertised to 
contain fission products.
 Thus, there are two overarching questions relevant to 
HTGR safety. The first is whether properly manufactured 
TRISO fuel is actually capable of retaining fission products  
to the extent necessary to adequately protect public health 
and the environment without the need for a leak-tight con-
tainment, during both normal operation and accidents or  
sabotage. The second is the extent to which TRISO fuel can 
be reliably manufactured according to its design specifica-
tions. No matter how safe the fuel design, a high defect  
rate would undermine its performance. 


 While these fuel concerns generally apply to all HTGRs, 
the safety challenges of pebble-bed reactors with constantly 
moving fuel are more serious. The complexity inherent in 
such a system makes it more difficult to monitor the condi-
tion of the reactor core and to predict the performance of the 
fuel pebbles. (These problems are even more pronounced in 
reactors with fluid fuel, such as MSRs, which are discussed  
in the next chapter.)
 Finally, as discussed below, other HTGR design features— 
such as the use of graphite, which chemically reacts with air 
and water (oxidizes)—introduce safety problems that are not 
issues for LWRs.


TRISO FUEL PERFORMANCE UNDER ACCIDENT CONDITIONS


The primary barrier to a release of radioactivity from an 
HTGR during an accident is the TRISO fuel itself. However, 
as is the case for any nuclear fuel, TRISO fuel particles will 
lose their integrity when heated above a certain temperature 
and will release fission products. Although the particles are 
embedded in fuel elements, some of these fission products 
can be transported through the fuel element graphite matrix 
and end up in the helium coolant. Depending on the nature  
of the accident, fission products could then be released into 
the confinement building and eventually into the environ-
ment. Therefore, a detailed understanding of the maximum 
temperatures that can occur during HTGR accidents and  
the behavior of TRISO fuel under those conditions is critical 
for assessing HTGR safety. 
 As noted above, under normal operating conditions, the 
maximum coolant temperature in an HTGR is about 800°C. 
However, if normal cooling is disrupted, this temperature 
could greatly increase. The highest temperature at which 
properly manufactured TRISO fuel has been observed to  
fully maintain its integrity is around 1600°C. Above this tem-
perature, the picture is a lot less clear. At higher temperatures, 
TRISO fuel particles have been observed to release substan-
tial quantities of fission products, but experimental data in 
this area are limited and fundamental mechanisms are not 
well understood (Demkowicz, Petti, and Gougar 2017). 
 Therefore, to demonstrate HTGR safety, it is necessary 
to show that (1) the peak fuel temperature will not exceed 
1600°C for design-basis accidents, and (2) if the fuel does  
exceed 1600°C during a beyond-design-basis accident, fission 
product releases to the environment will not significantly  
impact public health and safety. (Decisions on where to  
draw the line between design-basis and beyond-design- 
basis accidents typically would be up to the regulator.) 
 A number of different accidents, such as a reactivity  
excursion, could cause the fuel to overheat and potentially 
exceed 1600°C. The most challenging design-basis accident  
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is usually assumed to be a rapid loss of helium coolant. If a 
large breach occurs in the primary coolant system, then the 
pressurized helium gas coolant would quickly escape and  
the system would depressurize. Unlike LWRs, HTGRs do  
not have systems to pump emergency supplies of coolant into  
the reactor vessel if a loss of coolant accident occurs. And, as 
will be explained below, water could not be injected either. 
 If such a depressurization accident occurs, there are  
two alternative safety approaches to keep the fuel temperature 
below 1600°C. One is to use an external active (e.g., motor-
driven) coolant system to remove decay heat from the surface 
of the reactor vessel through forced convection. The other  
is to rely only on passive means: natural convection cooling. 
For the latter approach to work, the maximum power rating 
and physical size of the reactor must be limited.
 Partly because of the problems that larger HTGRs such 
as Fort St. Vrain experienced with active decay heat removal 
systems using forced convection, current HTGR designs are 
limited to below about 300 MWe so that they can rely on pas-
sive means alone for emergency cooling. These designs, such 
as the Xe-100, are being marketed as small modular reactors.21 
However, even the reference 200 MWth (75 MWe) design for 
the Xe-100 could reach a temperature of over 1700°C during 
a depressurized loss of coolant accident and thus fails to meet 
the 1600°C peak temperature limit (Mulder and Boyes 2020). 
To meet this fundamental safety criterion, the power rating 
would have to be reduced to 165 MWth, a smaller and even 
less economical reactor (Mulder and Boyes 2020).  


UNCERTAINTIES IN ALLOWABLE PEAK TEMPERATURES


Even with a limitation on the reactor power and passive  
cooling, it turns out to be difficult to prove that the 1600°C 
temperature limit will not be exceeded for a depressurization 
accident. This is because HTGR accident analyses have large 
uncertainties, and peak temperature calculations are impre-
cise. It is difficult to validate the computer models used for 
these analyses because key parameters, such as core tem- 
peratures, cannot be directly measured. 
 HTGR operational experience has shown that hot spots 
can develop that greatly exceed the maximum temperatures 
predicted by models (Carlson 2014). One reason is the occur-
rence of so-called bypass flows, which are unpredictable 
changes in the flow of the gaseous coolant due to random 
structural changes in the core (Beck and Pincock 2011).  
Although these challenges exist for both prismatic-block and 
pebble-bed reactors, modeling is particularly problematic  
for moving-fuel pebble bed reactors, which have hundreds  
of thousands of circulating pebbles. 
 These uncertainties were observed at the AVR  
(Arbeitsgemeinschaft Versuchreaktor) pebble-bed test reactor 


in Germany. Researchers there calculated a maximum fuel 
temperature of 1070°C. They devised a method to determine 
whether the temperatures of individual pebbles would exceed 
safety limits by inserting wires with a range of melting points 
up to 1280°C into unfueled monitor pebbles (Moorman 2009). 
Depending on the number of wires that melted, operators 
could determine the maximum temperature—as long as the  
peak melting temperature was not exceeded. But in a signifi-
cant number of monitor pebbles all of the wires had melted, 
indicating the coolant temperature had exceeded 1280°C—
more than 200 degrees above 1070°C (Moormann 2009).  
It was estimated afterward that the actual peak core temper-
ature could have reached 1420°C, or 350 degrees above the 
calculated maximum. 
 This inability to predict peak fuel temperatures is a prob-
lem because significant quantities of fission products could be 
released if actual fuel temperatures exceed the 1600°C safety 
limit. An accident analysis that calculates a peak fuel tempera-
ture of 1600°C could underestimate the true peak by hundreds 
of degrees. 


UNCERTAINTIES IN FISSION PRODUCT RELEASES  
AT HIGH TEMPERATURES


Moreover, there are limited data about the performance of 
TRISO fuel at temperatures of 1600°C and above. Recent test-
ing conducted as part of the DOE’s TRISO fuel development 
program has demonstrated that the fission product releases 
from TRISO fuel as a function of temperature are complex 
and still not fully understood (Hunn et al. 2017a, EPRI 2020). 
In these tests, TRISO fuel compacts are irradiated in the  
Advanced Test Reactor at Idaho National Laboratory and 
then heated outside of the reactor to simulate accident con-
ditions. The tests found that some irradiated TRISO fuel com-
pacts had relatively high releases of certain fission products 
even at 1600°C. For example, fractional releases of strontium-90 
 and europium-154, two long-lived and radiotoxic fission 
products, were close to 10 percent at 1600°C for one uranium 
oxycarbide TRISO fuel compact. These release fractions are 
comparable to or larger than typical releases from light- 
water reactor fuel in a design-basis accident. 
 For some uranium oxide compacts, cesium releases  
reached nearly 1 percent at 1600°C and 10 percent at 1700°C 
before the experiment was prematurely terminated—due  
to the unexpectedly high release (EPRI 2020). This is com-
parable to an LWR release to the environment in a severe  
accident. Releases of cesium from the Fukushima accident 
through breached containment buildings are estimated at a 
few percent of the core inventory. Therefore, these new data 
do not support the claim that fission product releases from 
TRISO fuel will always be so low that a containment building 
is not necessary. 
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 One troubling gap in TRISO fuel accident performance 
data is the lack of experimental observations of the behavior 
of radioactive iodine. Radioactive iodine fission products are 
one of the most significant contributors to off-site radiation 
doses in a severe accident. However, because these isotopes 
are predominantly short-lived (iodine-131, with a half-life of 
eight days, is one of the longest-lived), by the time irradiated 
TRISO fuel is ready for accident testing, the iodine has largely 
decayed away. Until sufficient data on iodine release have 
been collected, it will be premature to make conclusions 
about whether HTGRs need robust containments and  
off-site emergency planning measures.


TRISO FUEL FABRICATION AND QUALIFICATION


As noted above, the safety of HTGRs depends heavily on the 
quality of the fuel. TRISO fuel performance is very sensitive 
to slight imperfections that could occur during the complex 
manufacturing process. To meet HTGR safety goals, the pro-
duction of TRISO fuel particles requires very high standards 
of quality control for multiple design parameters to maintain 
an acceptably low defect rate—below 1 in 100,000 for some 
parameters (Petti et al. 2010). In the words of DOE experts:


The required level of fuel performance and fission  
product retention reduces the radioactive source term  
by many orders of magnitude relative to source terms  
for other reactor types and allows a graded approach to 
emergency planning and the potential elimination of the 
need for evacuation and sheltering. Achieving this level, 
however, is predicated on exceptionally high coated- 
particle fuel fabrication quality and excellent perfor-
mance under normal operation and accident conditions 
[emphasis added] (Petti, Collin, and Marshall 2017).


However, the United States has not yet demonstrated that  
it can produce fuel of “exceptionally high . . . quality” that  
exhibits “excellent performance.” The historical performance  
of TRISO fuels in US test and demonstration reactors was far 
less successful than the experience in Germany. In particular, 
US-fabricated fuel released fission product gases at a rate 
1000 times greater than German-fabricated fuel during nor-
mal operation (Petti et al. 2002). Although the irradiation 
conditions were different in the United States and Germany, 
the disparity is believed to be primarily due to the lower de-
fect rate of the German TRISO fuel particles, which was on 
the order of 100 out of 3.3 million particles fabricated (a rate 
on the order of 3.3 per 100,000, which still does not meet  
the current safety specifications).
 The DOE initiated a comprehensive Advanced Gas Reac-
tor (AGR) Fuel Development and Qualification Program in 


2002 to address the problem of poor-quality US fuel produc-
tion, taking advantage of the German experience. The goal 
was initially to develop fuel for the Generation IV Very High 
Temperature Reactor and NGNP projects, but after those 
ended, its focused shifted to qualify TRISO fuel and establish 
a US commercial fuel vendor. This program, originally sched-
uled to be completed in the mid-2020s, was to culminate in a 
series of formal fuel qualification irradiation tests to provide 
sufficient data “to demonstrate compliance with statistical 
performance requirements (AGR-5,6) as well as a test at  
elevated temperature to establish safety margin (AGR-7)” 
(Marshall 2019). An eighth test to validate fission product 
transport models, AGR-8, was cancelled. All irradiation tests 
were conducted in the Advanced Test Reactor at Idaho  
National Laboratory.
 However, these tests have encountered a number of 
technical problems, including many failures of thermocou-
ples—instruments needed to accurately measure the very 
high temperatures at which the TRISO irradiations were  
conducted. The AGR-2 test, which began in 2010, lost most of 
its thermocouples early on and experienced other problems 
that rendered critical fuel performance data useless after the 
third irradiation cycle, or only about one-quarter of the way 
through the test (EPRI 2020). And in late 2018, a high rate  
of thermocouple failures and additional technical problems 
plagued AGR-5/6/7, the final—and most important—test  
series, including cracks in an irradiation capsule and plugs 
forming in the outlet gas lines (Palmer 2019). Three of the 
irradiation capsules containing fuel for the formal qualification 
tests eventually lost all functioning thermocouples, so that 
critical temperature data were not obtained for a number of 
irradiation cycles. And in 2019, one of the capsules suddenly 
began releasing fission products at a high enough rate to ex-
ceed the yearly dose limit for operation of the Advanced Test 
Reactor, requiring operators to isolate the capsule and stop 
collecting fission product release data from it (Pham et al. 
2020). There is little public information about what impact 
these problems will have on completion of the program. 
 Moreover, the United States has still not achieved pro-
duction of TRISO fuel that meets all specifications. For ex-
ample, a batch of TRISO fuel supplied by BWXT to the DOE 
in 2016 for potential use in the AGR program was rejected 
because it failed to meet the 1-in-10000 specification for  
defects in one of the coated layers (Hunn et al. 2017b).  
Subsequent TRISO fuel lots produced by BWXT at a “near-
commercial scale” for the AGR-5/6/7 tests did not meet mul-
tiple specifications, but were deemed acceptable for the test. 
Consequently, the fuel has performed worse than the first 
test, called AGR-1, which used fuel that was produced only  
at a laboratory scale (Pham and Scates 2019). 
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 Therefore, many years of additional process develop-
ment and irradiation testing in the United States will likely  
be necessary to ensure that fuels can be consistently manu-
factured to the very high standard required and to meet 
 performance goals.
 Few data are available on the fuel performance of the 
only operating HTGR today, the 10 MWth HTR-10 pebble-
bed test reactor in China. TRISO fuel for the HTR-10 was 
produced in a pilot fabrication line at Tsinghua University  
in the 1990s. It has been reported that some fuel batches  
experienced performance problems during testing in a  
Russian test reactor that could be traced to manufacturing 
defects (Beck and Pincock 2011). However, the tests were  
apparently not well instrumented. In one heating test, six 
percent of the particles failed, but researchers do not know 
what the maximum temperature actually was, although  
they believe that it exceeded 1600°C (Tang et al. 2006). 
 Subsequently, China built a larger pilot production plant 
at Tsinghua to fabricate sample fuel for the HTR-PM reactor. 
More recent data on this fuel, which was irradiated in the 
Petten reactor in the Netherlands and sent to the Joint Research 
Center in Karlsruhe, Germany, for accident testing, confirm 
that fission product releases are fairly low at around 1600°C 
but greatly increase as the fuel temperature is increased,  
with cesium-137 fractional release of more than 5 percent  
at 1770°C (Freis et al. 2020).
 While these fuel qualification tests were being conducted 
in Europe, China built a larger plant for HTR-PM fuel fabri-
cation at the reactor site in the city of Baotou and began  
operating it in 2016, before the tests were even completed.


OTHER HTGR HAZARDS


Fuel heat-up during a depressurization accident is not the 
only mechanism that could cause fuel damage and fission 
product release. If air or water leaks into the reactor core  
(referred to as “air or water ingress”), the consequences could 
be severe. An HTGR contains a large quantity of graphite 
both in core structures and in the fuel itself. Graphite can un-
dergo energy-releasing oxidation reactions if exposed to air 
or water, causing it to lose mass and weaken. It can also react 
with water to form flammable gases. In addition, water in-
gress can cause other serious problems, including a rapid in-
crease of reactivity (given  that water is a good moderator of 
neutrons). 
 Therefore, both air and water must be prevented from 
entering the core to a very high degree. If depressurization 
occurs, a significant quantity of air could enter the primary 
coolant circuit, coming into contact with and oxidizing the 
graphite fuel elements and structural materials. Operator  


errors could enable such an accident (Carlson 2014). Water 
and/or air ingress is suspected as the cause of the large number 
of TRISO particle failures and subsequent high fission product 
releases that occurred in one of the capsules during the  
AGR-5/6/7 irradiation at the Advanced Test Reactor at the 
INL—high enough to exceed a downwind annual radiation 
dose limit (Palmer 2020; Pham et al. 2020). 
 While there is no question that graphite will undergo 
combustion when exposed to air, especially at high temperature, 
there is a long-running debate about whether high-purity, 
reactor-grade graphite can ever undergo self-sustaining  
combustion—that is, to actually “catch fire.” Self-sustaining 
combustion means that the heat of the reaction itself is suf-
ficient to maintain the process. Although most assessments  
of the 1986 Chernobyl accident describe the burning of the 
graphite moderator as a “graphite fire,” some HTGR researchers 
dispute this terminology and go as far as to assert that “self-
sustained oxidation is physically impossible in nuclear grade 
graphite” (Windes et al. 2014). However, other analysts are 
not willing to make such unequivocal conclusions, conceding 
that self-sustaining oxidation reactions during air ingress  
can occur “in extreme situations” (Morris et al. 2004) or are 
merely “difficult to achieve” (Areva 2010). The French nuclear 
safety research organization Institut de Radioprotection et de 
Sûreté Nucléaire (IRSN) concluded that “the risk of a graphite 
fire in such [water or air ingress] conditions cannot be ruled 
out,” and that “even if the [graphite] degradation is only local-
ized, it may still have significant consequences” (IRSN 2015). 
Thus, whether graphite oxidation at high-temperature during 
an HTGR accident is self-sustaining or driven by high fuel tem-
perature, it is a safety issue that must be rigorously assessed.
 The potential for water to enter the core if there were  
a severe flood at the reactor site, such as the tsunami that  
triggered the Fukushima meltdowns, clearly needs to be  
addressed. Moreover, even if the risk of accidents that could 
result in air or water ingress is shown to be small, the poten-
tial for sabotage will always be present. For this reason,  
HTGRs will require robust security.
 For pebble-bed reactors, another source of radioactive 
material is graphite dust produced by friction between the 
pebbles, a phenomenon that has not been accurately modeled 
(Humrickhouse 2011). (Prismatic-block HTGRs are believed  
to generate far less dust, according to the IRSN in France.) 
The graphite becomes radioactive both from absorbing fission 
products that are released from the TRISO fuel during normal 
operation and through neutron irradiation of its constituent 
elements (for instance, non-radioactive carbon can absorb 
neutrons and become radioactive carbon-14). This dust can  
be expelled in the event of a primary coolant depressuriza-
tion event, resulting in a significant release of radioactivity  
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from the core even if the reactor fuel remains intact.
 Another issue is that graphite swells when irradiated, 
which can cause a variety of problems, especially since  
it provides support structures for HTGR cores. 


CONTAINMENT AND EMERGENCY PLANNING 
REQUIREMENTS


As discussed in chapter 2, nuclear plant safety is rooted in the 
concept of layers of protection known as “defense-in-depth.” 
For current-generation LWRs, the NRC’s defense-in-depth 
requirements include a robust, leak-tight containment build-
ing to limit the release of radioactive material to the envi- 
ronment in the event of a core melt. In addition, the NRC  
requires current LWRs to have emergency preparedness  
programs, including the designation of emergency planning 
zones with a 10-mile radius around each plant site. These  
are areas in which measures such as evacuation and potas-
sium iodide distribution could be carried out if an accident  
or terrorist attack caused an off-site radiological release.
 However, HTGR developers and the DOE have long  
argued that these two defense-in-depth measures—leak-tight 
containments and emergency planning zones—are not neces-
sary because each TRISO fuel particle has its own containment 
and thus there is virtually no risk of a release of a significant 
quantity of fission products from the fuel (Lyman 2001). Such 
arguments were viewed skeptically by the NRC for many 
years, but recently they have gotten traction at the agency,  
not only for HTGRs but for all NLWRs and even for small 
modular LWRs. 
 In 2018, the NRC commissioners unanimously approved 
a staff proposal to develop “functional containment” perfor-
mance criteria that would allow relaxation of the current  
requirement for a leak tight, pressure-resisting contain- 
ment structure by taking credit for other design features  
such as the use of TRISO fuel (Vietti-Cook 2018). That would 
pave the way for NRC approval of HTGRs with filtered, vented  
confinement buildings. Also, in December 2019, in a 3-1 vote, 
the commissioners approved publication of a draft rule that 
would allow NLWR and small modular LWR applicants to 
reduce or eliminate emergency planning zones based on  
off-site dose calculations crediting features such as TRISO 
fuel (NRC 2019).
 Rainer Moormann, a German HTGR researcher who has 
become a leading skeptic of the technology, concludes that 
future pebble-bed HTGRs should include leak-tight contain-
ments, given the many unresolved safety issues including the 
potential for fuel temperatures and fission product releases to 
greatly exceed expected values (Moormann 2009). In a recent 
critique of the HTR-PM commercial demonstration pebble-


bed reactor that is under construction in China, Moormann 
and collaborators proposed a number of safety upgrades to 
compensate for the absence of a leak-tight containment at the 
reactor, such as improving the confinement vent filtration 
system (Moormann, Kemp, and Li 2018). However, even such 
upgrades cannot provide the same level of safety assurance  
as a robust containment.
 In addition, off-site emergency planning is critical even 
for reactors with conventional containments, because they 
can fail—as the 2011 Fukushima accident demonstrated.  
Removing one layer of defense-in-depth for a reactor with  
unproven safety features is risky enough—removing two  
layers is even more reckless. 
 Thus, given the uncertainties in the performance of  
TRISO fuel and other HTGR safety issues, such as graphite 
dust generation, there is insufficient justification for elimi-
nating robust containments and off-site emergency planning 
zones for HTGRs. Much more work will be required to achieve 
the necessary level of assurance. Unless the HTGR’s safety 
basis can be fully validated through testing that covers the  
full range of severe accident and terrorist attack scenarios,  
it would be unwise for the NRC to license HTGRs without  
all the layers of protection that reactors now rely upon to  
protect the public.


Sustainability


Sustainability is one area where HTGRs have clear disadvan-
tages compared to LWRs. HTGRs use uranium less efficiently 
and generate a greater volume of nuclear waste.


URANIUM UTILIZATION EFFICIENCY


The more robust TRISO fuel can likely achieve substantially 
higher burnups than LWR fuel, which could in principle lead 
to better uranium utilization (see chapter 3), although this 
will require further fuel qualification activities to establish. 
However, this fuel requires a higher level of uranium enrich-
ment in order to do so—from seven to 19.9 percent uranium-235 
(U-235), depending on the reactor design. The net result is 
that more natural uranium must be enriched to generate a 
given amount of power, reducing the uranium utilization  
efficiency (Bays and Piet 2010). 
 As noted above, the higher coolant temperatures of  
HTGRs result in a thermodynamic efficiency up to one-third 
higher than that of LWRs. Even so, this is not enough to over-
come the penalty resulting from the additional uranium need-
ed to produce the higher-assay LEU fuel. A prismatic HTGR 
with 38 percent thermal efficiency and a fuel burnup twice that 
of an LWR would be about 70 percent as uranium-efficient 
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(Piet, Bays, and Soelberg 2010). 
 Pebble-bed HTGRs with mobile fuel are about one-third 
more uranium-efficient than static-fuel designs. The ability  
to continuously refuel the core allows for more flexible fuel 
management. Nevertheless, they are still slightly less urani-
um-efficient than LWRs (Piet, Bays, and Soelberg 2010). The 
X-Energy Xe-100, even with an assumed average fuel burn- 
up of 164,000 MWd/MTHM, or 16.9 percent—about three  
times that of a typical LWR—would still require slightly more 
natural uranium as an LWR per gigawatt-year. However, it is 
unlikely that X-Energy’s TRISO fuel will be able to achieve 
such a high burnup, at least in the near term. Because the 
AGR-5/6/7 tests previously described at Idaho National  
Laboratory were not completed (Pham et al. 2020), the peak 
fuel burnup achieved was likely only about 15.3 percent, or 
148,000 MWd/MTHM, falling short of the Xe-100 target  
burnup and the original test goal of 19.1 percent (Palmer 
2019). The NRC is not likely to approve a peak burnup greater 
than—or even close to—this value for the planned Xe-100 
demonstration plant. Consequently, the uranium usage  
will very likely be greater than initial expectations. 
 Researchers have studied ways to make pebble-bed  
HTGRs more uranium-efficient, without success. A study  
using a sophisticated computer algorithm to optimize the  
design found that increasing the complexity of pebble-bed 
fueling strategies did not significantly reduce uranium demand 
(Tavron and Shwageraus 2016). And the use of thorium in 
addition to low-enriched uranium (LEU), which could in 
principle reduce the need for uranium ore, does not seem to 
help either. Studies have found that adding thorium did not 
significantly increase the efficiency and could even decrease 
it (Xia et al. 2014; Tavron and Shwageraus 2016). 
 Increasing the thermal efficiency is another way to 
 improve the uranium utilization of HTGRs. Replacing the 
conventional steam cycle with a helium-based Brayton cycle— 
which is still at a low level of technical maturity—could in 
theory increase efficiency to near 50 percent. Even so,  
improvements would be modest. 


WASTE


HTGRs do not offer significant advantages with respect  
to nuclear waste generation compared to LWRs. HTGR fuel 
consists of TRISO fuel particles embedded in a carbonaceous  
matrix, and because the uranium is diluted in a large mass of 
non-fuel material, HTGR spent fuel has a low power density 
compared to LWR spent fuel. However, this dilution results 
in a 10-fold increase in waste volume per unit of electricity 
generated compared to LWRs (Lyman 2001).
 As discussed in chapter 3, the high-level waste volume 


reduction that is achieved by spent fuel reprocessing does  
not generally increase the capacity of a geologic repository 
because decay heat load is typically the limiting factor, not 
waste volume. In other words, it may not be possible to  
cram packages of more concentrated high-level waste closer 
together if the waste is hotter than spent fuel. However, this 
argument does not necessarily apply in the opposite direction. 
Depending on the detailed characteristics of a repository, it 
may not be possible to dispose of a more dilute waste form 
than LWR spent fuel in the same amount of space because  
of physical limitations. Also, the increased potential for a  
criticality accident—an inadvertent chain reaction—in a  
repository given the greater uranium enrichment of HTGR 
fuels would have to be taken into account. 
 Partly because HTGRs use HALEU fuel with a lower 
concentration of U-238 than LWRs, they generate approxi-
mately one-half as much plutonium and other TRU per  
GW-year (Shropshire and Herring 2004). However, this  
is not a significant reduction.
 The impact on repository capacity is not the only consid-
eration with management of HTGR spent fuel—there are also 
challenges associated with storage and transport of such a 
large volume of waste. More waste packages would be required 
to dispose of a given amount of uranium, requiring more  
materials, more shipments, and increasing cost. A 2015 Euro-
pean Commission report concluded that “the direct disposal 
of spent [HTGR] fuel would possibly not be acceptable in case 
of a larger . . . fleet, because of the large associated volumes  
and large amounts of steel for the containers” (Knol et al. 
2015). 
 Also, the large amount of irradiated carbon in the waste 
contains a significant inventory of the long-lived radioactive 
isotope carbon-14, which would contribute substantially to 
the repository’s radioactive release to the environment. This 
would be particularly troublesome in a repository above the 
water table such as Yucca Mountain, because the carbon-14 
could be released in the form of carbon dioxide to the  
atmosphere, allowing it to spread widely.
 Due to these and related issues, it is far from clear whether 
it would be safe or practical to directly dispose of HTGR 
spent fuel in a geologic repository. If not, then a method 
would have to be devised to separate the carbonaceous fuel 
matrix from the fuel particles before disposal and reduce  
its volume (Li, Ma, and Wang 2014). The feasibility and cost 
of such methods have not been determined. Whether done 
mechanically or chemically, however, the residual carbona-
ceous material would also be radioactive waste, although  
it would likely be classified as low-level waste that could  
be disposed of in a less robust facility than the irradiated  
TRISO fuel would require.
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Proliferation/Terrorism Risk


The proliferation risks of HTGRs and their associated fuel 
cycles would depend on the type of the reactor, the character-
istics of the fuel, and whether the spent fuel would be stored 
for eventual direct geologic disposal or reprocessed. 
 As discussed in chapter 4, for any reactor type, fuel  
cycles involving reprocessing pose greater proliferation risks 
than once-though cycles because of the risks of diversion  
of weapon-usable materials such as separated plutonium. 
Multiple diversion scenarios must be considered, including 
diversion from reprocessing and plutonium fuel fabrication 
plants. However, even if a country has no declared reprocess-
ing plants, there is still a risk that spent fuel could be diverted 
from a reactor to a covert reprocessing plant. Therefore,  
International Atomic Energy Agency (IAEA) safeguards must 
always be applied to reactors to verify that spent fuel is not 
diverted, although the inspection goals may be less stringent 
in countries with no declared reprocessing plants. 
 Thus, in assessing the proliferation risks of HTGRs  
compared to LWRs on a once-through cycle, a major factor  
is how effectively safeguards can be applied to the reactors 
themselves.
 Another factor is the proliferation risk posed by the fresh 
fuel. As discussed above, to take advantage of the high burnup 
potential of TRISO fuel, HTGRs must utilize high-assay LEU 
(HALEU). For instance, the Framatome prismatic-block and 
X-Energy pebble-bed HTGRs would both use many tons  
of 15.5 percent–enriched LEU. As discussed in chapter 4,  
although this material is impractical for direct use in a weapon, 
it has a Category II security ranking and is more attractive  
for illicit use than are lower-enriched LEU fuels. The use of 
HALEU is particularly problematic in fabricating TRISO fuel 
on a commercial scale, because of the increased difficulty in 
accounting for the huge number of TRISO fuel particles that 
would be produced annually. A pebble-bed HTGR would  
require a supply of around 10 billion TRISO particles per 
gigawatt-electric-year (GWe-year), compared to a few  
million uranium fuel pellets per GWe-year for an LWR.  
 Another consideration is whether the special physical 
and chemical properties of HTGR fuel would make it less  
attractive for diversion for weapons use than LWR fuel. Some 
argue that HTGRs are more proliferation-resistant than LWRs 
because it is more difficult to reprocess their spent fuel. In 
order to do so, spent TRISO fuel particles would have to be 
separated from their carbonaceous matrices, and the robust 
particle coatings would have to be breached in order to  
extract fissile materials from the fuel kernels. While such 
techniques were demonstrated on a pilot scale in the 1980s, 
there has been no demand to develop the reprocessing  


processes on an industrial scale, since HTGRs have not  
been commercially deployed. 
 After reviewing this issue in 2006, DOE researchers 
found that although HTGR spent fuel would be technically 
challenging to reprocess, it would still be attractive to poten-
tial proliferators as a source of material for nuclear weapons 
(Durst et al. 2009). A 2010 Areva (now Framatome) study 
similarly concluded that:


[t]hough the presence of strong coatings on fuel particles 
adds a difficulty for retrieving the fissile content of the 
fuel, it is not impossible: this is done currently by mechani-
cal processes for recovering fabrication scraps, admit-
tedly not with irradiated fuel, and new processes in 
development . . . might make it even easier (Areva 2010).


The absence of an industrial-scale HTGR spent fuel repro-
cessing infrastructure does not mitigate the proliferation risk, 
because even a small-scale clandestine facility might be able 
to separate one significant quantity of plutonium within  
a year. Therefore, one cannot conclude that HTGRs would 
require less stringent safeguards than LWRs by virtue of their 
fuel. Moreover, given the potential issues with direct disposal 
of HTGR spent fuel discussed above, it is likely that there 
would be renewed interest in developing industrial-scale  
reprocessing if there were deployment of a large HTGR fleet. 


HTGR SAFEGUARDS 


A key factor in assessing the proliferation risk posed by  
an HTGR is the way in which it is refueled. Prismatic-block 
HTGRs would be refueled in a similar manner to LWRs. The 
reactor would have to be shut down, the fuel blocks loaded 
and unloaded in batches, and the reactor vessel resealed for 
the next operating cycle. Keeping track of HTGR prismatic 
fuel blocks, which are readily countable items, would be no 
more challenging than keeping track of LWR fuel. Because 
HTGR fuel can achieve higher burnups than LWR fuels, the 
operating cycle would be longer and refueling less frequent, 
which could make prismatic-block HTGRs somewhat easier 
to safeguard than LWRs. However, since current HTGR  
designs are small modular reactors, a commercial HTGR 
plant with the same generating capacity as a single large  
LWR would have multiple modules that would be refueled  
at different times. This would likely require more visits  
from IAEA inspectors, increasing the cost of safeguards.
 In contrast, pebble-bed HTGRs have characteristics  
that would make them more difficult to safeguard than  
LWRs. First, the reactor would be continuously refueled 
while operating, providing greater opportunities for diversion 
of both fresh and irradiated fuel. While this problem is already  
encountered at on-line–fueled reactors such as the Canadian-
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designed CANDUs, a pebble-bed reactor would pose greater 
challenges. Instead of the thousands of fuel bundles in an 
CANDU core, the core of a single pebble-bed reactor module 
would contain hundreds of thousands of fuel pebbles. The 
presence of multiple small reactor modules instead of a single 
large reactor would increase the number of items on site  
and the complexity of applying safeguards at such a facility. 
 For example, the core of each Xe-100 76 MWe pebble-
bed reactor module would contain 220,000 pebbles. Assuming 
that the fuel can actually achieve the design average burnup 
of 163,000 MWd/MTHM, about 1060 pebbles would be loaded 
into and discharged from the reactor each day—a flow rate of 
one every 80 seconds. Of these, 175 fresh fuel pebbles would 
be added and 175 spent fuel pebbles would be discarded to 
waste storage daily. Spent fuel storage bins would hold hundreds 
of thousands of pebbles each. It would take a significant effort 
to accurately keep track of this huge number of fuel pebbles 
and the nuclear material they contain. The small size of the 
pebbles would also make them easier to conceal and steal 
(IAEA 2014). Also, even for very high burnups, the spent  
pebbles do not have the “self-protecting” radiation field  
characteristic of LWR spent fuel, because each one has only  
a very small quantity of fission products (Chung et al. 2012). 
 On the other hand, the amount of enriched uranium fuel 
in each fresh fuel pebble and the amount of plutonium in 
each spent fuel pebble is low—around 7 grams and 0.12 grams, 
respectively, for the Xe-100. Tens of thousands of pebbles, or 
around 20 percent of a single Xe-100 core—would be needed  
to acquire enough material for a nuclear weapon. An abrupt 
diversion of this much fuel would likely be observable. Never-
theless, safeguards inspectors would need to be able to detect 
multiple small diversions that could result in the accumulation 
of a significant quantity of fissile material over time—again, 
complicated by the number of operating units and the spent 
fuel storage bins at a site.
 At LWRs or CANDUS, every fuel assembly can be 
uniquely identified by an engraved serial number, which  
enables it to be tracked throughout the facility and be verified 
by IAEA inspectors. While that is not an option for graphite-
based fuel pebbles, a technical alternative has been proposed 
for an internal identifier (Gitau 2011), although the proposal 
has not gone beyond the conceptual stage. However, even  
if it were possible to uniquely identify each pebble, it would 
not be practical to use the identifier to track each item 
throughout the facility in real time. DOE researchers have 
pointed out that “the declaration and accounting of such  
large numbers of fuel pebbles individually would be  
onerous” and concluded that existing reactor safeguards  
approaches would not work for pebble-bed reactors  
(Durst et al. 2009). 


 Instead, the DOE researchers proposed a new approach 
that more closely resembles safeguards at bulk-handling  
facilities (such as nuclear fuel fabrication plants) than those 
applied at traditional reactors. However, as discussed in  
chapter 4, the accounting procedures at such facilities  
have inherent uncertainties, making it harder to distinguish 
genuine diversions from statistical and measurement errors.  
Consequently, a non-zero “material unaccounted for” is to  
be expected at such facilities. Such uncertainties have already 
been reported at the HTR-10 in China, where there was  
“uncertainty about the precise number of pebbles in the core, 
because the redundant facility pebble-counters did not exactly 
agree” (Durst et al. 2009). This problem would be compounded 
in a commercial-scale reactor such as the Xe-100, which would 
have 10 times as many pebbles as the HTR-10.
 Therefore, instead of trying to count and keep track of 
every individual fuel pebble, operators would use radiation-
based fuel flow monitors, designed to detect anomalies in the 
pebble streams (Durst et al. 2009). Such systems would have 
to be sensitive enough to distinguish signals caused by fuel 
diversions from normal statistical variations, and would  
also have uncertainties. 
 As a result, inspectors would have to supplement these 
techniques with containment and surveillance measures, 
which are inherently less reliable than material accounting.  
If such measures were to be lost temporarily—for instance,  
if a surveillance camera stopped working—then the only way 
to recover continuity of knowledge would be to conduct a 
time-consuming inventory of all material at the facility. Also, 
in contrast with LWR spent fuel, safeguards inspectors would 
not be able to directly observe pebble-bed reactor spent fuel 
in storage (Durst et al. 2009). At LWRs, spent fuel is stored 
below several meters of water, providing radiation shielding 
but allowing inspectors to view the spent fuel. HTGR spent 
fuel pebbles cannot be stored in water but must be immedi-
ately sent to dry storage bins, where they cannot be viewed. 


STATUS OF PEBBLE-BED SAFEGUARDS APPROACHES


In order to implement the DOE researchers’ proposed safe-
guards approach, the IAEA would have to develop new criteria 
and technologies, which could take many years and hefty  
resources (Durst et al. 2009). At the time of the proposal,  
Eskom was actively pursuing deployment of the pebble-bed 
modular reactor in South Africa, and other non-nuclear weapon 
states had expressed interest in the technology. However,  
Eskom suspended work on this reactor in 2010, and the IAEA 
decided not to pursue development of pebble-bed reactor 
safeguards approaches, given the lack of interest.
 But current pebble-bed developers are again hoping  
to export their products around the world to non-nuclear 
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weapon states where IAEA safeguards would be required. 
China National Nuclear Corporation signed a memorandum 
of understanding with Saudi Arabia to conduct a reactor  
feasibility study in 2017 and has had discussions with Indonesia 
and Egypt (Nicobar Group 2017), although no projects appear 
to have materialized. More recently, X-Energy signed a letter 
of intent with Jordan in November 2019 to build four Xe-100 
units by 2030. If these projects move forward, the IAEA will 
soon need a workable and effective safeguards approach.  
The IAEA reported in 2019 that it was working with China  
to develop safeguards approaches for the HTR-PM under 
China’s voluntary offer agreement, but no details are avail-
able (IAEA 2018). The United States could assist the IAEA  
in developing pebble-bed safeguards approaches by offering 
the proposed Xe-100 commercial demonstration plant for 
IAEA safeguards during the design phase—and providing 
funding for the effort.


Readiness for Commercial Demonstration 
and Near-Term Deployment


As discussed in chapter 1, the 2017 DOE advanced demonstra-
tion and test reactor study judged that the modular HTGR 
concept with prismatic-block fuel and a steam-cycle power 
conversion system was ready for commercial demonstration 
in the United States in the “near future,” based on past dem-
onstrations that it deemed successful, the billions of dollars 
already spent on the technology, and foreign construction 
projects. The DOE argued that these designs could be com-
mercially available sometime in the 2030s. In contrast, less 
mature designs, which would first require engineering and 
performance demonstrations, would not be commercially 
available until around 2050 (Petti et al. 2017). 
 While the DOE study is silent on whether it considers 
pebble-bed designs to be of comparable maturity to prismatic- 
block designs to support near-term commercial demonstration, 
in October 2020 the agency chose X-Energy’s Xe-100 pebble-
bed four-pack as one of two commercial demonstration  
projects to be built by 2027 under the ARDP. 
 This timeline is universally acknowledged to be aggres-
sive. In 2018, X-Energy developed a schedule that would have 
its first commercial pebble-bed unit operating by the early 
2030s, assuming about four years for long-lead procurement 
and five years for reactor construction (Bowers 2018). But 
soon afterward, it proposed an accelerated development  
program leading to an “efficient and effective commercial 
demonstration” by the mid- to late 2020s, consistent with  
the ARDP timeline (DOE-NE 2019). 
 However, as is the case with sodium-cooled fast reactors, 
it is far from clear that the past U.S. HTGR projects have  


provided a sufficient technical basis for skipping the perfor-
mance demonstration step. As discussed earlier, the US dem-
onstrations at Peach Bottom and Fort St. Vrain had a “mixed” 
track record, according to the DOE. And those reactors had 
significant differences from the current generation of modu-
lar prismatic-block HTGR designs—especially when it  
comes to safety.


PERFORMANCE DEMONSTRATION: THE NECESSITY  
OF PROTOTYPE TESTING 


The safety basis for current HTGR designs relies on the  
effectiveness of passive cooling and the robust performance 
of the fuel. However, past HTGR demonstrations did not  
employ passive cooling systems—in fact, the 842 MWth  
Fort St. Vrain reactor was too large to have had a passive  
cooling system. Also, these demonstrations used fuels that 
were significantly different from current-generation fuels—
for example, they contained HEU and thorium, rather than 
HALEU, and they used uranium carbide or oxide kernels, 
rather than the uranium oxycarbide that would be used for 
the Xe-100 and other designs today. There has never been  
an integrated demonstration of the safety features of a small 
modular HTGR that could support claims that the reactor 
does not need a robust containment or off-site emergency 
planning measures.
 This is not a new issue. In the 1980s, the DOE proposed 
building a commercial demonstration plant based on a modu-
lar prismatic block HTGR design without a conventional  
containment at an unspecified but “typical” nuclear power 
plant site (Williams, King, and Wilson 1989). (This was in 
contrast to the DOE’s plan around the same time to build a 
prototype of the PRISM fast reactor, as discussed in chapter 5.) 
In its (draft) “pre-application” safety review, the NRC staff  
rejected this approach, concluding that:


based on judgments of the adequacy of existing operating 
experience, the novel design features proposed, and the 
status of the present technology base, the staff requires 
that testing and operation of a prototype test reactor,  
located at an isolated site, be mandatory before design 
certification (Williams, King, and Wilson 1989). 


In NRC parlance, a “prototype” is a “nuclear reactor . . . used  
to test design features or new safety features” and “can be . . .  
a standard plant design in all features and size, but may in-
clude additional safety features to protect the public and the 
plant staff from the possible consequences of accidents during 
the testing period” (NRC 2017). Thus, an NRC prototype 
would be comparable to the DOE’s concept of a performance 
demonstration reactor, and could have additional safety  
features not included in the commercial version. (An NRC 
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prototype could itself serve as a commercial reactor if it were 
licensed under the appropriate provisions, but the additional 
safety requirements and stipulation of an isolated site might 
not be attractive features for a commercial customer.)
 The NRC staff argued in the draft safety review that such 
prototype testing was necessary “to compensate for removal 
of the traditional (and testable) containment building” and to 
“help ensure that licensed plants of that design have adequate 
fission-product retention” (Williams, King, and Wilson 1989). 
But the DOE project did not go forward, and neither a proto-
type nor a commercial demonstration plant were built.
 Today, the DOE is pursuing a commercial HTGR demon-
stration plant—without a traditional containment—without 
first conducting the prototype testing that the NRC staff had 
previously said was essential. In recent decades the NRC  
has weakened its policy on the need for prototypes in NLWR 
licensing, and it is unclear whether the staff would take the 
same position today as it did in the 1989 HTGR draft safety 
review (NRC 2017). However, the concerns that the NRC staff 
raised at that time are still valid today, and the agency should 
require prototype testing given the outstanding uncertainties 
in the HTGR safety approach discussed above. Even without 
an NRC requirement to do so, it would be highly prudent  
for any vendor to demonstrate the safety features that would 
justify the absence of a containment. 
 The Department of Defense (DOD) is proceeding more 
cautiously than the DOE in pursuing the development of  
mobile microreactors for deployment at military bases. In 
March 2020 DOE awarded X-Energy $14.3 million to first  
develop a prototype design for its 10 MWth mobile micro-
reactor concept before deciding whether to move forward.22


 Prototype testing will be even more important for peb-
ble-bed designs, which—unlike prismatic-block HTGRs—
have never been demonstrated in the United States. The 
German experience with pebble-bed reactors was mixed. And 
the only currently operating pebble-bed reactor, the HTR-10, 
cannot be considered a performance demonstration or even a 
full engineering demonstration. It has operated only intermit-
tently and has not demonstrated key pebble-bed systems and 
safety features. The reactor only ran at full power for a brief 
period, and major features of the all-important system for 
on-line fuel loading/discharge/reloading had not been used 
by 2015, as the reactor core had still not achieved equilibrium 
(steady-state) operation at that time (Knol et al. 2015). 
 In addition, safety tests that had been planned at the 
HTR-10 in a collaborative program with the European Com-
mission, including a melt-wire test to validate temperature 
calculations, were never carried out (Knol et al. 2015). This 
was due in part to China’s preoccupation with designing and 
building the HTR-PM commercial demonstration (Knol et al. 


2015). In retrospect, China’s decision to proceed with the  
now-delayed HTR-PM without first undertaking a full com-
plement of testing and demonstrating reliable equilibrium  
operation at the HTR-10 is probably a mistake that the  
United States should not repeat.


FUEL QUALIFICATION, SAFETY TESTING, AND 
COMMERCIAL-SCALE FABRICATION 


The other key HTGR safety feature, high-integrity TRISO 
fuel, also will require further development and qualification 
prior to a commercial reactor demonstration. And of course 
facilities will need to be built to produce the fuel for the reactor.


FUEL QUALIFICATION AND TESTING


Given that a typical program for new fuel qualification can 
take 15 to 25 years, this could well be the rate-limiting step  
for new reactor development. To arrive at the optimistic, 13- to 
15-year deployment schedules for a commercial demonstration 
reactor, vendors such as X-Energy have assumed that fuel 
qualification; fuel manufacturing capability; and reactor  
design, licensing, and construction can all occur concurrently, 
rather than sequentially (Bowers 2018). However, this approach 
may not be adequate to ensure that the fuel will perform as 
well as advertised.
 The HTGR does have a fuel development advantage 
compared to other NLWRs given that the DOE has been con-
ducting the Advanced Gas Reactor fuel qualification program 
described above since 2002. However, the schedule for com-
pleting the program, including the critical post-irradiation 
examination of the fuel, has slipped at least five years from its 
original 2020 completion date. Moreover, due to the problems 
encountered during the irradiations described above, there 
are gaps in the data and the program may never fully achieve 
its goals. In particular, the AGR-5/6/7 irradiation tests, which 
were intended to serve as a formal program to qualify TRISO 
fuel under both normal and abnormal operating conditions, 
were terminated prematurely (Pham et al. 2020). It is unclear 
whether the data that was collected will be adequate for  
finalizing fuel fabrication specifications and for the requisite 
NRC approval for use of the fuel. 
 In 2019 the Electric Power Research Institute (EPRI), 
the main US nuclear industry research organization, asked 
the NRC to issue a finding that “testing of UCO TRISO-coated 
fuel particles in AGR-1 and AGR-2 constitutes a performance 
demonstration of these particle designs over a range of normal 
operating and off-normal accident conditions” (EPRI 2019).  
It is not entirely clear what that would mean in a regulatory 
context—as the NRC pointed out, “. . . how the TRISO fuel 
meets regulations will depend on how the design and other 
systems, structures, and components are credited in the overall 
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safety of the [reactor] design” (NRC 2020a). It does appear  
to be a suggestion that the NRC approve the use of TRISO 
fuel without having the benefit of the AGR-5/6/7 qualification 
program data or of post-irradiation accident testing, including 
critical air and water exposure tests. However, the AGR-1/2 
tests alone provided little useful data for TRISO fuel qualifi-
cation. The AGR-1 test used fuel that was carefully fabricated 
under laboratory conditions and is of limited relevance for 
fuel produced under commercial conditions. Moreover, it  
is premature to reference the AGR-2 test, since AGR-2 fuel 
particles are still undergoing post-irradiation examination 
and final results are not yet available. And the thermocouple 
failures throughout the experimental campaign made it im-
possible to collect critical irradiation temperature data. Ulti-
mately, the NRC approved a far more limited statement on 
the utility of the AGR-1/2 test data than EPRI had requested.
 Even data from the entire AGR test series likely will be 
insufficient to complete HTGR fuel qualification. The tests 
were conducted in the Advanced Test Reactor, which is water-
cooled and, as such, does not fully replicate the conditions 
within an actual HTGR, such as the neutron energy spectrum. 
Also, the tests did not use representative fuel compacts for 
any current HTGR design (either prismatic-block or pebble-
bed), so the data are only valid for the TRISO particles them-
selves and not for entire fuel assemblies (Sunseri 2020). 
Finally, the test irradiations were conducted in an accelerated 
manner by subjecting the fuel to a higher neutron flux than  
it would be exposed to in a reactor. While these may be  
adequate for the initial stages of fuel development, an HTGR 
prototype would be needed to test the fuel under more  
realistic conditions. 
 In a past review of the AGR program in the context of 
the now-cancelled Next Generation Nuclear Plant (NGNP) 
project, the NRC staff stated that “the lack of fuel performance 
data obtained in real-time HTGR neutron environments is  
of concern to the NRC staff. This concern is based on the 
questionable adequacy of data generated solely in accelerated 
irradiation environments” (NRC 2012), observing that “reli-
ance on NGNP prototype testing may be necessary to ade-
quately demonstrate design safety features associated with 
fuel, core, and reactor system performance.” But the DOE  
did not build a prototype demonstration reactor project  
that it could have used to optimize fuel design and complete 
TRISO fuel qualification. Instead, the DOE is proceeding  
directly with construction of a commercial demonstration 
HTGR—the Xe 100.  


CONSTRUCTION OF INDUSTRIAL-SCALE FUEL  
FABRICATION FACILITY


In addition to the reactor itself, a commercial HTGR demon-
stration project such as the Xe-100 will require the design, 


development, licensing, and construction of an industrial-
scale fuel fabrication facility—itself a time-consuming and 
costly undertaking. 
 The prospects for these facilities in the United States  
are uncertain. The United States does not currently have the 
capability to fabricate TRISO fuel on a commercial scale. To 
meet its timeline for reactor deployment, X-Energy intends  
to submit an application for a TRISO fuel fabrication facility 
(called TRISO-X) by early 2021. And BWXT is moving forward 
with a plan to restart the TRISO fuel manufacturing line at its 
facility in Lynchburg, Virginia, that was used to produce some 
of the fuel for the AGR irradiation program (although with 
inferior quality, as discussed earlier). 
 Although X-Energy originally intended to locate TRISO-X 
in an existing building at Oak Ridge National Laboratory, it 
now apparently plans to install it within the General Electric-
Hitachi Global Nuclear Fuel uranium fuel fabrication facility 
in Wilmington, North Carolina. However, as discussed in 
chapter 4, the security, material accounting, and criticality 
safety programs at that facility will have to be upgraded to 
meet Category II standards, since it is currently only licensed 
to handle Category III uranium with an enrichment below  
5 percent. These modifications could prove disruptive to the 
facility’s operations (NEI 2018).
 The facility may also have to produce different types  
of TRISO fuel at the same time, which will require greater 
capacity and complicate operations. X-Energy now has both 
DOD funding that may lead to an Xe-Mobile microreactor 
prototype and DOE funding for an Xe-100 four-pack com-
mercial demonstration project—both to be constructed over 
the next several years. X-Energy President Harlan Bowers 
said in early 2019 that the company would “‘gear the [TRISO-X] 
design to serve’ whichever reactor is first to the market” 
(Freebairn 2019). 
 In any case, X-Energy’s aggressive schedule would  
need the TRISO-X facility to be licensed and operational  
by 2023–2024, before the final results of the AGR fuel devel-
opment and qualification program will have been obtained. 
However, if those results indicate that modifications to the 
fabrication process are needed, the production plant may 
need to be retrofitted. Given the complex interactions between 
fuel performance and reactor design and operation, there is 
risk in moving forward with commercial-scale fuel fabrication 
licensing and construction before fuels have been fully devel-
oped and qualified through prototype testing. Consequently, 
it would be prudent to postpone fuel fabrication facility  
design until an advanced stage of fuel development has been 
achieved and the necessary process parameters finalized. 
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HALEU AVAILABILITY


A related obstacle to near-term deployment of prototypes and 
commercial demonstration HTGRs is the availability of the 
considerable quantities of HALEU that the reactors will need. 
As with some other NLWR designs, HTGRs will require a source 
of HALEU at an enrichment level not currently produced  
at commercial uranium enrichment plants.
 Each of X-Energy’s Xe-100 200 MWth modules, for  
example, would require about 1.5 metric tons heavy metal of 
15.5 percent–enriched HALEU for the initial core (equivalent 
to the current worldwide demand for US HALEU), and about 
0.45 metric ton heavy metal of fresh fuel would be required 
annually. Even a 10 MWth TRISO-fueled microreactor would 
require a few hundred kilograms of HALEU. As discussed in 
chapter 4, the Nuclear Energy Institute has estimated that  
it would take a minimum of seven to nine years to establish 
the fuel cycle infrastructure to support a significant level of 
HALEU production, assuming full funding is available (NEI 
2018). The only current prospect for enriching HALEU is the 
Centrus Energy Corporation’s three-year, DOE-funded pilot 
centrifuge demonstration project in Piketon, Ohio, but that 
will produce, at most, multi-kilogram quantities by 2021,  
and only up to 900 kilograms per year at peak capacity  
(Dyke 2020). 


COST AND FINANCING


In addition to the timeline for fuel availability, there is the all-
important question of demonstration project cost and available 
financing, about which public information is scarce. The maxi-
mum amount of funding that the DOE ARDP has committed 
to X-Energy for its four-unit demonstration plant (subject to 
availability of future congressional appropriations) is $1.6 bil-
lion, provided X-Energy can match that amount. But it is not 
clear the total amount of $3.2 billion will be sufficient for the 
capital cost of a four-reactor plant. While X-Energy has claimed 
that a single 200 MWth reactor plant would cost less than $1 bil-
lion (Bowers 2017), DOE researchers estimated a 200 MWth 
prismatic core test reactor would have a capital cost around 
$2 billion to $6 billion (2020 dollars), with a best estimate of 
around $4 billion (Sterbentz et al. 2016). There is also the capital 
cost of the TRISO fuel fabrication plant, which X-Energy has 
estimated at $100 million to $200 million, two-thirds of which 
the company hoped to finance by debt (Freebairn 2019). 
 And there are the operating costs, which include the  
cost of fuel, operations, and maintenance—for which X-Energy 
presumably would be fully responsible. For a 200 MWth  
Xe-100 module, the annual cost of the required HALEU 
would be at least $2.5 million today (assuming the separative 
work unit cost to produce HALEU would be equal to that 
available on the open market, which is questionable given 
there is no current supply). DOE researchers estimated  


TRISO fuel fabrication for a first-of-a-kind plant would cost 
$26,500 per kilogram of uranium in 2009 dollars (or around 
$32,000/kg in 2020 dollars) (INL 2012). At this rate, fuel would 
cost nearly $18 million per year for each Xe-100 module (it  
is not clear whether this estimate includes the annualized 
fabrication facility capital cost). And the researchers esti-
mated the operating cost of a 200 MWth test reactor at 
around $20 million to $60 million per year, with a best  
estimate around $40 million per year (2020 dollars). The 
best-estimate annual operating cost alone, not including any 
financing payments, would be $58 million per year, or $88 per 
MWe-hour, nearly three times the average generating cost  
of the current reactor fleet of less than $31 per MWe-hour, 
illustrating the economic hurdles faced by this technology. 
 Finally, there is the question of whether X-Energy has 
the requisite funding to provide a 50-50 match of the DOE 
contribution. In 2018, it was reported that X-Energy had 
“nearly $39 million in private investment” (Walton 2018), and 
the company received prior funding commitments from the 
DOE totaling less than $60 million. Unless the company can 
realize its goal of a capital cost of less than $1 billion for an 
Xe-100 module, it will need to raise far more money. Another 
track for a demonstration HTGR is the funding provided by 
the DOD to X-Energy and other vendors for a defense micro-
reactor prototype, but that project is not likely to lead to  
development of economical power reactors for civilian use. 
 Although the exact cost of an HTGR demonstration is 
uncertain, what is clear is that graphite-moderated HTGRs 
will be “costly to build and operate” because of their large size 
and low power density (Duchnowski et al. 2019). To address 
this cost penalty, in 2019 the DOE awarded grants of $2 million 
to Stony Brook University for developing alternative modera-
tor materials utilizing hydrogen or beryllium, and $3.5 million 
to X-Energy to examine ways to “reduce construction and main-
tenance costs” of the Xe-100 reactor design (DOE-NE 2019). 
 In summary, HTGRs do have some attractive safety  
features, but they also have a number of drawbacks. And the 
push by the DOE and HTGR designers to reduce defense- 
in-depth features such as containment strength and emergency 
planning zone size could undermine any safety benefits the 
design offers. Moreover, the reactors do not appear to meet 
the DOE’s sustainability goals, given their unfavorable charac-
teristics with regard to uranium utilization and waste genera-
tion. Overall, it is difficult to assess whether HTGRs would 
represent an improvement over LWRs. Given the mixed perfor-
mance of previous HTGR demonstration reactors and fuels, 
as well as their differences from current designs, it is likely 
that additional engineering and full-scale demonstrations will 
be needed to resolve outstanding safety and performance issues 
before HTGRs could be deployed on a commercial scale.  
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Molten Salt Reactors


[ chapter 7 ]


Just about anyone with an interest in nuclear energy and  
an Internet connection has probably heard about molten  
salt reactors (MSRs). MSRs differ from other reactor types  
in that they use a hot, liquified salt (which can include such 
compounds as sodium chloride, or table salt) to cool the  
reactor and transfer heat to a power conversion system to 
generate electricity. In most MSR designs the nuclear fuel 
itself is dissolved in the molten salt coolant and is thus in  
a liquid form. These types of MSRs are significantly differ- 
ent from conventional LWRs or other NLWRs that use  
solid fuels.
 MSRs have been promoted for years by enthusiastic  
advocates as reactors with major cost, safety, nonprolifera-
tion, and sustainability advantages over LWRs or other  
types of advanced reactors (Pellum 2019). One popular MSR 
design called the Liquid Fluoride Thorium Reactor (LFTR 
(pronounced “lifter”)), would use a fuel salt containing the 
element thorium to breed the fissile isotope uranium-233  
(U-233), a process that in theory could be self-sustaining,  
similar to a fast plutonium breeder reactor. The potential  
for development of a thermal-spectrum breeder reactor  
was one of the original motivations for pursuing the   
MSR in the 1960s.
 In theory, MSRs are very flexible. They can use solid  
as well as liquid fuel. They can use thermal (slow) neutrons, 
fast neutrons, or intermediate-energy (“epithermal”) ones. 
They can be fueled with mixtures of thorium and U-233, 
highly enriched uranium (HEU), low-enriched uranium 
(LEU), or even transuranic elements (TRU) such as pluto-
nium extracted from spent nuclear fuel. They can use one 
fluid loop or multiple loops. They can operate as breeders or 
burners. However, as with any reactor concept, in practice 


there are engineering and safety limits that greatly narrow 
the range of workable designs.
 In most liquid-fueled MSRs, the flowing nuclear fuel  
also serves as the primary coolant system, transferring heat 
out of the reactor core to a secondary coolant system. The 
secondary coolant system also typically uses a (non-fuel)  
molten salt to transfer the heat generated by the reactor to  
an electricity conversion system, which would likely be a  
conventional steam turbine. (Although some MSR designs, 
like HTGRs, could potentially use an advanced helium- 
gas-powered turbine, that technology remains relatively  
immature and is not likely to be available in the near term.) 
 MSRs can be operated at a lower pressure than LWRs, 
but must be constantly maintained at a high temperature in 
order to keep the salt in a liquid state. The required salt tem-
perature ranges from 650°C to 750°C under normal conditions. 
One drawback is that molten salts are highly corrosive to 
many structural materials. A key technical challenge in build-
ing MSRs is to find materials that can tolerate prolonged expo-
sure to the fuel at high temperatures in high radiation fields. 
 The main advantage of liquid reactor fuel is its potential 
to achieve a higher fuel burnup and higher conversion ratio 
than solid fuels, which could reduce nuclear waste volume 
and increase uranium utilization. (The burnup is related to 
the fraction of the initial heavy metal content of fuel that is 
converted to heat energy, and the conversion ratio is related 
to the ability of the reactor to convert fertile materials such  
as U-238 or thorium-232 to fissile materials.) As discussed  
in chapter 3, the fuel burnup in solid-fueled reactors is con-
strained by changes in safety and performance that occur  
as fuel is irradiated in a reactor. These include physical 
changes in the structure of the crystalline fuel and cladding, 







90 union of concerned scientists


and changes in the fuel composition as uranium and other 
fuel materials are bombarded by neutrons and transmuted 
into other elements. 
 In contrast, liquid fuels lack the solid structure that can 
be damaged by irradiation, and the fuel composition can be 
adjusted as needed to optimize its performance simply by 
blending in additional liquid streams. However, compared  
to solid fuels, liquid nuclear fuels introduce numerous addi-
tional safety, environmental, and proliferation risks. In solid-
fueled nuclear reactors, the fission products generated during 
reactor operation are largely trapped by the molecular struc-
ture of the fuel pellets or the cladding that surrounds them. 
Some fission products, such as the noble gases krypton and 
xenon, migrate to the surface of the fuel pellets, but they  
remain confined within the fuel pins as long as the cladding  
is intact. In molten salt–fueled reactors, these fission prod-
ucts are released from the reactor core and must be either 
retained by the reactor structures and off-gas treatment  
system or released to the environment. 
 This has implications both for safety and for nuclear 
nonproliferation. In particular, the very large releases of  
noble gas fission products from MSRs could interfere with 
the functioning of the international monitoring system estab-
lished under the Comprehensive Nuclear Test Ban Treaty  
to detect the occurrence of clandestine nuclear weapon tests.
In addition, most liquid-fueled MSR designs require continu-
ous reprocessing of the fuel salt in order to adjust the fissile 
material content and remove fission products trapped in  
the salt that may reduce reactor performance and safety. As 
discussed below, continuous reprocessing will pose unique 
difficulties for application of International Atomic Energy 
Agency (IAEA) safeguards and will increase proliferation 
risks. These risks must be fully addressed and mitigated if 
MSRs are to play a significant role in the future energy mix. 


History and Current Status


In comparison to liquid metal–cooled fast reactors and gas-
cooled reactors, there is much less operating experience with 
thermal MSRs and none at all with fast MSRs. There have 
only been two engineering-scale demonstrations. The 1940s 
Aircraft Reactor Experiment at Oak Ridge National Labora-
tory was a small experimental test reactor that operated for 
only nine days. The subsequent Molten Salt Reactor Experi-
ment (MSRE), a 7.5 megawatt-thermal (MWth) test reactor, 
operated at Oak Ridge from June 1965 to December 1969.


MOLTEN SALT REACTOR EXPERIMENT (MSRE)


The MSRE operated only intermittently over its four-year 
lifetime and was critical for a total of about two years of that 


time span. The average power achieved over that time was 
about 4.18 MWth, including shutdown periods, in comparison 
to its maximum power of about 7.5 MWth. The fuel was a 
mixture of lithium fluoride, beryllium fluoride, and uranium 
fluoride. The initial uranium fuel was HEU with a U-235  
enrichment of about 33 percent; later it was changed to 
U-233. (The U-233 was supplied from other reactors and  
was not generated at the MSRE itself.) A small quantity  
of plutonium-239 was added later for good measure.
 After the MSRE was shut down, the Atomic Energy 
Commission concluded that the work to date had not “advanced 
the program beyond the initial phase of research and devel-
opment” and that “about 2 billion dollars in undiscounted 
direct costs [more than $12 billion in 2020 dollars] could be  
required to bring the molten salt breeder . . . to fruition as a 
viable, commercial power reactor” (AEC 1972). More recently, 
a Department of Energy (DOE) review concluded that the 
MSRE “should be considered test laboratory scale or per-
haps engineering scale” and pointed out that it was never 
connected to a power conversion system (Petti et al. 2017). 


RECENT DEVELOPMENTS


Numerous small companies have started up in the last few 
years to pursue development of various MSR designs. In the 
United States, companies including Terrestrial Energy, Thor-
Con, and Flibe Energy are pursuing liquid-fueled thermal 
MSRs. (Another company that was developing an MSR, 
Transatomic Power, went out of business.) TerraPower and 
Elysium Industries are pursuing liquid-fueled fast-spectrum 
MSRs. Moltex is developing a fast reactor that would use sta-
tionary, metal-clad fuel elements containing molten salt fuel 
instead of solid fuel. Also, Kairos Power is developing a molten 
fluoride-salt-cooled, high-temperature reactor that uses a 
solid fuel similar to TRISO pebble-bed HTGR fuel. 
 The DOE itself has been slow to get on the MSR band-
wagon. The MSR was one of the few concepts that the DOE 
did not initially fund in its Generation IV program. More  
recently, responding to growing private sector interest, the 
DOE began providing a modest amount of support for MSR 
research. In 2016, it committed to providing up to $40 million 
over five years to a consortium including Southern Company 
and TerraPower for basic research and development on a fast 
molten chloride salt reactor—apparently the first US govern-
ment funding for a liquid-fueled MSR project in 40 years. 
Several other grants to other companies and researchers  
have followed, including (now-defunct) Transatomic Power, 
Terrestrial Energy, ThorCon, and Flibe Energy, ranging from 
several hundred thousand to a few million dollars each. 
 In December 2020, the DOE provided $30 million in  
initial funding to two MSRs as part of a second-tier of “risk 
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reduction” awards under the Advanced Reactor Demonstra-
tion Program (ARDP). One award went to Kairos Power to 
develop a reduced-scale test reactor called Hermes based on 
its molten salt–cooled, TRISO-fueled design, and the other  
to Southern Company for the “Molten Chloride Reactor  
Experiment”—also presumably a reduced-scale test reactor. 
Kairos ultimately will receive $303 million from the DOE of 
the estimated $629 million cost of the Hermes, and Southern 
up to $90.4 million of the projected $113 million cost of its  
test reactor (DOE-NE 2020). 
 Many of the liquid-fueled MSR startup companies have 
emphasized sustainability in touting the benefits of their  
designs. For example, Elysium Industries advertises that its 
fast-neutron MSR “has the ability to consume spent nuclear 
fuel and weapons waste transforming it into useful energy” 
(Elysium Industries n.d.). Indeed, the operational flexibility 
of liquid fuels could potentially allow for significant improve-
ments in sustainability compared to solid-fueled reactors. 
However, as discussed below, these claims are exaggerated, 
and in at least one case (the defunct company Transatomic 
Power) demonstrably false.  


Safety


The use of liquid fuel instead of a solid fuel in an MSR has 
significant safety implications for both normal operation  
and accidents. 


NORMAL OPERATION


In contrast to solid-fueled reactors, molten salt–fueled  
reactors release a large fraction of the gaseous fission prod-
ucts produced in their liquid fuel after they are generated. 
Since the gases do not escape from the fluid rapidly enough 
on their own, they must be constantly removed to avoid  
increasing the fluid pressure and decreasing the reactivity  
of the fuel. This is done by circulating a stream of helium gas 
bubbles to push the fission product gases from the fuel. The 
fission product gases must then be trapped and either (1) 
stored for a long period of time (years to decades) and even-
tually disposed of in a geologic repository, or (2) stored for  
a short period of time to allow for some radioactive decay  
and then released into the environment.
 Safe management of these fission products will be a much 
greater challenge for MSRs than for LWRs (Lyman 2019). 
LWRs do release some noble gas fission products during  
normal operation because a small number of fuel rods will 
experience cladding failures. However, the noble gas releases 
from a MSR core would be hundreds of thousands of times 
greater than the releases from LWRs of comparable capacity 
(Lyman 2019). In principle, short-lived fission products, such 


as xenon-135 (with a half-life of 9.1 hours), can be captured 
and stored until they have decayed away. Other, longer lived 
noble gas fission product isotopes, such as krypton-85 (with a 
half-life of more than 10 years), are more challenging to man-
age. But in either case, it is difficult and expensive to capture 
and store large flows of noble gases, because they are chemi-
cally inert. Operators of liquid-fuel MSRs may face significant 
challenges in meeting safety limits on reactor discharges of 
noble gas fission products into the environment. 
 The human health and environmental impacts of  
chemically inert noble gas fission products such as krypton-85, 
although significant, are relatively low compared to isotopes 
such as cesium-137. Noble gases disperse quickly into the  
atmosphere when released. However, cesium-137 deposits  
on and binds to soil and other surfaces, and thus is one of  
the most environmentally hazardous radionuclides. With  
a 30-year half-life, cesium-137 is largely responsible for the 
persistent radiological contamination in the regions around 
Chernobyl and Fukushima. 
 MSR developers often say that cesium-137 and certain 
other troublesome fission products do not present a problem 
because they remain chemically bound in the liquid fuel and 
are not released. However, this is misleading because it only 
applies to those isotopes that are generated directly in the 
fuel from fission. It does not apply to isotopes that are pro-
duced indirectly by the decay of noble gas fission products 
only after the gases are released from the fuel. 
 For instance, in addition to being produced directly by 
fission, cesium-137 also results from the decay of short-lived 
xenon-137, which has a 3.82-minute half-life. Indeed, nearly 
all of the cesium-137 generated in a nuclear reactor is pro-
duced through xenon-137 decay rather than directly by fission. 
In a solid-fueled reactor, most of this cesium remains trapped 
in the fuel unless the fuel is damaged during an accident. But 
in an MSR, almost all of the cesium-137 generated is released 
from the fuel under normal conditions, and it must be cap-
tured and safely stored. In a two-month period of normal  
operation, a 1000 megawatt-electric (MWe) MSR could  
release about as much cesium-137 from the core as the total 
amount released into the environment from the Fukushima 
accident. Indeed, MSRs are such good generators of cesium-137 
that Oak Ridge scientists received a patent in 1972 for a method 
for production of “high-purity cesium 137” utilizing the 
MSRE off-gas stream (Lyman 2019). 
 One type of MSR, Moltex, was designed in part to address 
the problem of cesium-137 release. As mentioned above, 
Moltex uses a molten salt fuel that is not free-flowing but is 
contained in metal-clad fuel rods. This design allow the fuel 
cladding to trap xenon-137 long enough for it to decay to  
cesium-137, although at the expense of losing the flexibility  
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to easily adjust fuel compositions (Scott 2017), one of the  
major motivations for MSRs. (Moltex fuel rods would be  
periodically vented to release longer-lived noble gas isotopes, 
however.) But other MSR developers say little about this  
issue and how they expect reactor operators to manage and  
dispose of large quantities of high-level cesium-137 waste.
 Other fission product impurities—in particular, noble 
metals such as ruthenium—are not soluble in the molten salt 
and also must be continuously filtered out. Otherwise, they 
would collect on metal structures in the reactor, such as the 
heat exchangers, creating hot spots that could damage the 
structures (Forsberg 2006).
 Another troublesome radionuclide, tritium, with a half-
life of 12.5 years, is highly mobile and cannot be effectively cap-
tured. Even with a costly off-gas control system, MSRs would 
almost inevitably discharge far more tritium and other radio-
isotopes into the environment during normal operation than 
solid-fueled reactors.


ACCIDENTS


Advocates for liquid-fueled MSRs cite three main benefits  
of MSRs compared to LWRs that they claim would reduce  
the risk of accidents (LeBlanc 2010). First, they note that, in 
contrast to solid fuel, the liquid fuel cannot melt down in an 
accident. Second, they state that the reactors are passively 
safe because (for some designs) if the molten fuel overheats,  
it would quickly drain into a place where it could be safety 
cooled and stored. Third (and similar to an argument made 
for sodium-cooled fast reactors), they point out that since  
the reactor operates near atmospheric pressure, there is less 
risk of a leak of radiation to the environment and the reactor 
structure does not have to be qualified to withstand high 
pressures. Each of these points is considered below. 


LIQUID VS. SOLID FUEL


The observation that the core of a liquid-fueled reactor can-
not “melt down” is a tautological statement that gives a mis-
leading impression of the safety of such reactors. In the event 
of a severe accident or sabotage, the timing and size of a release 
of radioactive material into the environment are key consid-
erations. The fact that the fuel in an MSR is already a liquid 
does not confer a safety advantage in these respects.
 In an LWR, fission products are largely trapped within 
the molecular structure of the solid ceramic fuel pellets or the 
metal cladding that surrounds them. If cooling is lost, the fuel 
will heat up, the cladding will become damaged and rupture, 
and the fuel pellets will eventually begin to melt. Some fission 
products will become mobile as the fuel softens and may escape 
from the fuel. Eventually, the highly corrosive molten fuel 
will drop to the bottom of the reactor vessel and will melt 


through it, spilling onto the containment floor. At that point, 
the containment is the only remaining barrier to release  
of radioactive material into the environment.
 In the most severe LWR accidents, cladding damage and 
the release of some fission products from the fuel into the cool-
ant could begin as soon as 30 minutes after cooling is lost. How-
ever, because of the high melting point of the uranium dioxide 
ceramic fuel used in LWRs (around 2800°C), it typically takes 
several hours until the fuel starts to melt, and many more hours 
until the molten core breaches the bottom of the reactor vessel 
and flows into the containment. This provides time to take 
measures to mitigate the accident, such as restoring cooling, 
and to implement emergency plans to protect the public.
 After core damage occurs in an LWR accident, the rate  
at which radioactive material is released to the environment 
depends on the extent to which remaining barriers, such as 
the reactor vessel, piping, and containment structure, are  
still capable of retarding releases. Characterizing the actual 
source term (the timing and composition of fission product 
releases) for any accident scenario is quite complex and  
involves substantial experimental and analytical work. For 
example, during the 2011 Fukushima accident, damage to the 
core of the first reactor did not begin until about three hours 
after the reactor lost all cooling, complete melting of the fuel 
took several more hours, and radiation releases to the envi-
ronment did not begin until about 12 hours after the loss  
of cooling. But as bad as the accident was, the containment 
shells at the three damaged reactors remained largely intact, 
and the overall releases of highly hazardous fission products 
such as iodine-131 and cesium-137 were only a few percent  
of the total amounts that could have been released.
 In contrast, in an MSR there is no fuel cladding, and the 
fuel itself is initially in a highly corrosive liquid state instead 
of a stable solid. The reactor structures containing the fuel, 
rather than the fuel rods themselves, form the first line of  
defense for fission product release. As discussed above, even 
during normal operation, the fuel continuously releases gas-
eous fission products that are either captured or eventually 
released. In the event of an accident, the fuel could heat up 
rapidly to the point where it would start to release additional 
radionuclides at a much higher rate. However, very little  
information is available about the physical properties of  
molten salts that would shed light on the radiological source 
term of such an event. Molten salts also must be maintained 
at a high temperature (over 600ºC) to remain in the liquid 
state; if areas within the fuel get too cold, the salt can crystal-
lize and clog pipes, blocking coolant flow and ultimately re-
sulting in a dangerous temperature increase (IRSN 2015). 
 After radionuclides escape from the fuel, releases to the 
environment would depend on the integrity of the remaining 
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barriers—namely, the reactor structures and the off-gas treat-
ment system. But the structural materials currently available 
would have a very limited capacity to contain the molten  
fuel at the very high temperatures that could occur during  
an accident. For that reason, the over-heated fuel must be 
cooled very rapidly—for instance, by draining it from the core 
into a special chamber—or the reactor could be destroyed, 
releasing large amounts of radioactivity into the environment.


PASSIVE SAFETY


To mitigate a severe loss of cooling, most MSR designs in-
clude a safety feature called a freeze plug. One or more plugs 
of frozen salt are used to close off a drain at the bottom of the 
reactor vessel. In the event of a loss of cooling or loss of exter-
nal power causing fuel overheating, the plugs would melt before 
the fuel reached a dangerous temperature, allowing the fuel 
to drain quickly into dump tanks below the reactor vessel. 
The dump tanks would be designed to maintain the discarded 
fuel at a safe temperature and in a configuration where it 
could not become critical and start generating power again.23


 Operation of the freeze plug sounds simple in theory, but 
is far more complex in practice. For instance, it is not clear 
whether the local decay heat of the fuel would be sufficient to 
rapidly melt the freeze plugs, or whether an external heating 
source would be needed (in which case the mechanism may 
not be entirely passive and would not function if external 
power were lost). Also, to judge the effectiveness of this safety 
mechanism, one must calculate how long it would take for  
the plugs to melt and the fuel to completely drain. The core 
would have to drain quickly enough to avoid destroying the 
reactor structures that contain it. 
 The few studies of these issues to date have shown that 
MSRs will heat up rapidly in the event that cooling is inter-
rupted, leaving very little time to mitigate the accident if the 
fuel fails to drain. A 2013 study of the fast-spectrum Molten 
Salt Fast Reactor (MSFR) being designed in France found that 
in the event of a station blackout or other accident causing a 
loss of heat removal, it would take as little as eight minutes 
for the core to heat up to 1200ºC, the temperature at which 
the structural materials are assumed to fail (Brovchenko et al. 
2013). Other studies have estimated grace periods of up to  
22 minutes for this reactor, but researchers point out that 
“the MSFR design has not been finished, and no detailed 
thermohydraulic studies have been conducted which would 
give accurate information specific to the kind of accident sce-
nario expected to trigger the melting of the freeze plug” (Shafer 
2018). Thus, there is “no definitive estimate” of the time it would 
take for an MSR to heat up to 1200ºC (Tiberga et al. 2019).
 Therefore, should such an accident occur, only tens of 
minutes at most may be available for the freeze plugs to melt 


and the fuel to drain completely from the core to avoid a 
structural collapse and large radiological release. It remains 
unclear whether this is achievable in practice. One study has 
shown that this can be accomplished in as little as 95 seconds; 
however, if the freeze plugs only partially melt or are blocked 
by solidified fuel, the drain time could be increased from 95 
seconds to more than 20 minutes (Wang et al. 2016). A more 
recent study concludes that “a freeze-plug design based only 
on the decay heat to melt is likely to be unfeasible” (Tiberga 
et al. 2019). Given the complexity of the system, uncertainties 
are large, but—given the short timelines—there is very little 
room for error.
 Some MSR designers are not taking the passive freeze 
plug for granted. The French MSFR design includes both  
active and passive drain valves. In addition, the design  
deliberately introduces a weak spot in the floor of the cavity 
containing the reactor. The idea is that this area will prefer-
entially fail near the drain valves, so that the fuel will be  
funneled into the dump tanks in the event of a catastrophic 
failure (IRSN 2015). Terrestrial Energy has eliminated freeze 
plugs from its thermal MSR design; instead, it limits core size 
with the expectation that natural convection cooling would 
be sufficient to prevent the core from heating up to a danger-
ous temperature. 
 However, there are questions about whether passive 
cooling methods alone would be adequate. According to  
the DOE, “the full range of design basis accident scenarios 
[for MSRs] has not been established, so the need for active 
safety systems cannot be ruled out” (Petti et al. 2017).


REACTIVITY FEEDBACK 


Another passive safety feature is inherent negative reactivity 
feedback—the tendency for the nuclear chain reaction to shut 
down if the reactor heats up. As discussed in chapter 2, LWRs 
have this property. In MSRs, however, the feedback behavior 
turns out to be very complex. While the thermal spectrum 
MSRE developed by Oak Ridge National Laboratory, with a 
graphite moderator, was originally thought to have negative 
reactivity feedback, this was discovered to be incorrect when 
the system was analyzed decades later with more modern and 
accurate methods (Mathieu et al. 2006). Other thermal spec-
trum MSRs, such as the one designed by Transatomic Power, 
have very complex reactivity behavior, and at certain times 
during the operating cycle will have positive moderator  
or void coefficients (Robertson et al. 2017). 
 Partly as a result of the finding that thermal MSRs  
can have positive reactivity feedback, European researchers 
decided to pursue fast-spectrum MSRs, which have no  
moderator, such as the French-designed MSFR discussed 
above (Mathieu et al. 2009). Unlike their solid-fueled fast  
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reactor cousins, fast MSRs typically have negative reactivity 
feedback coefficients, making them more stable. However, 
fast MSRs have other safety drawbacks, including a large fuel 
volume that would have to be rapidly drained in the event  
of a loss  of cooling.


LOW PRESSURE


Although MSRs operate at higher temperatures than LWRs, 
they operate at lower pressures, which could be advantageous 
for safety. According to the International Atomic Energy 
Agency (IAEA), “low operating pressures can reduce the risk 
of a large break and loss of coolant as a result of an accident, 
thereby enhancing the safety of the reactor” (IAEA n.d.). 
However, as discussed in chapter 1, accidents in which tem-
peratures and pressures quickly rise would also be a concern. 
The low system pressure also introduces risk because water 
can more easily flow into the reactor, which could cause a 
violent steam explosion (IRSN 2015). And as with the HTGRs 
discussed in chapter 6, the water could also react with the 
graphite in thermal MSRs, such as Terrestrial Energy’s Inte-
gral Molten Salt Reactor (IMSR). If the reactor were flooded 
as the result of a natural disaster, the overpressure could force 
water to leak into the reactor. And a terrorist group could  
sabotage an MSR simply by pumping water into the core.


ADDITIONAL SAFETY CONCERNS


Other safety concerns arise with the co-located, on-line  
waste processing facilities and/or off-gas treatment systems 
that MSRs would require. Having chemical processing opera-
tions in proximity to an operating reactor would introduce  
an entire set of accident scenarios not encountered at LWRs.  
In addition, the large quantities of fission products that would 
be stored outside of the core in off-gas treatment systems,  
including both noble gases and their decay products, such  
as cesium-137, would pose additional risks. An accident or  
terrorist attack on those waste processing facilities could be 
as severe as one affecting the reactor itself—or even worse.


THE BOTTOM LINE


Compared to LWRs, MSRs offer a number of safety disadvan-
tages and only minor safety benefits. On the negative side, the 
liquid form of the fuel allows for far greater releases of radiation 
from the core under normal conditions and more rapid re-
leases to the environment during accidents. The MSR has 
fewer levels of protection against fission product release than 
does an LWR. In particular, there would be additional risk 
from the storage of fission products such as cesium-137 in  
the radioactive waste generated by the off-gas system.
 On the positive side, the low pressures at which MSRs 
operate may reduce the likelihood of pipe ruptures resulting 
in large-break loss of coolant accidents. However, the high 


temperature and power density of molten salt fuel could also 
increase the risk of other types of accidents that would affect 
cooling. For an MSR, preventing the release of radiation in 
such scenarios is largely dependent on being able to drain the 
overheating fuel in a matter of minutes to avoid a structural 
collapse and fuel vaporization. But it is not clear that adequate 
draining of the core can occur through passive means alone. 
Moreover, thermal spectrum MSRs lack the inherent negative 
temperature reactivity feedback of LWRs. This can result  
in positive reactivity feedback and power instabilities.
 On balance, there is no compelling evidence at this point 
to support the claim that MSRs will be safer than LWRs.  
On the contrary, there are many characteristics that would 
present additional and potentially severe safety challenges.


Sustainability


One significant potential advantage of liquid-fuel MSRs  
compared to LWRs is improved sustainability. As discussed  
in chapter 3, some MSRs reportedly would use uranium more 
efficiently, generate less long-lived nuclear waste, and even 
use existing nuclear waste from LWRs as fuel. Below, the  
sustainability benefits of several MSR concepts compared to 
LWRs are considered, and found to be modest at best. But to 
realize even a modest benefit, MSR fuels would require some 
form of reprocessing, with its attendant proliferation and  
security risks. 


MOLTEN SALT BREEDER REACTOR


One of the original motivations for developing MSRs in the 
1960s was their potential to operate as thermal breeder reac-
tors when fueled with U-233 and thorium (see chapter 2). 
While a fast reactor is required to breed plutonium-239 from 
U-238, in theory a thermal reactor can be used to breed the 
fissile isotope U-233. This is because in a thermal spectrum, 
fission of U-233 releases more neutrons than U-235 or pluto-
nium-239. These extra neutrons could be used to bombard 
fuel containing the isotope thorium-232 to produce more 
U-233 than is needed to maintain the chain reaction. This  
is a process similar to the breeding of plutonium-239 in  
fast reactors from bombarding U-238 with neutrons. 
 However, there is a catch that makes U-233 breeding  
difficult or even impossible in conventional, solid-fueled reac-
tors: the production of the isotope protactinium-233 (see Box 8). 
That problem can be circumvented only by rapidly reprocess-
ing the fuel as the reactor is operating to remove the protac-
tinium-233. Such “on-line” reprocessing can only be carried 
out at a reactor with liquid fuel. Thus, the molten salt breeder 
reactor (MSBR) concept was born. In principle, the MSBR  
is more sustainable than the LWR.
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URANIUM UTILIZATION EFFICIENCY


A recent Oak Ridge National Laboratory review analyzed  
the fuel cycle for a 1000 MWe MSBR starting up with a core 
containing thorium and 19.75 percent-enriched HALEU  
(Gehin and Powers 2016). The use of HALEU for the startup 
core would be necessary since U-233 does not occur naturally, 
and must be produced by irradiating Th-232. The study assumed 
a scenario in which after startup, the reactor would be able  
to breed enough fissile U-233 to be self-sufficient, and would 
require only additions of thorium—no additional HALEU 
would be needed. The reactor would also be operated for  
30 years, over which time the graphite moderator would  
have to be replaced seven times. In this idealized situation, 
the quantity of natural uranium and thorium needed per 
GWe-yr, averaged over a 30-year lifetime, would be 36 metric 
tons, compared to the 180 metric tons of natural uranium  
per GWe-yr that an LWR needs: a five-fold improvement.24 


LONG-LIVED WASTE GENERATION


TRU generation is lower in a reactor fueled with thorium and 
U-233 than in a reactor that contains U-238, because more 
neutron absorptions are required to generate plutonium-239 
and heavier transuranic isotopes. According to the Oak Ridge 


study, for the idealized MSBR, the quantity of TRU waste  
that would be generated per GWe-yr that would need to be 
disposed of in a repository at the end of the 30-year operating 
lifetime, assuming an annual discharge to waste of 4.7 percent 
of the steady-state TRU inventory of the core, would be only 
around 3.3 kilograms (kg), compared to about 230 kg/GWe-yr 
for an LWR (Gehin and Powers 2016).25 This is about a 70-fold 
decrease, which, going forward, would not qualify as a signifi-
cant reduction according to the National Academy of Sciences 
standard, but would meet the DOE’s long-lived waste reduction 
goal of at least a factor of 10 (see chapter 3). 


TECHNICAL CHALLENGES


However, other recent analyses of the MSBR have highlighted 
many technical challenges with the concept that would make 
it highly impractical for use as a commercial reactor. For  
example, the idealized MSBR discussed above, which starts 
up with a HALEU core but only requires refueling with  
thorium afterward, is unphysical. Studies have found that  
an MSBR that starts up with HALEU instead of HEU or 
U-233—an essential nonproliferation requirement—would 
need to operate at least 20 years to reach a steady-state  
(Betzler, Powers, and Worrall 2017; Zou et al. 2018). During 


 


For a nuclear reactor to be an effective breeder, neutrons   
must be used very efficiently to convert fertile material, such  
as U-238, to fissile material, such as plutonium. One needs to 
minimize losses of neutrons by absorption in non-fertile  
materials. In a thorium-based breeder reactor, where the goal 
is to breed the fissile isotope U-233 by neutron bombardment 
of thorium-232, the generation of the intermediate product 
protactinium-233 is a problem that must be addressed if   
efficient breeding is to occur.
 After U-238 absorbs a neutron and is transmuted to U-239,  
it decays with a half-life of about 24 minutes to neptunium-239, 
which then decays with a half-life of about 2.4 days to pluto-
nium-239. Because neither of these intermediate isotopes is 
around for a long time, it is unlikely that either will absorb 
another neutron before eventually decaying to fissile pluto-
nium-239. And if the neptunium-239 does absorb a neutron,  
it will decay into plutonium-240, which is also useful in 
nuclear fuel.
 However, the situation is more challenging if one wants to 
breed U-233 by irradiating thorium-232 with neutrons. In that 
case, an intermediate isotope is created, protactinium-233, 
with a half-life of 27 days. If protractinium-233 absorbs a 


BOX 8.


Protactinium and the Thorium Fuel Cycle
neutron before decaying to U-233, it will become U-234,  
which is not useful for nuclear fuel. Because protactinium-233 
has such a long half-life, there is a high likelihood if it stays  
in the reactor that it will absorb a neutron and thus will not 
decay to U-233, degrading the reactor’s capability to breed  
new fuel. 
 Solving the protactinium problem and developing a work-
able thermal breeder reactor using thorium fuel was one of  
the chief motivations for the original MSR project at Oak 
Ridge National Laboratory. To effectively breed U-233, pro-
tactinium-233 would be separated from the liquid fuel with  
an on-line reprocessing system as soon as it was generated  
and stored outside of the reactor until it had decayed to U-233. 
 However, this separation process poses a proliferation 
danger because it produces pure U-233, which is a weapon-
usable isotope comparable in risk to plutonium-239. To address 
this concern, researchers developed the concept of a “denatured” 
MSR. In such reactors, protactinium-233 is not removed from 
the salt, and LEU is added, which dilutes the U-233 produced. 
The resulting uranium in the reactor is also low-enriched  
and less attractive for nuclear weapons than separated U-233. 
However, these reactors would not be breeders.
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that transition period, HALEU would have to be fed into  
the reactor until enough U-233 was bred for self-sustaining 
operation, which would greatly reduce the sustainability  
performance of the system.
 One study identified a potential transition scenario in 
which a HALEU-fueled MSBR would be operated for the  
period of time necessary to produce enough U-233 for a new 
startup core and subsequent refueling over the remaining 
lifetime of the reactor (Yu et al. 2019). The reactor would 
have to be fed HALEU for three years in order to produce 
enough U-233 for the replacement core (by separating and 
storing Pa-233, as discussed in Box 8, p. 95). Each additional 
year of the initial operation with HALEU would produce 
enough U-233 for twenty years of operation without HALEU. 
An MSBR with a 30-year lifetime would therefore have to 
operate for about 4.3 years with additions of HALEU. The 
natural resource efficiency (uranium plus thorium) for this 
system would be about 2 percent, or about three times that  
of an LWR—and 60 percent lower than for the unphysical  
MSBR described earlier. 
 Similarly, about 140 kg/GWe-yr of plutonium and other 
TRU would be generated during the time that HALEU is fed 
into the system, or about 600 kg in total. This additional TRU 
would contribute to the overall TRU generation of the steady-
state MSBR, estimated above at about 75 kg, for an average 
TRU generation of around 30 kg/GWe-yr. This is about  
eight times less than the average TRU generation rate for  
an LWR—again, not nearly as impressive as the reduction for 
the idealized MSBR with no transition period to steady-state 
operation, and not significant according to the factor-of-10 
standard. 
 Another obstacle is the need for an efficient on-line  
reprocessing system to at least produce sufficient U-233 to 
regenerate the fuel that was consumed, and thus allow self-
sustaining operation (see Box 8, p. 95). To break even, the  
reactor fuel would have to be reprocessed at least once every 
three days to remove the accumulating protactinium-233  
(Gehin and Powers 2016). It is not clear that such a chemical 
processing system would be feasible. The process would  
entail a complex series of steps, most of which have not been 
demonstrated beyond laboratory scale. Researchers have  
observed that “some of the separation processes are consid-
ered too difficult to be implemented” (Mathieu et al. 2006). 
 In spite of these problems, variations of the molten salt 
breeder reactor concept are being pursued by the startup 
companies Flibe Energy in the United States and Seaborg 
Technologies in Denmark. As with the original design of this 
type, both of these reactors would require continuous repro-
cessing. Seaborg Technologies bills its reactor as a “waste-
burner” that would use TRU obtained by reprocessing LWR 


spent fuel, although a 2015 technical white paper on its web-
site suggests that fresh LEU should be used, at least for its 
pilot plant (Seaborg Technologies n.d.) (It is not clear whether 
this company is aware of the studies showing the problems 
with using LEU as a startup fuel (Betzler, Powers, and  
Worrall 2017; Zou et al. 2018).


THE DENATURED MSR


Because of its need for on-line reprocessing, the molten salt 
breeder reactor would pose a high proliferation risk—some-
thing the US government recognized as far back as the 1970s. 
The concerns are two-fold. First, the need to produce and 
store large quantities of weapon-usable U-233, poses security 
risks, and second, the presence of the on-line reprocessing 
system makes the reactor much more difficult to safeguard 
than an LWR.
 In response to these concerns, the DOE developed a  
concept for a 1000 MWe “denatured” MSR that (1) would  
not have an on-line chemical separations capability, and (2) 
would dilute the fissile uranium isotopes (U-233 and U-235) 
with U-238 to a concentration comparable to that of LEU. 
(Because U-233 has a smaller critical mass than U-235, U-233 
must be diluted to less than about 12 percent in a mixture 
with U-238 to render the material impractical for use in  
nuclear weapons, compared to 20 percent for U-235.)
 Since the denatured MSR would not have on-line repro-
cessing, it would never be able to breed its own fuel, even at  
a steady state, and thus would require a constant supply of 
fresh fissile fuel, such as 19.75 percent–enriched HALEU, to 
compensate for the buildup of neutron-absorbing fission prod-
ucts. (As with all MSRs, gaseous fission products and some 
metallic fission products would still have to be removed from 
the denatured MSR’s liquid fuel, and plant operators would  
have to manage the resulting radioactive wastes.)


URANIUM UTILIZATION EFFICIENCY


While these additional features make the denatured MSR  
less proliferation-prone than the MSBR, they also make it less 
resource-efficient. Although the denatured MSR would be able 
to achieve a higher fuel burnup than an LWR, as discussed in 
chapter 3 the use of higher-assay LEU requires a greater 
quantity of natural uranium to produce each batch of fuel. 
The only way to increase natural uranium utilization in a 
once-through fuel cycle is by extending burnup by increasing 
the internal conversion of fertile to fissile fuel (in this case, 
from thorium-232 to U-233), which reduces the need for  
fissile material additions. But without on-line reprocessing, 
the reactor cannot produce new fissile material quickly 
enough to greatly reduce the demand for additional fresh 
fuel, and thus needs a steady supply of HALEU.
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 Consequently, the denatured MSR’s annual resource  
requirements (for natural uranium and thorium) would  
be about 2.5 times less than the uranium requirements for  
an LWR, a more modest reduction than the factor of five 
achieved by the idealized MSBR (Gehin and Powers 2016), 
but comparable to a more realistic MSBR system that  
takes the transition period into account.


LONG-LIVED WASTE GENERATION


Because of the need to add U-238 to denature the U-235  
and U-233, the denatured MSR produces more plutonium  
and other long-lived TRU. As a result, instead of the 75-fold 
reduction in TRU waste that the MSBR would achieve rela-
tive to an LWR, the denatured MSR would have only about  
a four-fold reduction (Gehin and Powers 2016). This is  
below the DOE’s factor-of-10 significance criterion.


THORCON


The ThorCon reactor is similar in concept to the denatured 
MSR. ThorCon’s intent is to develop a small modular reactor 
that can be rapidly commercialized (the company calls it  
the “do-able” MSR). To do so, the design utilizes currently 
available materials and technologies to the extent possible—
constraints that further limit its sustainability performance.


URANIUM UTILIZATION EFFICIENCY


“On a once through basis, ThorCon is not that uranium effi-
cient,” according to an archived page that used to be on the 
company’s website (ThorCon 2017). Information provided by 
the company’s principal engineer, Jack Devanney, illustrates 
why (Jack Devanney, email message to the author, January 4, 
2018.). A 1000 MWe ThorCon plant, consisting of four 250 
MWe reactor modules, would require 55 metric tons of  
thorium and 9.44 metric tons of 19.75 percent HALEU to  
start, and an addition of 7.2 kg of HALEU per day during eight 
years of operation. This corresponds to an average require-
ment of about 3.8 metric tons of HALEU and 6.9 metric tons 
of thorium per year. To produce this much HALEU would  
require about 160 metric tons of natural uranium per year,  
for a total natural resource requirement of about 167 metric 
tons per year, compared to about 180 metric tons per year  
of natural uranium for a similarly sized LWR. This is a  
reduction of less than 10 percent.
 According to ThorCon, one of the reasons why the  
reactor is less uranium-efficient than the denatured MSR is 
that each 250 MWe ThorCon module is smaller and uses a 
proportionately smaller amount of thorium, thereby produc-
ing less U-233 (Jack Devanney, email message to the author, 
January 4, 2018). This means that more HALEU must be  
added each year to keep the reactor operating. Also, the  


fuel needs to be replaced every eight years, as opposed to  
30 years for the denatured MSR. 
 The only way the ThorCon design could utilize uranium 
more efficiently overall is if the spent fuel salt, discharged 
after eight years, were sent to a reprocessing plant to recover 
the remaining fissile materials for reuse as fresh fuel. Of course, 
this would be inconsistent with the chief rationale for the  
denatured MSR and undo its nonproliferation benefits.


LONG-LIVED WASTE GENERATION


What about waste generation? Like the denatured MSR, 
ThorCon would generate long-lived TRU in its spent fuel at a 
lower rate than LWRs because of its use of thorium. However, 
without reprocessing and recycling its spent fuel salt, a Thor-
Con plant would not generate less long-lived nuclear waste 
than an LWR. 
 A 1000 MWe ThorCon plant would generate an average 
of about 27 metric tons of spent fuel salt per year over its 
eight-year core lifetime, compared to an average of about 22 
metric tons of spent fuel generated per year by an LWR over  
a 60-year lifetime (ThorCon 2018). The volume of this waste 
would be approximately nine cubic meters, the same as the 
nine cubic meters of LWR spent fuel discharged annually.
 ThorCon salt waste would contain approximately 11 per-
cent by weight uranium, with a U-235 enrichment of 5.2 percent 
and a U-233 enrichment of 3.4 percent. This is a higher con-
centration of fissile uranium isotopes than in LWR spent fuel, 
although this mixture of uranium isotopes would be consid-
ered “low-enriched” (Forsberg et al. 1998). It would also con-
tain about 1.5 percent by weight plutonium and other TRU—a 
slightly higher concentration than for typical LWR spent fuel. 
 Because of the large quantity of unused fissile material  
in the spent salt waste, ThorCon proposes a sequence of  
reprocessing steps, using gaseous separation methods, to  
remove the leftover uranium from the spent fuel salt and con-
vert the remainder into an ash form. The recovered uranium 
would be reused. ThorCon claims that after these processes, 
the volume of the salt waste would be reduced by more than 
80 percent. But the weight fraction of plutonium and other 
TRU in this concentrated waste would be greater than the 
weight fraction in LWR spent fuel. Combined with the fact 
that the ThorCon waste would contain less cesium-137, which 
provides the self-protecting radiation barrier in LWR spent 
fuel (see chapter 4), the ThorCon waste would be more  
attractive from a proliferation perspective.
 Like other thorium-fueled reactors, the ThorCon reactor 
would produce a smaller quantity of TRU overall than an LWR. 
A 1000 MWe plant would generate about 50 kg of TRU per 
year, compared to 220 kg for an LWR—about the same reduc-
tion factor as the denatured MSR. Neither reactor would 
meet the DOE factor-of-10 significance criterion. 
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 Overall, it does not appear that the ThorCon reactor 
would be significantly more sustainable than the LWR.


INTEGRAL MOLTEN SALT REACTOR  
(TERRESTRIAL ENERGY)


The IMSR being developed by the company Terrestrial  
Energy shares some features of the previous MSR designs. 
However, it differs from them in that it uses only LEU with a 
U-235 content below 5 percent (that is, no thorium or HALEU). 
Each IMSR400 module would have a power rating of approx-
imately 440 MWth and would generate “up to 195 MWe” of 
electrical power (Terrestrial Energy 2020).26 The reactor’s 
first core would contain an LEU-based fuel salt enriched to 
less than 2 percent U-235 and would use makeup fuel salt  
enriched to 4.95 percent U-235 (Choe et al. 2018). Each mod-
ule would be used for seven years—the lifetime of the graphite 
moderator—and then would be discarded and swapped out 
for a new one. In total, the reactor would operate for eight 
cycles, or 56 years. 
 The IMSR would use LEU fuel with an enrichment com-
parable to LWRs, but the maximum achievable burnup would 
be only about one-third as high as typical LWR fuel. Thus, the 
reactor would not be expected to be more sustainable than  
an LWR, as is borne out by the below discussion.


URANIUM UTILIZATION EFFICIENCY


The IMSR, operating on a seven-year once-through cycle, 
would require an average of 277 metric tons of natural ura-
nium per GWe-yr—around 50 percent more than an LWR 
(Choe et al. 2018). The designers have proposed an alter- 
native fuel cycle in which the spent fuel salt is used to start  
up new reactor modules, which would increase its uranium 
utilization. However, assuming this is even technically  
possible, it would reduce the average natural uranium  
requirement to 194 metric tons per GWe-yr, still greater  
than the LWR requirement (Choe et al. 2018).


LONG-LIVED WASTE GENERATION


Similarly, Terrestrial Energy predicts that the IMSR will  
generate about 175 kg of plutonium per GWe-yr, compared  
to about 200 kg per GWe-yr for an LWR (Choe et al. 2018). 
Using its proposed alternative fuel cycle, this would decrease 
to about 105 kg of plutonium per GWe-yr. In either case,  
the reduction would not be considered significant according 
to the DOE’s factor-of-10 criterion. 


TRANSATOMIC POWER


Transatomic Power was founded in 2011 to develop a uranium-
fueled, moderated MSR that it originally called the Waste-
Annihilating MSR (see Box 9, p. 99). As the name indicated, 


the company’s major selling point was the reactor’s sustain-
ability: Transatomic claimed its reactor could “annihilate” 
nuclear waste by running entirely on spent nuclear fuel  
(Zanolli 2015). In addition, it said that the reactor could  
also use LEU fuel 75 times more efficiently than LWRs  
(Temple 2017). The Transatomic design differed from Thor-
Con in that it would not use thorium, and it differed from the 
Terrestrial Energy IMSR in that it would utilize an extensive 
on-line reprocessing system to remove fission products to 
achieve the very high burnup it projected. 
 However, an independent review of the concept conducted 
at the Massachusetts Institute of Technology found that there 
were serious errors in the company’s calculations and that the 
reactor could not maintain a chain reaction by using the TRU 
from spent fuel as its feedstock (Temple 2017). Further analy-
sis by Oak Ridge National Laboratory, in conjunction with 
Transatomic Power, also showed that the reactor would use 
uranium far less efficiently than originally claimed (Robertson 
et al. 2017). Transatomic Power then abandoned the notion 
that its reactor could run on spent fuel and significantly  
scaled back its claims about increased uranium utilization.


URANIUM UTILIZATION EFFICIENCY


The 2017 Oak Ridge National Laboratory review of the 
Transatomic Power reactor found that if the reactor used  
5 percent–enriched uranium feed, it could only operate for  
29 years, reaching a fuel burnup of less than 10 percent. Over 
its lifetime, it would achieve a uranium utilization rate of 
about 1 percent (Robertson et al. 2017). This is only margin-
ally better than the 0.6 percent efficiency of an LWR.


LONG-LIVED WASTE GENERATION


After 29 years of operation, the 520 MWe Transatomic Power 
reactor operating on 5 percent–enriched LEU would contain 
nearly 3 metric tons of plutonium (Robertson et al. 2017).27 
This corresponds to an average plutonium production rate 
per GWe of about 200 kg of plutonium per year, which is 
about the same as for current-generation LWRs. Therefore, 
there is no advantage with respect to this metric.28 The Trans-
atomic Power reactor would actually produce plutonium at a 
greater rate than an LWR for the first 15 years of operation. 
The annual rate of plutonium production in the first five years 
would be about 670 kg per GWe—more than three times the 
LWR’s rate of plutonium production.29


 In addition to the generation of high-level waste, one 
must also consider the generation of low-level and TRU 
waste. The on-site reprocessing system would generate much 
more of these wastes than an LWR. The Oak Ridge analysis 
concluded that “the [low-level waste] associated with the 


continued on p. 100
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Transatomic Power famously burst onto the scene in 2011  
with a TED (Technology, Entertainment, Design) talk by its 
founders, Mark Massie and Leslie Dewan, introducing the 
Waste-Annihilating MSR. The company heavily promoted the 
idea that its reactor could convert spent fuel from LWRs into 
clean energy (Zanolli 2015), using this aspect as a selling point 
in radio advertisements sponsored by the Nuclear Energy 
Institute. The company also initially claimed that the reactor 
could use 1.8 percent-enriched LEU as its fuel, could run for 
100 years, and would be able to “generate up to 75 times more 
electricity per ton of mined uranium than a light-water 
reactor” (Temple 2017).
 There are technical reasons why these claims merited   
skepticism from the outset. As an MSR with a moderated 
neutron spectrum, it was unclear how the design could effec-
tively fission the TRU in spent fuel. As discussed in chapter 3, 
in thermal reactors TRU are more likely to absorb neutrons 
than fission, reducing the reactivity of the fuel and making the 
neutron chain reaction harder to maintain. Moreover, in the 
Transatomic Power reactor, TRU would build up in the fuel 
because there was no plan to extract them from the salt by 
on-line reprocessing. However, because the average neutron 
speed in this reactor would be somewhat faster than in an LWR, 
the designers claimed that there were sufficient higher-energy 
neutrons to effectively fission TRU. 
 The extremely high uranium utilization claim was also 
suspect. It corresponds to a fuel burnup of 96 percent, compared 
to around 5 percent for LWRs. As discussed here, this was a far 
higher utilization than was predicted for other MSRs, including 
the molten salt breeder reactor, which is counterintuitive.  
A 96 percent burnup means that 96 percent of all the uranium 
loaded into the reactor, including the 65 metric tons of uranium 
fuel in the initial core, would be ultimately fissioned and con-
verted to energy. Burning up this fraction of the initial core 
alone would generate enough power to run the reactor for over 
a century. But the 500 kg of fresh fuel added each year would 
also have to be burned almost completely. Thus the claim made 
little sense from the beginning. Nevertheless, Transatomic re- 
ceived very favorable media attention and attracted the interest 
of venture capitalists. 
 In late 2016 all references to nuclear waste as a fuel source 
for its reactor were removed from the company’s website. It 
then stated its goal was no longer to “reduce existing stock-
piles of spent nuclear fuel” but “to reduce nuclear waste 


BOX 9.


Transatomic Power: A Cautionary Tale
production by significantly increasing fuel burnup” (TAP 
2016a). Accordingly, the company then focused on a version of 
its reactor that would use 5 percent–enriched LEU and would 
operate for less than 30 years. And its claims for the resource 
efficiency of this design became far more modest. Instead of an 
improvement of a factor of 75, Transatomic said that the design 
allowed for only “more than twice” the fuel utilization of 
LWRs (TAP 2016a).
 This drastic scaling down of Transatomic’s claims for its 
design were made after an external review conducted at the 
Massachusetts Institute of Technology revealed serious errors, 
as revealed publicly in a Technology Review article in early 
2017 (Temple 2017).
 As Transatomic put it in the final iteration of its technical 
white paper:


This version of the [Transatomic Power] design white 
paper incorporates multiple revisions based on further 
research performed over the past year. . . . [T]his work has 
revealed new understandings about the system . . . [, and] . . . 
we have realized that our initial analyses of spent nuclear 
fuel core loadings were centered around inaccurate 
assumptions about reactor behavior that . . . had to be 
corrected (TAP 2016b).


Subsequently, the company was referred to as the “Theranos  
of nuclear power” (Baron 2017)—after the infamous company 
that marketed a finger-prick blood test that did not really work—
and it began keeping a much lower profile. The Nuclear Energy 
Institute stopped profiling Transatomic Power in its radio 
advertisements. And the company’s chief executive officer, 
Leslie Dewan, posted a video on YouTube in which she 
explained how to learn from failure.
 Transatomic Power continued operating after these missteps 
became public, but it was never able to right itself. Although 
the design itself was no less viable than those being developed 
by other MSR startups, the company’s backtracking likely led 
to a loss of confidence by investors, and it finally shut down in 
September 2018. Transatomic’s experience should serve as a 
warning to other nuclear reactor vendors not to promise more 
than they can reasonably deliver. These companies should also 
strive to make public as many details as possible about their 
systems, to ensure that their claims can be subject to rigorous 
peer review. 
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continuous or batch processing of a large amount of fuel”  
is a disadvantage (Robertson et al. 2017). 
 Thus, it does not appear that the Transatomic Power  
reactor could in fact have provided a large enough benefit  
in sustainability to justify the cost of development and the 
additional safety and proliferation risks—a realization  
that was likely a factor in the company’s demise.


FAST-NEUTRON MSRS


Given the many challenges and limitations of thermal-spectrum 
MSRs, some experts have concluded that the concept is not 
worth pursuing. Instead, they believe that fast MSRs, which 
would not require a graphite neutron moderator, are more 
promising (Mathieu et al. 2006). As with solid-fuel fast reac-
tors, a fast spectrum MSR is better than a thermal MSR for 
converting fertile material to new fuel and has a greater toler-
ance for neutron-absorbing fission products and TRU. For 
these reasons, fission products can be removed at a much 
lower rate from fast MSRs than from thermal MSRs without 
affecting the breeding potential, thus requiring a less inten-
sive on-line reprocessing system. 
 Fast MSR designs have even been proposed that may be 
able to operate for more than 20 years without the need for 
on-line fuel reprocessing or fresh fuel additions (Mathieu  
et al. 2009). Others might be able to operate longer by func-
tioning as breed-and-burn reactors with no reprocessing  
requiring enriched uranium at startup but needing only  
depleted uranium as feed (Hombourger et al. 2015). Such  
reactors, if feasible, would be able to utilize uranium more 
efficiently than thermal MSRs such as the ThorCon or 
Transatomic Power reactors. And, unlike Transatomic Power 
and other slower-neutron MSRs, fast MSRs could in principle 
be fueled with the TRU extracted from spent LWR fuel by  
reprocessing—that is, they could burn some components  
of nuclear waste. 
 After years of review, researchers in France decided  
to limit that country’s MSR research to developing a thorium-
fueled, fluoride-based fast reactor called the Molten Salt Fast 
Reactor (MSFR). In the United States, chloride-based fast 
MSRs are being pursued by a TerraPower-Southern Company 
consortium (as a complement to TerraPower’s solid-fueled 
fast reactors) and the startup Elysium Industries. The DOE 
also has made a bet on fast-spectrum MSRs, selecting South-
ern Company for an award of up to $90.3 million to build a 
test reactor called the Molten Chloride Reactor Experiment.
 However, this shift in focus has been criticized by  
supporters of thermal MSRs, who argue that fast neutron 
variants will require more development work and hence are 


less “doable” (Zwartsenberg 2016). As they note, fast-spectrum 
MSRs have not been demonstrated, even at an experimental 
scale. And structural materials that can survive bombardment 
by lots of fast neutrons in a corrosive molten salt environment 
have not even been developed yet.
 In addition, recent studies have highlighted the technical 
limitations of fast MSRs and cast further doubt on their ability 
to operate more sustainably than LWRs in practice. First, a 
fast MSR requires a large amount of fissile material—at least 
five metric tons of U-233 or more than 12 metric tons of TRU 
at startup. (Brovchenko et al. 2019). Therefore, in order to 
establish and support an expanding fleet of fast MSRs, the 
reactors must breed and separate large quan-tities of fissile 
fuels to sustain their own operations and produce fuel for 
new reactors. And even though the required rate of on-line 
reprocessing would be lower than for thermal MSRs, it is still 
significant: around 0.2 percent of the fuel would have to be 
reprocessed daily, with tons of weapon-usable materials  
separated and recycled each year. 
 Second, the necessary reprocessing technologies have 
not been demonstrated or even fully defined in some cases. 
For instance, chloride salt–based fast MSRs may require a 
pyroprocessing technology similar to that being used for the 
EBR-II spent fuel. But as discussed in chapter 5, that process 
has had major problems and would need significant perfor-
mance improvements to be useful for an MSR. And small-
scale experiments on processing the molten fluoride salts  
that would be used in the European MSFR have found  
only a “low” extraction efficiency for uranium (Rodrigues, 
Durán-Klie, and Delpech 2015).
 Third, for chloride-based fast MSRs such as the Terra-
Power design, isotopically pure chlorine-37 most likely would 
be needed for advantageous nuclear characteristics (Napier 
2020). This would require enrichment of natural chlorine,  
75 percent of which is the undesirable isotope chlorine-35. 
Chlorine-37 is not currently commercially available in bulk 
quantities (Napier 2020), but is only sold in milligram-sized 
quantities of sodium chloride. It is unclear how long it would 
take and how much it would cost to establish a bulk supply. 
One study stated that chemical methods for chlorine enrich-
ment would be “unattractive for cost reasons,” and speculated 
that laser enrichment (which is not currently available) could 
produce this material at a reasonable cost, but does not provide 
an estimate (Hombourger et al. 2015). In an admittedly  
unscientific survey, this author obtained a quote in February 
2018 from a US chlorine-37 supplier of $46 per milligram  
at 98 percent enrichment. Given that billions of times this 
quantity would be required for a fast MSR, one can see  
why the current price is “unattractive.”


continued from p. 98







101“Advanced” Isn’t Always Better


 A 2019 analysis of the MSFR provides some insight  
on its potential for improved sustainability, although it uses 
some artificial simplifying assumptions (Brovchenko et al. 
2019). The 1500 MWe reactor can be started up with a core 
consisting of 30.6 metric tons of natural thorium and 12.8 
metric tons of TRU obtained from reprocessed LWR spent 
fuel. After 60 years of operation, the core inventory of  
TRU decreases to around 800 kg. 


URANIUM UTILIZATION EFFICIENCY


To produce enough TRU to fuel the core of the 1500 MWe 
MSFR, 58 1000 MWe LWRs would have to operate for one 
year, requiring about 10,440 metric tons of natural uranium. 
(The initial amount of natural thorium required for the MSFR 
is relatively small and can be omitted from these calculations.) 
After 60 years of MSFR operation, the combined LWR-MSFR 
system would generate a total of 148 GWe-years (58 GWe-years 
of LWR operation plus 90 GWe-years of MSR operation).  
Assuming the MSFR could operate for 60 years without  
the need for additional fissile fuel, the system would require 
an average of about 70 metric tons of natural uranium per 
GWe-year—a factor of 2.5 less than an LWR. This is not a sig-
nificant improvement and is not much better than what the 
Transatomic Power moderated MSR could have achieved. 
 Chapter 8 discusses the potential for fast MSRs to oper-
ate in a self-sustaining breed-and-burn mode, which could 
increase their uranium utilization efficiency without the need 
for online reprocessing (other than removal of gaseous and 
insoluble fission products).


LONG-LIVED WASTE GENERATION


After 60 years of operation of the MSFR, the amount of  
remaining TRU—about 800 kg—can be compared to the 
amount that an LWR of the same capacity would have gen-
erated had it operated instead. A 1.5 GWe LWR of LWRs  
operating for 60 years would generate about 19.8 metric tons  
of TRU. When this is added to the quantity of TRU that would 
have been used for the first core of the MSFR, the result is 
32.6 metric tons. Thus, the TRU reduction factor would be 
32.6/0.8, or about 40—which would meet the DOE’s factor-
of-10 criterion, but not the more stringent factor-of-100 
standard.
 In practice, the reduction factor would be smaller.  
The 2019 MSFR analysis does not consider the process losses 
resulting from on-line fuel reprocessing (Brovchenko et al. 
2019). If a 1 percent process loss per cycle is assumed (an  
optimistic assumption), then more than 1 metric ton of  
unrecovered TRU would end up in the waste stream over  
60 years of operation. Taking this loss into account would 
lower the TRU reduction factor to only 11. 


ADDITIONAL MSR WASTE ISSUES


Another downside of MSRs relative to LWRs is that molten 
salt radioactive waste has physical and chemical characteris-
tics that make it far more difficult to manage and dispose of 
than the solid spent fuel generated by LWRs. This has been 
shown by real-world experience—the failure to effectively 
dispose of the waste from the MSRE at Oak Ridge National 
Laboratory, which shut down nearly 50 years ago. The legacy 
waste from this experiment has proven to be one of the most 
persistent and technically challenging cleanup problems in 
the DOE complex. 
 After the reactor was shut down in 1969, nearly five  
metric tons of spent fuel salt, along with a similar quantity  
of slightly contaminated flush salt, was dumped into storage 
tanks and allowed to cool and solidify. There were no plans 
for management of this material beyond long-term interim 
storage. Despite attempts to control the generation of gases 
due to radiolysis (radioactive decomposition of the salt), high 
concentrations of highly hazardous uranium hexafluoride 
and fluorine gas were detected more than 25 years later. The 
spent fuel salt presented severe chemical and radiological 
hazards, and it also had the potential to cause an accidental 
criticality, largely due to the presence of U-233. 
 The DOE decided in 1998 to remove all of the waste  
from the drain tanks. However, that proved to be too difficult, 
partly because some of the fuel had solidified and clogged the 
piping. Ultimately, the DOE was able to remove most of the 
U-233 through a chemical separation process, but this left  
the residual radioactive salts behind. Further work to remove 
them was suspended. The radiation doses in the waste tanks 
are still around 1,000 rem/hour, far too high to allow human 
access. The salt also continues to generate fluorine gas, which 
must be pumped out of the tanks and treated every six months 
in a system that has been experiencing failures recently after  
20 years of service and must be replaced. Given the potential 
hazards of further cleanup operations, the DOE is now seri-
ously considering entombing the remains of the reactor and 
waste tanks in concrete, creating a permanent repository  
in situ (Huotari 2017; McMillan 2019). 
 The viability of any new nuclear reactor concept de-
pends critically on whether it can be safely decommissioned 
and its nuclear waste effectively managed. In light of that, 
Oak Ridge National Laboratory’s failed experience with try-
ing to clean up the mess left behind by the MSRE contradicts 
the often-heard notion that this demonstration project was 
successful. 
 Commercial MSR operators would have to manage and 
dispose of hundreds of tons of waste salt, far more than the 
five metric tons generated by the relatively small MSRE. In 
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addition to spent fuel salt, operators would have to manage  
at least six other distinct waste streams, including captured 
noble gases and their decay products (Riley et al. 2019). MSR 
proposals cannot be regarded as credible unless they include 
feasible plans for managing and disposing of these wastes. 


Proliferation/Terrorism Risk


As discussed above, to maximize fuel burnup and sustain-
ability, liquid-fueled MSRs must have chemical processing 
systems to remove fission products from the fuel on a fre-
quent basis. In other words, such MSRs must have their own 
reprocessing plants and are thus not simply nuclear reactors, 
but are reactors with on-site fuel cycle facilities. Reactors 
with co-located reprocessing facilities would pose prolifera-
tion risks. A recent preliminary proliferation study of the  
European MSFR concluded that while it would be “impos-
sible” to divert nuclear materials directly from the reactor,  
“it would be possible to do so by misusing the salt cleaning 
[i.e., reprocessing] facility” (Allibert et al. 2020). 
 Thermal-spectrum MSRs such as the Molten Salt Breeder 
Reactor or the Transatomic Power reactor would require mul-
tiple reprocessing cycles per year. In contrast, fast-spectrum 
MSR fuel may not have to be reprocessed as frequently because 
it could potentially tolerate higher fission product levels. How-
ever, this benefit would be offset to some extent by the larger 
quantities of fissionable materials that fast MSRs require. 
 Some MSR concepts, such as ThorCon, would not have 
on-site reprocessing, but the company assumes that spent 
fuel salt would be sent off-site for reprocessing to recover  
unused fuel. In addition, LWR reprocessing facilities would 
be needed if MSRs such as the European MSFR are to burn 
TRU from LWR spent fuel.
 The potential of some MSRs to achieve a high conver-
sion ratio raises the possibility that some designs may be able 
to operate as breed-and-burn reactors, as discussed in chap-
ter 8. However, because MSRs present challenges for material 
accountancy, these reactors would have greater proliferation 
risks than solid-fueled breed-and-burn reactors operating on 
a once-through cycle. 
 While the specifics of the required chemical fuel treat-
ment processes at MSRs vary from one design to another, 
they would all present significant challenges for nonprolif-
eration and nuclear security.


MATERIAL ACCOUNTANCY AND SAFEGUARDS


MSRs are on-line fueled reactors like the pebble-bed  
HTGRs discussed in chapter 6, but they are even more  
difficult to safeguard. MSR fuel is not contained in discrete 
and countable items such as HTGR pebbles or LWR fuel  


assemblies. With regard to material accountancy, an MSR is 
more like a bulk-handling fuel cycle facility than a conven-
tional nuclear reactor. As discussed in chapter 4, bulk-handling 
facilities are especially challenging to safeguard. But in con-
trast to bulk-handling facilities where material is fed into the 
process in batches, the fuel in MSRs continuously circulates 
through the reactor and—for some designs—also through a 
co-located reprocessing facility. This makes timely detection 
of diversions of fissile material even more difficult because 
material inputs and outputs are harder to define and measure.
 Keeping track of the fissile material inventory in an  
MSR would also be a challenge because the material would be 
distributed throughout the system “in more locations in more 
forms,” requiring a “substantial increase in instrumentation 
complexity” (Qualls and Holcomb 2019). Fissile materials 
could be transported with the off-gas and deposited onto  
various reactor surfaces (Qualls and Holcomb 2019). And  
as discussed in chapter 4, the pyroprocessing technologies 
needed for fuel treatment are not very efficient, resulting in 
the discarding of significant quantities of fissile materials  
in hard-to-measure waste streams. 
 These difficulties are compounded by the fact that the 
material flow rate through the on-line reprocessing system at 
a single MSR would be considerably larger than at a central-
ized reprocessing plant designed to handle the spent fuel 
from many reactors. This is problematic for material accoun-
tancy because the measurement uncertainty is proportional 
to the facility throughput. 
 The Transatomic MSR design is a good illustration of 
those challenges. (Transatomic Power was considerably more 
transparent about the details of its design than many other 
reactor startups, and it has now made all its intellectual  
property available to other researchers.) The 520 MWe reac-
tor, fueled by LEU, would operate for 29 years without inter-
ruption. After startup, the plutonium content of the molten 
salt in the core rises steadily to a peak of about 4 metric tons 
after 20 years of operation, after which it slowly decreases  
to about 3 metric tons at shutdown (Robertson et al. 2017). 
During the first part of its 29-year operating cycle, an  
intermediate-energy neutron spectrum promotes conversion 
of U-238 to plutonium. In the second part of the cycle, a ther-
mal neutron spectrum promotes fission of the plutonium that  
has built up in the core. 
 To achieve a 29-year lifetime, the MSR core would have 
to be processed to remove neutron-absorbing lanthanide  
fission products approximately every 50 days—which means 
that the entire core would flow through the reprocessing 
plant more than seven times a year. The corresponding flow 
rate of plutonium through the plant would be as high as 80 kg 
per day, or more than 29 metric tons per year (Robertson et al. 
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2017). To put this in context, the reprocessing facility for a 
single 520 MWe Transatomic Power MSR would need to pro-
cess more than three times as much plutonium per year as a 
large industrial plant such as La Hague in France—which is 
capable of handling the spent fuel discharge of 40 1,000 MWe 
LWRs annually. This is a challenge because the greater the 
amount of plutonium flowing through the plant per year, the 
more difficult it is to accurately account for it. 
 Fast-spectrum MSRs would require lower reprocessing 
rates than thermal reactors, as discussed above. However, 
they would still have very high fissile material flow rates  
because their cores are large. For example, the initial TRU core 
of the 1500 MWe MSFR would contain about 11 metric tons of 
plutonium, which would cycle through the reprocessing plant 
every 450 days, corresponding to an initial plutonium through-
put of about nine metric tons per year (Brovchenko et al. 2019). 
 In 2014, the IAEA pointed out that more stringent nuclear 
material accountancy methods will be needed for liquid-fueled 
reactors, and the instrumentation by and large remains to be 
developed (IAEA 2014). However, such development work 
has been slow, and the statement remains true today. A 2018 
review by the national laboratories concluded that “the IAEA 
and its international safeguards system do not have the poli-
cies, concepts, approaches, or technologies needed for apply-
ing safeguards to MSR designs” (Kovacic et al. 2018). 


SAFEGUARDING PYROPROCESSING AT MSRS


The online reprocessing plants at MSRs could not use aque-
ous technologies such as PUREX but would use pyroprocess-
ing technologies, which are more challenging to safeguard 
(see chapter 4). The challenges of safeguarding pyroprocess-
ing plants would be even greater at MSRs. These would  
require co-located plants employing different types of pyro-
chemical separation processes, depending on system require-
ments. Because these plants would operate on a continuous 
basis, it would be even harder than at a batch-loaded pyropro-
cessing plant to keep track of the material flowing through 
them and separating into various product and waste streams.
 There is little public information about the details of the 
fuel processing systems that MSRs would require, including 
factors relevant to material accountancy, such as the antici-
pated uncertainties in calculating the quantities of radionu-
clides in the core, the efficiency of separating fuel and waste 
streams, and the amount of fuel expected to be contained in 
the process’s residual holdup. In fact, because the separation 
processes have not been demonstrated on a commercial scale 
or in some cases even tested, it is not known whether they 
would be possible, much less feasible on a commercial scale. 
 In 2014, a review article pointed out that fundamental 
data for the extraction processes are lacking, especially for 


the separation of actinides from lanthanide fission products 
(Serp et al. 2014). Subsequently, experimental work on sepa-
rating uranium and neodymium (a surrogate for TRU) from 
molten fluoride salt found only “low” extraction efficiencies, 
calling into question the proposed processing approach  
(Rodrigues, Durán-Klie, and Delpech 2015).
 In any event, it is highly unlikely that an effective safe-
guards approach based on material accountancy could be  
developed for the pyroprocessing systems at MSRs. Even 
with a process loss rate of 0.1 percent per year, which would 
be remarkably low, more than one SQ of plutonium would be 
discharged into waste streams every year. Accurate account-
ing for this material would be difficult and costly. 
 As is the case for pyroprocessing plants more generally, 
the safeguards approach for MSRs would likely be even less 
reliant on material accountancy than conventional fuel cycle 
facility safeguards, and would instead depend more on com-
plementary measures such as containment and surveillance 
and process monitoring. But, as discussed in chapter 4, such 
measures cannot entirely compensate for a lack of accurate 
material accountancy, and if the IAEA ultimately accepts 
them as substitutes, the risk of diversions could increase. 
Moreover, the lack of timely material accountancy also pres-
ents security concerns, as it could prevent plant operators 
from quickly determining whether a terrorist claim of theft 
were true. The safeguards and security risks of the very high 
fissile material production and processing rates of MSRs may 
well prove unmanageable and ultimately disqualify these  
reactors from widespread deployment.


RADIOACTIVE XENON RELEASES AND COMPREHENSIVE 
TEST BAN TREATY VERIFICATION


MSRs could also create problems for the nonproliferation 
regime by emitting noble gas fission products that could  
be mistaken for the radiological signatures of underground 
nuclear weapon tests (Lyman 2019). These emissions could 
interfere with the International Monitoring System set up  
to help verify the Comprehensive Test Ban Treaty (after it 
enters into force) by detecting clandestine nuclear weapon 
tests. The radioactive xenon emissions from medical radioiso-
tope production plants are already causing background noise 
today that is reducing the effectiveness of the system. As a 
result, in 2015 the United Nations asked producers of com-
mercial medical isotopes to reduce, and, if possible, eliminate 
their releases of radioactive xenon. Scientists have identified 
a target level of xenon emissions that nuclear facilities should 
keep below in order to avoid unacceptable interference with 
the International Monitoring System. However, meeting  
this goal has proven to be difficult (Jubin, Paviet, and Bresee 
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2016). Expensive and cumbersome off-gas capture and  
delay systems would be required. 
 A single 440 MWth Terrestrial Energy IMSR would  
generate a thousand times more xenon-133 per day than a  
radioisotope production facility, and 10 million times as much 
as the target level (Lyman 2019). Unless MSR designs incor-
porate the required off-gas systems to achieve emissions  
reductions to this level—which will likely be costly and dif-
ficult—deployment of only a handful of these reactors over 
the world could significantly interfere with Comprehensive 
Test Ban Treaty verification (Lyman 2019). 


Readiness for Commercial Demonstration 
and Deployment 


There is a wide range of opinion on how soon any MSR  
design could be commercialized and brought to market. On 
the low end, the Canadian company Terrestrial Energy pre-
dicts that it could bring its IMSR to commercial markets in 
the 2020s (Terrestrial Energy n.d.). Terrestrial Energy bases 
its optimistic outlook on what it calls its reliance on “proven 
and demonstrated” MSR technology (Terrestrial Energy  
n.d.). In early 2017, it announced that it planned to submit  
an application for design certification or a combined license 
to the Nuclear Regulatory Commission in 2019, although it 
ultimately failed to meet that timetable. The company is con-
tinuing to engage in pre-application interactions with the 
agency, partially supported by around $500,000 in DOE 
funding. 
 Other MSR startups, such as ThorCon and Elysium, also 
claim they will have a commercial product available by the 
mid-2020s. Kairos Power, which is developing a solid-fuel 
MSR referred to as a fluoride high-temperature reactor, 
received funding from the DOE in 2020 to build a reduced-
scale test reactor, and is aiming for a commercial demon- 
stration by 2030.
 A different view was expressed by the DOE’s 2017  
advanced demonstration and test reactor study, as discussed 
in chapter 1. The study judged that even the fluoride high-
temperature reactor, which would use a solid TRISO fuel, is  
a low-maturity technology that requires “significant research, 
development, and demonstration” before it could be commer-
cialized (Petti et al. 2017). The DOE assessed that this reactor 
would first require an engineering demonstration that would 
take 10 to 15 years to begin and cost $2 billion to $4 billion.   
 The DOE concluded that the overall technological  
readiness of liquid-fueled MSRs was comparable to that of 
the solid-fueled fluoride high-temperature reactor, despite 
the fact that liquid fuels are less mature than TRISO fuel. 
However, the report pointed out that liquid-fueled reactors 


would be harder to license and to safeguard against diversion 
of nuclear materials. The report assessed that these reactors 
would not be commercially available before 2045 to 2050—
two decades after Terrestrial Energy’s aggressive deployment 
date—and did not provide cost estimates for the additional 
development and demonstration work needed to reach that 
point (Petti et al. 2017). The main difference between the  
development timelines of the DOE and the MSR startup com-
panies is that the DOE believes that additional performance 
demonstrations are required before commercial demonstra-
tion projects can move forward. 
 The French safety agency Institut de Radioprotection  
et de Sûreté Nucléaire (IRSN) has been even more pessimistic 
than the DOE, stating that “it seems hard to imagine any 
[molten salt] reactor being built before the end of the [21st] 
century” (IRSN 2015).
 Whether one believes the projections of the vendors or 
those of the DOE and IRSN, commercialization of any MSR 
will most likely require a substantial investment of time  
and resources—moving the goal out of reach of most private 
ventures without a significant infusion of government sup-
port. As with the other NLWR designs, one must ask what 
advantages such reactors would bring, and whether these 
benefits would justify the development costs. 


PRIOR DEMONSTRATIONS AND THEIR RELEVANCE 


Whose time scale is more realistic—MSR vendors who claim 
their designs could be commercialized within a decade, or  
the DOE, who maintains that it would take several decades? 
As for other advanced reactor concepts, the timeline largely 
depends on whether a design has been successfully demon-
strated at both engineering and commercial scales—demon-
strations that incorporate the major operational and safety 
features of the proposed commercial plant to the extent 
possible. 
 Several startups believe the experience gained from the 
MSRE in the 1960s was sufficient to allow them to leapfrog 
over additional engineering or performance demonstration 
steps and proceed to commercial demonstration. However, 
the MSRE design of the 1960s is significantly different from 
the MSR designs being considered today. Moreover, the data 
sets collected during the MSRE have major gaps and are of 
limited use and relevance for the development and licensing 
of commercial MSRs.


APPLICABILITY OF THE MSRE TO THE TERRESTRIAL  
ENERGY IMSR 


The example of the Terrestrial Energy IMSR400, which is 
currently in pre-application review by the Nuclear Regulatory 
Commission, is instructive. The company says that the IMSR 
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design was “based heavily” on the MSRE, but it has not  
clearly shown how the MSRE experience was sufficient or 
even applicable. In response to a recent pre-licensing sub-
mittal document to the Nuclear Regulatory Commission, the 
agency pointed out that although Terrestrial Energy noted 
that its design builds off the MSRE work done at Oak Ridge 
National Laboratory, the submittal apparently did not indi-
cate exactly where the lab’s work was considered; it also  
did not identify any differences between the IMSR and  
the MSRE (NRC 2020b). 
 The MSRE was not similar enough to the IMSR to serve 
as a demonstration that the IMSR could run safely and reliably. 
The MSRE design, capacity, fuel salt composition, and opera-
tional parameters, as well as its system for managing the  
radioactive off-gases and other wastes, were substantially  
different from those of the IMSR.


Fuel Characteristics and Off-Gas Generation
Each IMSR module would have a power rating of 440 MWth, 
about 60 times greater than the MSRE. The fuel would con-
tain LEU with a U-235 content below 5 percent, instead of the 
HEU and U-233 used in the MSRE. As a result, the fuel salt 
would have to have a much higher concentration of total ura-
nium to achieve criticality than the MSRE fuel had, which 
would affect numerous reactor and fuel properties. Also, while 
Terrestrial Energy is vague in public about the fuel salt chem-
ical composition the IMSR would use, it has said that the fuel 
does not include either lithium or beryllium salts—two of the 
MSRE fuel constituents (LeBlanc 2021). While Terrestrial 
Energy is wise to avoid the use of beryllium—an extremely 
toxic metal—it cannot rely on the MSRE’s experience to  
support use of a different type of fuel.
 In any event, the MSRE did not shed much light on how 
to qualify MSR fuels more generally. As Oak Ridge scientists 
recently pointed out,


MSRE experience provides limited guidance as to what 
fuel salt properties would be necessary to measure at  
future MSRs. MSRE did not operate its fuel salt to high 
burnup and did not need to measure changes in thermo-
chemical properties (Holcomb, Poore, and Flanagan 
2020). 


The maximum burnup attained by the U-235-containing fuel 
salt in the MSRE was about 13,250 MWd/MTHM. The IMSR 
fuel burnup, although relatively low, would be somewhat 
higher than that (Choe et al. 2018). 
 The MSRE also did not provide sufficient data to vali-
date models of the behavior of isotopes such as xenon-135 
that have a critical impact on reactor operation. According to 
a recent survey, “no models of MSR xenon behavior that can  


be reasonably said to be validated exist” (Price, Chvala, and 
Taylor 2019). And unlike the MSRE and most MSR designs, 
the current IMSR concept would not have a means of system-
atically removing the radioactive xenon that is generated in 
the fuel, but would allow the xenon gas to accumulate until  
it is naturally released.30 Accurately modeling the impacts  
of xenon behavior under such an approach will need   
considerable experimental validation. 


Safety Systems
Terrestrial Energy claims that its reactor would not need  
any active systems to maintain safety (IAEA 2016). However, 
the IMSR would not use the conventional MSR approach of 
employing a freeze plug that would melt in the event of a loss 
of cooling accident, enabling the fuel to drain from the reac-
tor into special dump tanks. Instead, it would rely on passive 
natural convection cooling of the core (LeBlanc 2016)—a sig-
nificant difference from the MSRE, which used a freeze plug. 
As is also the case for sodium-cooled fast reactors and high-
temperature gas–cooled reactors, as discussed in previous 
chapters, such passive cooling systems have not been  
demonstrated for commercially sized units.
 And as discussed above, the DOE has stated that “the 
need for active safety systems cannot be ruled out”(Petti et al. 
2017). Thus regulators may decide that the current IMSR  
design would have to be significantly modified by adding  
active safety systems before it could be licensed.
 Given the absence of an MSR performance demonstra-
tion that is sufficiently representative of the IMSR, regulators 
should require a prototype for performance demonstration 
before the IMSR could be licensed and commercially deployed—
as the Nuclear Regulatory Commission expected in the 1990s 
for sodium-cooled fast reactors and high-temperature gas–
cooled reactors. 


Reactor Materials
The MSRE also experienced many problems with reactor  
materials, including corrosion of metallic reactor structures 
caused by high-temperature molten salts, and irradiation-
induced swelling of the MSRE’s graphite that would neces-
sitate its periodic replacement. For example, MSRE data 
suggested that graphite would need to be replaced every 
three to five years (Busby et al. 2019). However, the data are 
not very useful because MSRE’s graphite was a different 
grade than contemporary graphite. Moreover, there are flaws 
with much of the material property data that were collected, 
such as poor-quality photographic images (McFarlane et al. 
2019). Data for corrosion and neutron irradiation of structural 
materials were sparse (McFarlane et al. 2019). The incom-
plete data are of limited value for critical activities such as 
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developing materials that can perform adequately in MSR 
environments. 
 Terrestrial Energy’s approach to the materials issues  
observed at the MSRE, which is similar to ThorCon’s, would 
require significant technical review. Instead of pursuing de-
velopment of structural materials that would be more robust 
under the punishing conditions in MSRs, the IMSR designers 
would limit the service lifetime of its modular reactor units to 
seven years—although, given the MSRE experience, it is not 
even clear that the graphite could be safely used for that long. 
To accomplish this, Terrestrial Energy has proposed the use 
of “Core-units” that would consist of the fuel, pumps, heat 
exchangers, and graphite moderator, all sealed within a reac-
tor vessel (Terrestrial Energy 2020). These Core-units would 
be swapped out for new ones after reaching their seven-year  
design lifetime. To achieve a reactor lifetime of 56 years, com-
parable to today’s LWRs, each Core-unit in an IMSR would 
have to be replaced eight times. And since it would take about 
six IMSR modules to replace the capacity of a single large 
LWR, 48 Core-unit replacements would be needed to gen-
erate the equivalent amount of electricity over a normal  
plant lifetime, whereas the LWR would require none.
 Terrestrial Energy’s plan is for each Core-unit to be 
shipped to the reactor site sealed; they would not need to  
be opened by the reactor operator for any reason. Fresh fuel 
would be pumped continuously into the core and spent fuel 
would be stored within each vessel. It is unclear how the gas-
eous and noble metal fission products that would be removed 
from the fuel, including the cesium-137 waste discussed ear-
lier, would be managed and disposed of, as Terrestrial Energy 
does not plan to use the MSRE off-gas recovery and treat-
ment system. (In any event, that system would not provide an 
adequate basis for MSRs today because it experienced signifi-
cant difficulties (McFarlane et al. 2019). The off-gas system 
was also cumbersome and is not likely to be feasible for com-
mercial MSRs if they are to achieve significant reductions  
in noble gas emissions (Lyman 2019).)
 After seven years, the vessels containing the Core-units 
would be replaced, and the old ones would remain in on-site 
storage for years until they could be moved to an undeter-
mined final disposal site. The reactor vessels would not be 
small and would be difficult to handle: each is 7 meters tall, 
with a diameter of 3.6 meters, and a weight of 170 metric tons. 
Although the company portrays this as a simple approach, 
management of these vessels could become a safety and logis-
tical nightmare for a utility. Moreover, given the uncertainties 
in materials performance, it seems premature to design a 


sealed reactor vessel that workers could not access for  
inspection and maintenance.
 In addition to fundamental questions of reactor design, 
there are many other issues that would need to be resolved 
before the IMSR could be commercially deployed. For  
example, Terrestrial Energy does not say where and how  
the fuel—the composition of which is a commercial secret—
would be manufactured. The resources needed to finance, 
locate, design, license, and build a plant to manufacture this 
unique fuel are likely to be very large. Finally, as is the case 
with all the MSR startups, Terrestrial Energy does not appear 
to have a well-formulated plan for management and disposal 
of the IMSR’s spent fuel. This critical aspect of MSR opera-
tion is routinely given short shrift.


APPLICABILITY OF THE MSRE TO OTHER MSR DESIGNS


Other MSRs under development, such as the TerraPower  
fast MSR, have designs that are even more different from the 
MSRE than the IMSR. Notably, these would use a chloride-
based molten salt instead of the fluoride-based salt used in 
the MSRE. Since chloride salts have “little or no irradiation 
performance data and are generally more corrosive,” (McDuffie 
2017), such a reactor will require significant research and  
development compared to fluoride-based MSRs.


IMPACT OF SAFEGUARDS ON MSR DEPLOYMENT 


Even if MSRs were technically mature, the lack of an inter-
national safeguards approach could prove to be a stumbling 
block to near-term deployment. For instance, Terrestrial  
Energy is seeking to site its first commercial unit in Canada,  
a non-nuclear weapon state. But even though the baseline 
IMSR design would not have on-site reprocessing, monitor-
ing the continuous uranium input and accounting for spent 
fuel in sealed vessels that cannot be inspected or assayed 
would also prove difficult for safeguards. The project cannot 
proceed far until the IAEA develops the necessary techniques 
and protocols for applying material accountancy and other 
verification measures at MSRs.
 This study finds that, given the unresolved safety and 
security issues, aggressive timelines to commercially deploy 
MSRs within a decade are infeasible and would compromise 
safety. The DOE’s more conservative view—that MSRs would 
not be ready until at least the 2040s—is much more realistic 
and would allow more thorough resolution of the many safety, 
security, and environmental issues raised by reactors with 
liquid fuels. 
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Breed-and-Burn Reactors


[ chapter 8 ]


sustainability benefits of fuel cycles with reprocessing  
and recycling are far outweighed by their proliferation and 
nuclear terrorism risks.
 Nevertheless, some maintain that the LWR operating on 
a once-through cycle is a wasteful dead-end for nuclear power. 
To be sure, though some economists may disagree, there is 
some merit to the principle that natural resources should be 
used more efficiently, even those that are cheap and plentiful 
today. And, as discussed in chapter 3, developing more uranium-
efficient reactors is one approach to reduce the environ- 
mental impacts of uranium mining. 
 So it is worth considering whether technological advances 
can improve the sustainability of nuclear power without the 
need to reprocess and recycle spent fuel. This line of thinking 
has led to a renewed push for development of once-through 
“breed-and-burn” reactors. Successful  development of such 
reactors could be advantageous for security because they 
could undercut the most compelling motivations for the 
closed fuel cycle. However, although some progress has been 
made, many technical and economic challenges remain for 
the development of safe and effective breed-and-burn 
reactors.


CAN NUCLEAR POWER BE MADE MORE URANIUM-
EFFICIENT WITHOUT REPROCESSING AND RECYCLING?


More than 99 percent of natural uranium is the isotope ura-
nium-238 (U-238), which is much less likely to undergo fission 
than U-235 or plutonium-239 when struck by a neutron. To 
use natural uranium more efficiently than today’s LWRs in a 
once-through cycle, a reactor system would need to be able to 
convert a larger fraction of the U-238 component of natural 


The Rationale for Breed-and-Burn Reactors


SUSTAINABILITY AND REPROCESSING


As discussed in chapter 3, one of the main arguments for  
establishing a closed fuel cycle—reprocessing spent fuel and 
recycling recovered materials usable as new nuclear fuel in 
reactors—is that the once-through cycle is “unsustainable.” 
Advocates of reprocessing say that because light-water  
reactors (LWRs) convert only about 0.5 percent of natural 
uranium to energy, they do not use uranium efficiently and 
will rapidly deplete the world’s uranium resources. They  
also assert that LWRs generate large quantities of nuclear 
wastes that pose long-term radiological and security risks.
 Many non-light-water reactor (NLWR) vendors claim 
that by incorporating reprocessing into their fuel cycles their 
designs can burn existing nuclear wastes and/or use uranium 
more efficiently. The waste argument in particular has recent-
ly gotten more traction as most countries with nuclear power, 
including the United States, have failed to make progress in 
building geologic repositories for disposal of spent nuclear 
fuel. However, as shown in chapter 3, the potential for repro-
cessing and recycle systems to increase sustainability over 
reasonable timescales is greatly exaggerated. In practice, it  
is highly unlikely that closed fuel cycles could significantly 
reduce the need for uranium or effectively solve the nuclear 
waste problem. In any event, the world is not in danger of 
running out of uranium any time soon, as discussed in chapter 
1, and uranium remains so cheap that there is little economic 
incentive to reduce its use. Most importantly, as discussed  
in chapter 4, reprocessing and recycling raise serious pro-
liferation and nuclear terrorism concerns. The marginal  
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uranium to plutonium-239 and then fission the plutonium to 
produce energy, before a given load of fuel reaches the  
end of its useful life.
 There are two primary constraints on the amount of 
U-238 that LWRs can convert to plutonium-239 and fission  
to release energy on a once-through basis. The first is the  
burnup of current generation nuclear fuels, which is related 
to the length of time that they can be used in a reactor, and  
is limited by both physical and neutronic changes that occur 
during irradiation. The second is the inability of LWRs to use 
depleted uranium waste from enrichment directly as fuel.  
To greatly increase natural uranium utilization in the once-
through cycle, both these constraints must be addressed. 


INCREASE URANIUM UTILIZATION BY INCREASING  
PHYSICAL LIMITS ON FUEL BURNUP 


As uranium-based fuels are irradiated, some of the U-238 is 
converted to plutonium-239, and some of that plutonium is 
fissioned to produce energy. However, not enough plutonium 
is produced to make up for the decrease in U-235 due to fis-
sion and the accumulation of fission products that capture 
neutrons but do not fission. Also, certain isotopes of pluto-
nium and other transuranic (TRU) elements are more likely 
to capture a neutron rather than undergo fission, depending 
on the neutron energy. As a result, over time the fuel no lon-
ger has enough fissile material to maintain a chain reaction. 
Fuel burnups are also limited because irradiation changes the 
physical structure and material properties of the fuel pellets 
and cladding. The metal cladding also corrodes from contact 
with cooling water and fission products. Eventually, the fuel 
deteriorates to the extent that it can no longer be used safely 
and must be discharged as waste. 
 If LWR spent fuel is reprocessed, then the residual plu-
tonium that has not been fissioned (about 1 weight-percent) 
could be separated and used to manufacture new fuel for 
LWRs or NLWRs. However, more than 90 percent of the 
spent fuel is U-238, which is not useful as a fuel unless it is 
converted to plutonium. For this reason, simply reprocessing 
spent fuel and recycling plutonium does little to increase  
uranium efficiency.
 Current-generation LWR fuel stays in the reactor for  
five to six years at most, and average fuel burnups are around 
50,000 megawatts-days per metric ton (MWd/MT). At that 
burnup, about five percent of the initial uranium in the fuel 
either undergoes fission directly (the U-235 and a small  
fraction of U-238) or is converted to plutonium and fissioned 
(the U-238). To increase LWR fuel burnups, new materials, 
production processes, and fuel loading patterns would be 
needed for fuel to be safely used for longer periods of time.  
As discussed in chapters 5, 6, and 7, some types of NLWR  


fuels, in principle, can reach much higher burnups than  
current-generation LWR fuels.


INCREASE URANIUM UTILIZATION BY INCREASING  
FUEL SHUFFLING


The core of an LWR is subdivided into a few (usually three) 
batches. During a refueling outage, which occurs every  
18 months to two years, one of the batches is removed from 
the core and replaced with fresh fuel. The other two batches 
are then rearranged, or “shuffled.” This is done both to im-
prove safety and to increase uranium utilization by more  
effectively using the neutron flux in the core for power 
production. 
 Uranium utilization could be increased further by  
subdividing the core into a greater number of batches and 
increasing the number of times and/or frequency that fuel  
is shuffled (Xu 2003). (This is the principle behind current-
generation CANDU reactors, which are designed to be  
refueled while operating. They are about 30 percent more 
uranium efficient than LWRs, but their natural uranium fuel 
cannot achieve high burnups.) Reactors with the capability  
to load and shuffle fuel frequently or even continuously have 
the potential for more efficient uranium use than reactors 
with conventional batch refueling. For instance, as discussed 
in chapter 6, the on-line–refueled pebble-bed high-temperature 
gas–cooled reactor (HTGR) is about 33 percent more uranium-
efficient than the prismatic-block HTGR, although it is not  
necessarily more uranium-efficient than the LWR (Bays  
and Piet 2010). 
 The ultimate on-line–fueled reactor is the MSR, which 
allows for continuous refueling, adjustment of fuel composi-
tion, and reprocessing to extract neutron-absorbing fission 
products. The main advantage of MSRs is that in theory they 
can reach very high burnups without running up against the 
physical limits of solid fuels and cladding materials. However, 
as discussed in chapter 7, the use of liquid fuel introduces  
a host of other problems, such as the continuous release  
of fission product gases from the molten fuel. And MSRs de-
signed to maximize uranium utilization must employ on-line 
reprocessing, and therefore are not once-through systems, 
although some concepts would not require chemical separa-
tions but only physical removal of gaseous and insoluble  
fission products.


INCREASE URANIUM UTILIZATION BY IRRADIATING  
DEPLETED URANIUM


The second constraint on uranium utilization is the inability 
to use the large fraction of mined uranium that does not end 
up as fuel but is discarded as enrichment process waste. Even 
if 100 percent of LWR reactor fuel could be fissioned and  
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converted to energy, that would amount to only about  
10 percent of the amount of natural uranium mined   
to produce the fuel. 
 The remaining depleted uranium, primarily U-238, is 
contained in the enrichment waste, i.e., the uranium “tails.”  
In order to increase the uranium utilization above 10 percent,  
a reactor system would need to be able to use the depleted 
uranium tails as fuel. The challenge is that depleted uranium 
has little reactivity of its own, so it cannot be used as a reactor 
fuel without being supplied with extra neutrons from another 
source (for instance, the driver fuel in fast breeder reactors, 
as discussed in chapters 2 and 3). And burnup of the depleted 
uranium fuel would also be constrained by the same factors 
that limit other fuels (e.g.,  irradiation damage and low 
reactivity).
 Because of this uranium tails problem, simply increasing 
fuel burnup does not necessarily increase the efficiency of 
uranium utilization. Increasing fuel burnup typically requires 
using a higher level of uranium enrichment to increase the 
amount of U-235 in the fuel. But this presents a catch-22  
situation since the additional enrichment needed would  
result in more depleted uranium waste. Therefore, for the 
once-through cycle to use uranium more efficiently, a reac- 
tor system would need to (1) extend fuel burnup without the 
need to increase the level of uranium enrichment, (2) use 
U-238 as fuel in steady-state operation without the need  
for additional input of U-235 or other fissile isotopes, or  
(3) both. Reactors that could increase the internal conver- 
sion of U-238 on a once-through basis, reducing the need  
for external supply of fissile isotopes, have been studied for 
decades. Some reactors would have mixed fast and thermal 
neutron spectra within the same core. There have even been 
attempts in the past to develop so-called spectral shift LWRs, 
in which the initial neutron spectrum would be slightly faster 
to optimize conversion of U-238 to plutonium-239 and then 
later would be slowed down and made more thermal to  
optimize plutonium fission. 
 Such higher-conversion reactors would still require  
regular refueling to load additional fissile material into the 
core and thus would only meet criterion (1) above. However, 
these reactors would only have modestly greater uranium  
utilization efficiency—perhaps 50 percent at most. Larger  
increases would require a reactor that could achieve both  
(1) and (2). In principle, such a “breed-and-burn” reactor 
would use uranium much more efficiently without repro-
cessing and recycling, would require less uranium enrich-
ment, and would reduce the amount of spent fuel generated. 
A reactor that could achieve these goals on a once-through 
basis would negate the main rationale for reprocessing and 
recycling spent fuel.


Breed-and-Burn Reactors
The defining property of a breed-and-burn reactor is the  
capability of achieving a once-through steady-state mode  
of operation that can utilize U-238 as fuel without requiring 
additional inputs of fissile material such as U-235. A number 
of breed-and-burn reactor designs have been proposed in past 
decades. Most recently, the concept saw a revival with Terra-
Power’s pursuit of a traveling wave reactor. Most of these de-
signs are liquid metal–cooled fast reactors, primarily because 
they can supply extra neutrons to breed enough plutonium  
to enable self-sustaining operation. However, fast MSRs, as 
well as fast gas-cooled reactors such as General Atomics’ 
EM2, have been studied for their potential to operate in 
breed-and-burn mode.


TECHNICAL CHALLENGES


Unfortunately, breed-and-burn reactors do not appear to be 
any simpler to develop than any other type of NLWR. In fact, 
these reactors are even more technically challenging, because 
the requirements for high burnup, once-through fueling, and 
the use of U-238 impose additional constraints on design  
and operation.
 Safety is a paramount concern. Breed-and-burn reactors 
challenge the safety limits of conventional reactors, almost  
by definition. Achieving breed-and-burn operation requires 
fuel burnups far exceeding the current experience base and 
the known limits of existing materials. In addition, as dis-
cussed in chapter 2, breed-and-burn reactors must have  
very low leakage of neutrons from the core, to maximize  
the number of neutrons available for converting U-238 to  
plutonium. They also must generate a large fraction of their 
power from fission of the plutonium that is produced. For  
sodium-cooled breed-and-burn fast reactors such as Terra-
Power, these requirements lead to large, positive void reactivity 
coefficients, making them even less stable than conventional 
fast reactors and necessitating the addition of novel safety 
systems which have not yet been developed (Qvist and 
Greenspan 2012).
 Positive void coefficients and their associated instabilities 
also proved to be a significant issue in LWR spectral shift  
reactors because of the higher plutonium inventories in the 
reactor. Designs that avoided this problem only increased 
uranium use efficiency by 20 percent—an insignificant  
increase—compared to ordinary LWRs (Martin et al. 1991).
 Some observations related to the sustainability, safety, 
and security issues of breed-and-burn reactors are presented  
below. Breed-and-burn reactors must be safe and reliable  
if they are to be viable nuclear power options for the future. 
The payoff could be large if the sustainability of the once-
through cycle can be significantly improved, undercutting  
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the primary rationale for reprocessing and recycling. How-
ever, there are many significant technical obstacles in their 
development path, and it is unclear whether these can be 
overcome. Developing reactors that can achieve the multiple 
goals of enhanced safety, sustainability, and good economics 
will be a major challenge.


Breed-and-Burn Reactor Designs


TRAVELING WAVE REACTOR


The breed-and-burn reactor design that has attracted the 
most attention is the traveling wave reactor, first proposed by 
H-bomb pioneer Edward Teller. This type of reactor resem-
bles a candle: a “wick” of fissile material, such as high-assay 
low-enriched uranium (HALEU), is used to initiate a chain 
reaction at one end of a column of U-238. A wave front  
would then travel slowly along the column. As the wave front 
advances through the core, successive layers of U-238 would 
first be converted to plutonium (“bred”) and then fissioned 
(“burned”). The hope was that, once begun this process 
would be stable and sustainable, enabling the reactor to  
operate for decades without the need for refueling. 
 A number of variants of this concept have been proposed 
in the last few decades. However, the only one that has been 
seriously pursued for commercialization is the TerraPower 
traveling wave. The TerraPower design is a sodium-cooled, 
metal-fueled fast reactor modeled after the Experimental 
Breeder Reactor II (EBR-II) (see chapter 5). 
 While the original concept for the TerraPower reactor 
was a candle-like traveling wave reactor, after the company 
began to advance the design beyond preliminary feasibility 
studies, it discovered that the traveling wave approach was 
not likely to work (Hejzlar et al. 2013). TerraPower then ad-
opted a more conventional “standing wave” design in which 
the breed-and-burn wave remains stationary but the fuel  
in the reactor vessel is periodically shuffled. (Despite this  
major change, TerraPower continued to refer to its design  
as a traveling wave reactor, noting that the wave still travels  
in the reference frame of the fuel as it is shuffled, although 
not with respect to a stationary observer.)
 The reactor core has a burn zone consisting of HALEU 
driver fuel assemblies (up to 19.75 percent U-235) and a breed 
zone in which depleted uranium feed assemblies are loaded. 
The driver and feed assemblies are shuffled every 18 months 
to reduce peaks in the power distribution, which enables 
them to be irradiated more efficiently. As plutonium is bred in 
the feed assemblies, they are moved to central core positions 
to replace spent driver fuel assemblies. In order to maintain  
a lifetime core without the need to refuel the reactor vessel, a 


zone within the vessel is provided for internal storage of  
fresh feed assemblies and spent fuel assemblies (Kim and  
Taiwo 2010).
 Other institutions working on breed-and-burn designs, 
such as the Korea Advanced Institute of Science and Technol-
ogy, are intent on pursuing approaches that do not require 
shuffling, due to concerns about the potential for mishaps 
resulting from fuel movements (Yonghee Kim, professor  
in the Department of Nuclear and Quantum Engineering,  
Korea Advanced Institute of Science and Technology, con-
versation with the author, May 6, 2016). However, Terra- 
Power’s experience suggests that these concepts may  
prove infeasible in practice.


TECHNICAL OBSTACLE: DEVELOPMENT OF  
HIGHER BURNUP FUELS


Another technical challenge for breed-and-burn reactors is 
the development of fuels that can reach very high burnups. 
Depleted uranium feed assemblies must remain in the reactor 
long enough to build up a sufficient concentration of pluto-
nium and then function as driver assemblies. To sustain 
breed-and-burn operation in a TerraPower-type fast reactor, 
researchers have calculated that a batch of fuel must attain  
an average burnup of around 20 percent (that is, fission of  
20 percent of the initial heavy metal nuclei). Moreover,  
because the power distribution is not uniform in these reac-
tors, peak fuel burnup must reach 30 percent in order for  
the average burnup of a batch of fuel to reach 20 percent 
(Greenspan 2016). 
 These burnups exceed the historical irradiation experi-
ence for this type of fuel. This is true both for the uranium-
zirconium alloy fuel and for the steel cladding material 
known as HT9, which has only been demonstrated experi-
mentally to maintain its integrity to about 10 percent burnup 
in fast test reactors such as the EBR-II. The damage to the clad-
ding from bombardment by fast neutrons in a breed-and-burn 
reactor would be more than twice as great as the peak dam-
age in EBR-II fuel (Hejzlar et al. 2013). Also, irradiating fuel 
to such high burnups results in high fission gas pressure that 
puts strain on the cladding and could cause it to fail. The 
standard solution to this problem is to provide large plenums 
(empty spaces) in the fuel rods into which fission gas can 
 expand, but this is apparently not sufficient to lower pres-
sure on the cladding enough to achieve the burnups needed 
for breed-and-burn.
 Accordingly, a major focus of TerraPower had been  
developing fuel and cladding materials that can sustain high 
enough burnups to make breed-and-burn operation possible. 
This entailed painstaking and time-consuming experimental 
work, such as irradiating more than 1000 cladding samples  
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in the BOR-60 fast reactor in Russia. But to address the fis-
sion gas problem, TerraPower also had to adopt vented fuel 
pins that continuously release fission products directly into 
the coolant. These fission products must be extracted from 
the coolant and either stored or released, creating additional 
problems for safety, environmental protection, and radio- 
active waste management.
 Another way to address the burnup limitation is to  
develop reactor cores that would allow fuel to be shuffled in 
three dimensions instead of only two (along the vertical axis 
as well as the two horizontal axes). This would allow for an 
even more finely tuned matching of fuel and local neutron 
flux. Researchers have developed modified breed-and-burn 
fast reactors that would  use fuel rods subdivided into seg-
ments (Hou, Qvist, and Greenspan 2015). These segmented 
rods could be shuffled vertically as well as horizontally.  
This approach would reduce the minimum required peak 
burnup by 30 percent and nearly double the uranium utiliza-
tion. However, the segmented fuel rods could not have gas 
plenums and, therefore, like the TerraPower fuel, would have 
to allow for venting of fission product gases into the coolant. 
Moreover, even this approach would require fuel capable  
of withstanding radiation damage nearly twice the current 
demonstrated level. There are no simple fixes for these  
complex problems. 
 These technical challenges may have proved too for-
midable for TerraPower. The company, which was founded  
in 2006, initially intended to build a 600 megawatt-electric 
(MWe) demonstration plant in China as early as 2022, and in 
2017 signed a joint venture with the China National Nuclear 
Corporation to complete the design and commercialize the 
technology. However, the project was cancelled after the 
Trump administration imposed additional restrictions on  
the export of nuclear technology to China in 2018, and Terra-
Power then said it hoped to build a demonstration traveling-
wave reactor in the United States. However, it was clear that  
a near-term demonstration reactor would not have been  
able to operate in breed-and-burn mode, in part because the 
company had not yet solved the fuel burnup problem. Idaho 
National Laboratory wrote at the time that “TerraPower is 
proceeding with the first prototype while acknowledging that 
achieving their ultimate design goals in terms of high burnup 
fuels with high fluence cladding will require additional test-
ing beyond the first prototype” (INL 2018). In other words, 
the demonstration reactor would have been a conventional, 
metal-fueled fast reactor requiring periodic refueling. 
 More recently, TerraPower’s goal of building a conven-
tional demonstration fast reactor became closer to realization 
when the DOE chose the Terrapower-GE Hitachi 345 MWe 
Natrium design for the Advanced Reactor Demonstration 


Program (ARDP). Around the same time, the company said 
that it was pausing development of the traveling wave reactor 
(Freebairn 2020). As discussed in chapter 5, the Natrium will 
be less uranium-efficient than an LWR. Demonstration of  
actual breed-and-burn operation will likely not occur unless 
fuels capable of attaining ultra-high burnups are fully  
developed and qualified—potentially decades away. 


PEBBLE-BED BREED-AND-BURN REACTORS


Another design with three-dimensional fuel shuffling that  
has been proposed is a metal fuel pebble-bed fast reactor, 
which could be cooled either by gas or by liquid metal. (The 
graphite used as a matrix material for pebbles in thermal  
gas–cooled reactors would have to be replaced with a less 
moderating material in a fast reactor.) According to a Univer-
sity of California, Berkeley, study, this approach could smooth 
out burnup variations throughout the core and would use 
uranium more efficiently than designs with only two-dimen-
sional shuffling (Greenspan 2016). Unfortunately, the metal-
fueled pebble bed reactor concept ran into various problems, 
and the Berkeley group halted work on it (Greenspan 2016).


MOLTEN SALT BREED-AND-BURN REACTORS


As discussed in chapter 7, some types of MSRs may be able  
to operate as breed-and-burn reactors. Recent work indicates 
that breed-and-burn is only possible with chloride salt-based 
fast MSRs (using chlorine enriched to nearly 100 percent 
chlorine-37) with a uranium-plutonium fuel cycle (Martin et 
al. 2017). But such reactors must be very large in physical size, 
because neutrons are not effectively blocked by chlorine and 
thus are more likely to escape from the core. In addition, the 
density of plutonium and other TRU in the fuel is limited by 
the properties of the salt, which also leads to larger core vol-
umes. For example, one reactor of this type analyzed would 
require 432 metric tons of uranium contained in about 860 
metric tons of salt and have a power rating of 33,000 MWe—
more than 20 times the power rating of the largest commercial 
LWR, the 1600 MWe Evolutionary Power Reactor ((M.V.  
Martin, undergraduate student in the Department of Bio- 
engineering, University of California, Berkeley, conversation 
with the author, January 30, 2018). Such a design is clearly 
not suitable for deployment as a small modular reactor, and it 
is unlikely any utility would want to buy such a large reactor. 
 Breed-and-burn MSRs with lower power ratings are  
theoretically possible. However, for a reactor with a reason-
able power rating, such as 1000 MWe, uranium fuel fed into 
the reactor would have to remain in the reactor for hundreds  
of years before it reached a burnup that could sustain breed-
and-burn operation (M.V. Martin, undergraduate student in 
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the Department of Bioengineering, University of California, 
Berkeley, conversation with the author, January 30, 2018). 
Researchers have not yet calculated how long such reactors 
would have to run on enriched uranium before they could 
achieve breed-and-burn operation and be fueled on depleted 
uranium alone, but it is likely to be a long time for reactors  
of a feasible size. 
 It has also not been determined how high a burnup  
the fuel could actually achieve, which would determine the 
reactor’s lifetime. The reactor cannot achieve breed-and- 
burn operation unless the fuel can achieve a sufficiently high 
burnup. Unlike the traveling wave reactor, the MSR’s fuel 
burnup would not be limited by degradation of the solid fuel 
structure. But without reprocessing, fission products would 
accumulate in the salt, and eventually the concentration of 
waste products would get so high that the reactor could no 
longer operate. The impact of this issue on the feasibility  
of the concept is unclear (Hombourger et al. 2015).
 In addition, manufacturers would have to be found that 
could supply the huge quantities of enriched chlorine needed 
to make the fuel for these reactors. As discussed in chapter 7, 
this material is not currently commercially available and 
could be a huge expense.
 Therefore, although breed-and-burn operation may be  
possible in theory for certain molten salt fast reactors, such 
reactors appear completely infeasible for commercial 
deployment. 


Sustainability


URANIUM UTILIZATION COMPARED ACROSS  
REACTOR TYPES 


One of the main motivations for developing breed-and- 
burn reactors is to utilize uranium more efficiently without 
reprocessing. How well would the current concepts do in  
this respect compared to current once-through reactors?  
And how would they compare to the uranium utilization  
of a closed fuel cycle with fast breeder reactors?


URANIUM EFFICIENCY OF ONCE-THROUGH BREED- 
AND-BURN REACTORS VS. LWRS


As noted above, the uranium utilization efficiency of current-
generation LWRs is only about 0.6 percent, and, although  
the burnup of LWR fuel could be increased by using higher-
enriched fuel containing more U-235, this alone would not 
improve uranium utilization. To achieve that goal, more 
U-238 in the fuel must also be converted to plutonium and 
fissioned, a process constrained by reactor design. 
 In contrast, breed-and-burn reactors could utilize  
uranium more efficiently by being able to use depleted  


uranium as fuel, which would increase the average fuel burnup 
without increasing the enrichment required over the reactor’s 
lifetime. In a 2010 report, DOE researchers estimated the  
uranium utilization efficiency for a number of different once-
through reactors, including early traveling wave reactor con-
cepts and the TerraPower reactor (Kim and Taiwo 2010). The 
calculated utilization efficiencies ranged from 0.9 percent  
to 29.4 percent, and the highest values assumed average  
fuel burnups of nearly 30 percent. 
 One limitation of this DOE study is that it only evaluated 
the reactor’s uranium utilization at equilibrium (steady-state 
breed-and-burn operation), when it would be able to operate 
using only depleted uranium feed. In practice, however, the 
reactor would have to operate for many decades and use  
a considerable amount of HALEU fuel before it could reach 
equilibrium. This means the reactor must be initially loaded 
with a larger inventory of HALEU than would be required 
simply to make it critical. Taking the transition to equilibrium 
operation into account, current breed-and-burn reactor  
concepts would be only a few times more uranium-efficient 
than LWRs over a realistic time scale.  
 For example, TerraPower estimates that 32 metric tons 
of natural uranium on average would be needed per 1000 
MWe-yr for the TWR, assuming a 60-year lifetime (Gilleland, 
Petroski, and Weaver 2016). (Since the reactor would not  
be refueled, its lifetime would be limited by the amount of 
fuel that could be initially loaded into the reactor vessel, in 
addition to other factors such as the lifetime of reactor struc-
tures.) The amount of uranium fissioned per year would be 
around 0.9 metric ton (less than the amount for an LWR  
because fast reactors are slightly more thermally efficient 
than LWRs). The average uranium utilization would be 0.9 
divided by 32, or around 3 percent, roughly five times that  
of the LWR. As mentioned earlier, the uranium utilization 
could be doubled with a core design with segmented fuel  
assemblies that would allow three-dimensional shuffling, to 
about 6 percent. But as is the case for a fast breeder reactor 
system with reprocessing and recycling, the overall uranium 
utilization could not be greatly increased during the lifetime 
of a single reactor because a large stockpile of depleted  
uranium would have been generated to produce the initial 
core (although not as large as that needed for a plutonium 
breeder). 
 TerraPower gets around this problem by suggesting the 
possibility of transferring entire cores to a second generation 
of reactors once the first-generation reactors reach the end  
of their lifetimes, and so on (Gilleland, Petroski, and Weaver 
2016). But this assumption requires the same leap of faith  
as the assumption that a closed-cycle fast breeder reactor  
system will be completely rebuilt as many times as necessary 
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to use up all the uranium that was originally mined to start  
up the system. If we accept the assumption, however, the  
uranium utilization efficiency will increase over time and 
eventually becomes equivalent to the maximum burnup of 
the depleted uranium fuel, which would be around 20 percent 
for the metal fast reactor fuel that the TWR would use.


URANIUM UTILIZATION EFFICIENCY OF ONCE-THROUGH 
BREED-AND-BURN REACTORS VS. CLOSED-CYCLE  
FAST BREEDER REACTORS


How does the uranium utilization efficiency of once-through 
breed-and-burn reactors compare to closed-cycle fast breeder 
reactors? At first glance, not so well. Breed-and-burn does not 
come close to the nearly 100 percent uranium utilization that 
can theoretically be achieved by plutonium-fueled fast breed-
er reactors in a closed fuel cycle. However, as discussed in  
chapter 3, the 100 percent figure is misleading because it  
can only be achieved if the fast breeder reactor system and  
its associated fuel cycle operate for tens of thousands of  
years, with zero loss of material to reprocessing waste. Over  
a 60-year lifetime, the uranium utilization of the fast breeder 
at equilibrium would only be about 0.3 percent—that is,  
10 times worse than the TerraPower reactor.
 Therefore, the uranium utilization efficiency of breed-
and-burn systems appears to be as good as, or even better 
than, fast breeder reactors with reprocessing and recycle,  
at least over a time scale of centuries.
 Although breed-and-burn reactor fuel would have  
a higher burnup than LWR fuel, the spent fuel would still 
contain a substantial inventory of uranium, plutonium, and 
other TRU. One study estimates the total TRU discarded to 
waste per GW-year is about two times that of LWRs (Diego  
di Sanzo 2014). Some breed-and-burn concepts would further 
increase uranium utilization by incorporating what is re-
ferred to euphemistically as “reconditioning” or “repur-pos-
ing” irradiated fuel that has reached its burnup limit, in order 
to fabricate new fuel. These are actually euphemisms for 
types of reprocessing and would undermine the main  
purpose of the breed-and-burn reactor: to use uranium  
more efficiently without any reprocessing.


Proliferation/Terrorism Risk
There are several factors to consider in assessing whether  
a transition from today’s LWRs to once-through breed-and-
burn reactors would have overall benefits for nonproliferation 
and nuclear security. 
 First, if once-through breed-and-burn reactors could 
achieve the benefits of uranium conservation and waste man-
agement that are attributed to breeder reactors’ closed fuel 
cycles, deployment of these reactors could undercut the  


rationale for reprocessing and recycling and provide a more 
secure alternative. This is the strongest selling point of the 
breed-and-burn concept.
 Another advantage is that breed-and-burn reactors 
would require less enrichment capacity for each unit of  
electricity generated, on average. TerraPower estimates that 
the lifetime-averaged separative work for its reactor would  
be 30,000 separative work units per GWe-yr, about 25 per-
cent of that required for an LWR. If such reactors were to 
completely replace LWRs, the number and capacity of uranium 
enrichment plants around the world needed to support the 
nuclear fuel cycle would decrease, with a potential benefit  
for nonproliferation. This benefit would be offset somewhat 
by the fact that the smaller enrichment plants would need  
to produce ton quantities of HALEU up to just under 20 per-
cent U-235, which, as discussed in chapter 4, is Category  
II material that raises additional proliferation and security 
concerns relative to the lower enrichments needed for  
LWR fuel.


NEED FOR MORE FREQUENT REFUELING


A key issue affecting safeguards is the extent to which, in order 
to use uranium more efficiently, breed-and-burn reactors 
would require more frequent refueling or fuel shuffling,  
possibly even shuffling of small fuel segments in three dimen-
sions. Safeguards for current-generation on-line refueled re-
actors, such as CANDU reactors, require more inspection 
resources than LWRs. As discussed in chapters 6 and 7,  
NLWRs with on-line refueling such as pebble-bed HTGRs 
would be even more challenging to safeguard than CANDU 
reactors, given the greater number of items to be tracked and 
the increased complexity of fuel movements. Item monitoring 
for safeguards can be difficult if large numbers of items are 
involved. At the far end of the spectrum, MSRs, which would 
be continuously refueled and co-located with reprocessing 
plants, would require safeguards comparable to those at  
bulk-handling facilities.
 Therefore, additional resources and technological ad-
vances are needed for on line–refueled reactor safeguards. 
Ultimately, assurances could be provided with a combina- 
tion of unannounced and short-notice random inspections, 
unattended monitoring systems, and inspections to verify the 
absence of undeclared reprocessing facilities. Such elements 
are part of the integrated safeguards approach for Canada,  
a country with CANDU reactors but no reprocessing plants 
(Whiting, Hosoya, and Doo 2006). 
 In any event, the TerraPower traveling wave reactor  
may not be more difficult to safeguard than LWRs since it 
does not require the reactor vessel to be opened when the 
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reactor is shut down for fuel reshuffling, and would not nor-
mally require safeguards inspections over its lifetime, unless 
there were unexpected shutdowns. On the other hand, the 
inability for inspectors to directly verify the amount of fuel  
in the core could hamper their ability to accurately account 
for the quantity of fissile material over the reactor’s lifetime.


NEED FOR SPENT FUEL “RECONDITIONING”


Another safeguards issue relates to the proposals for tech-
nologies for reconditioning breed-and-burn reactor spent  
fuel to further increase uranium utilization. Although the 
processes in question might not involve a complete separation 
of weapon-usable TRU from other materials, they would  
separate out most of the cesium-137, greatly reducing the  
self-protecting radiation barrier, and thus could present pro-
liferation and security risks similar to those of conventional 
reprocessing. In addition, these bulk processes would share 
some of the same material accountancy difficulties as con-
ventional reprocessing and fuel fabrication plants, reducing 
the attractiveness of breed-and-burn systems from a non- 
proliferation perspective. The plutonium content in the dis-
charged fuel is also quite high (more than 12 percent for some 
designs), which raises safeguards concerns. Although the 
ability to reuse spent fuel in these systems remains a selling 
point for some designers, the achievable gains in uranium 
utilization would not be worth the cost and risk of these 
processes.


SPENT FUEL DISPOSAL


The ultimate fate of the spent fuel from breed-and-burn  
reactors is an open question. TerraPower is a metal-fueled 
fast reactor similar to the EBR-II, and the fuel would be high-
burnup by necessity. As discussed earlier, the Department  
of Energy continues to pyroprocess high-burnup EBR-II 
spent fuel because it maintains that such fuel cannot be safely 
disposed of in a repository. The reason for that is the presence 
of the metallic sodium bond material, which chemically reacts 
violently with water. However, it appears that sodium bond-
ing cannot be used in breed-and-burn fast reactors because  
it makes the positive void reactivity effect unacceptably large 
(Hejzlar et al. 2013). Thus, there would be no justification to 
pyroprocess the fuel for final disposal. Nevertheless, Terra-
Power has not yet developed an acceptable substitute for  
the sodium-bonded fuel. If TerraPower spent fuel has to be 
reprocessed for disposal, it would nullify the nonproliferation 
benefits of the breed-and burn concept.
 On balance, it appears that the increased risk of diver-
sion  of spent fuel at once-through reactors with on-line  
refueling or shuffling would be a reasonable tradeoff if such 
reactors could use uranium more efficiently without repro-
cessing and recycling. 
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Conclusions and Recommendations


[ chapter 9 ]


Conclusions 


The NLWR landscape is vast and complex, and it is beyond 
the scope of this report to survey the entire field in depth. 
Nevertheless, enough is clear even at this stage to draw some 
general conclusions regarding the safety and security of  
NLWRs and their prospects for rapid deployment. 
 Based on the available evidence, it is far from obvious 
that the NLWR designs currently under consideration, except 
possibly once-through, breed-and-burn reactors, offer im-
provements over LWRs significant enough to justify their 
many risks. Regulators and other policymakers would be wise 
to look more closely at the nuclear power programs underway 
to make sure they prioritize safety and security. Future appro-
priations for NLWR technology research, development, and 
deployment should be guided by realistic assessments of the 
likely societal benefits that would result from the investment 
of billions of taxpayer dollars. 


Little evidence supports claims that NLWRs will be  
significantly safer than today’s LWRs. While some NLWR 
designs offer some safety advantages, all have novel  
characteristics that could render them less safe.


All NLWR designs introduce new safety issues that will  
require substantial analysis and testing to fully understand 
and address—and it may not be possible to resolve them fully. 
To determine whether any NLWR concept will be significantly 
safer than LWRs, the reactor must achieve an advanced stage 
of technical maturity, undergo complete comprehensive safe-
ty testing and analysis, and acquire significant operating  
experience under realistic conditions.


The claim that any nuclear reactor system can “burn” or 
“consume” nuclear waste is a misleading oversimplification. 
Reactors can actually use only a fraction of spent nuclear fuel 
as new fuel, and separating that fraction increases the risks  
of nuclear proliferation and terrorism. 
 No nuclear reactor can use spent nuclear fuel directly  
as fresh fuel. Instead, spent fuel has to be “reprocessed”—
chemically treated to extract plutonium and other transura-
nic elements, which must then be refabricated into new fuel. 
This introduces a grave danger: plutonium and other trans-
uranic elements can be used in nuclear weapons. Reprocess-
ing and recycling renders these materials vulnerable to 
diversion or theft and increases the risks of nuclear prolifera-
tion and terrorism—risks that are costly to address and that 
technical and institutional measures cannot fully mitigate. 
Any fuel cycle that requires reprocessing poses inherently 
greater proliferation and terrorism risks than the “once-
through” cycle with direct disposal of spent fuel in a  
geologic repository.


Some NLWRs have the potential for greater sustain- 
ability than LWRs, but the improvements appear to be 
too small to justify their proliferation and safety risks. 


Although some NLWR systems could use uranium more  
efficiently and generate smaller quantities of long-lived  
transuranic isotopes in nuclear waste, for most designs these 
benefits could only be achieved by repeatedly reprocessing 
spent fuel to separate out these isotopes and recycle them in 
new fuel—and that presents unacceptable proliferation and 
security risks. In addition, reprocessing plants and other  
associated fuel cycle facilities are costly to build and operate, 
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and they increase the environmental and safety impacts  
compared with the LWR once-through cycle. Moreover, the 
sustainability increases in practice would not be significant  
in a reasonably foreseeable timeframe. 


Once-through, breed-and-burn reactors have the poten-
tial to use uranium more efficiently without reprocessing, 
but many technical challenges remain.


One type of NLWR system that could in principle be more 
sustainable than the LWR without increasing proliferation 
and terrorism risks is the once-through, breed-and-burn 
reactor. Concepts such as TerraPower’s traveling-wave reac-
tor could enable the use of depleted uranium waste stockpiles 
as fuel, which would increase the efficiency of uranium use. 
Although there is no economic motivation to develop more 
uranium-efficient reactors at a time when uranium is cheap 
and abundant, reducing uranium mining may be beneficial  
for other reasons, and such reactors may be useful for the  
future. However, many technical challenges would have to  
be overcome to achieve breed-and-burn operation, including 
the development of very-high-burnup fuels. The fact that 
TerraPower suspended its project after more than a decade  
of development to pursue a more conventional and far less 
uranium-efficient SFR, the Natrium, suggests that these  
challenges have proven too great.


High-assay low enriched uranium (HALEU) fuel, which  
is needed for many NLWR designs, poses higher nuclear 
proliferation and nuclear terrorism risks than the  
lower-assay LEU used by the operating LWR fleet.


Many NLWR designs require uranium enriched to higher  
levels than the 5 percent U-235 typical of light-water reactor 
fuel. Although uranium enriched to between 10 and 20 per-
cent U-235 (defined here as HALEU) is considered impracti-
cal for direct use in nuclear weapons, it is more attractive  
for weapons use—and requires more stringent security— 
than the lower-assay enriched uranium in current LWRs. 


The significant time and resources needed to safely  
commercialize any NLWR design should not be 
underestimated.


It will likely take decades and many billions of dollars  
to develop and commercially deploy any NLWR design,  
together with its associated fuel cycle facilities and other  
support activities. Such development programs would come  
with a significant risk of delay or failure and require long-
term stewardship and funding commitments. And even if a 
commercially workable design were demonstrated, it would 


take many more years after that to deploy a large number  
of units and operate them safely and reliably. 
 Vendors that claim their NLWRs could be commercial-
ized much more quickly typically assume that their designs 
will not require full-scale performance demonstrations and 
extensive safety testing, which could add well over a decade 
to the development timeline. However, current designs  
for sodium-cooled fast reactors and high-temperature gas–
cooled reactors differ enough from past reactor demonstra-
tions that they cannot afford to bypass additional full-scale 
prototype testing before licensing and commercial deploy-
ment. Molten salt–fueled reactors have only had small-scale 
demonstrations and thus are even less mature. NLWRs  
deployed commercially at premature stages of development 
run a high risk of poor performance and unexpected   
safety problems. 


Recommendations


The DOE should suspend the Advanced Reactor Demon-
stration Program pending a finding by the NRC whether 
it will require prototype testing before licensing the  
two chosen designs as commercial power reactors.


The DOE has selected two NLWR designs, the Natrium SFR 
and the Xe-100 pebble-bed HTGR, for demonstration of full-
scale commercial operation by 2027. However, the NRC has 
yet to evaluate whether these designs are mature enough that 
it can license them without first obtaining data from proto-
type plants to demonstrate novel safety features, validate 
computer codes, and qualify new types of fuel in representa-
tive environments. Without such an evaluation, the NRC will 
likely lack the information necessary to ensure safe, secure 
operation of these reactors. The DOE should suspend the  
Advanced Reactor Demonstration Program until the NRC— 
in consultation with the agency’s Advisory Committee on  
Reactor Safeguards and external experts—has determined 
whether prototypes will be needed first. 


Congress should require that an independent, transparent, 
peer-review panel direct all DOE R&D on new nuclear 
concepts, including the construction of additional test  
or demonstration reactors. 


Given the long time and high cost required to commercialize 
NLWR designs, the DOE should provide funding for NLWR 
R&D judiciously and only for reactor concepts that offer a 
strong possibility of significantly increasing safety and secu-
rity—and do not increase proliferation risks. Moreover, unlike 
the process for selecting the two reactor designs for the  
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Advanced Reactor Demonstration Program, decisionmaking 
should be transparent.31 Congress should require that the 
DOE convene an independent, public commission to thor-
oughly review the technical merits of all NLWR designs pro-
posed for development and demonstration, including those 
already selected for the ARDP. The commission, whose  
members should represent a broad range of expertise and 
perspectives, would recommend funding only for designs  
that are highly likely to be commercialized successfully while 
achieving clearly greater safety and security than current-
generation LWRs. 


The DOE and other agencies should thoroughly assess 
the implications for proliferation and nuclear terrorism 
of the greatly expanded production, processing, and 
transport of high-assay low-enriched uranium (HALEU) 
required to support the widespread deployment of 
NLWRs.


Large-scale deployment of NLWRs that use HALEU fuel  
will require establishing a new industrial infrastructure  
for producing and transporting the material. The DOE is  
actively promoting the development of HALEU-fueled reac-
tor designs for export. Given that HALEU is a material of 
higher security concern than lower-assay LEU, Congress 
should require that the DOE immediately assess the prolifera-
tion and nuclear terrorism implications of transitioning to  
the widespread use of HALEU worldwide. This assessment 
should also address the resource requirements for the secu-
rity and safeguards measures needed to ensure that such a 
transition can occur without an unacceptable increase in risk.


The United States should make all new reactors and  
associated fuel facilities eligible for IAEA safeguards and 
provide that agency with the necessary resources for  
carrying out verification activities.


The International Atomic Energy Agency, which is responsible 
for verifying that civilian nuclear facilities around the world 
are not being misused to produce materials for nuclear weapons, 
has limited or no experience in safeguarding many types of 
NLWRs and their associated fuel cycle facilities. NLWR proj-
ects being considered for deployment in the United States, 
such as the Natrium SFR and the Xe-100 pebble-bed HTGR, 
would provide ideal test beds for the IAEA to develop safe-
guards approaches. However, as a nuclear-weapon state, the 
United States is not obligated to give the IAEA access to its 
nuclear facilities. To set a good example and advance the 
cause of nonproliferation, the United States should immedi-
ately provide the IAEA with permission and funding to apply 
safeguards on all new US nuclear facilities, beginning at the 
design phase. This would help to identify safeguard challenges 
early and give the IAEA experience in verifying similar  
facilities if they are deployed in other countries.


The DOE AND Congress should consider focusing  
nuclear energy R&D on improving the safety and security 
of LWRs, rather than on commercializing immature 
NLWR designs. 


LWR technology benefits from a vast trove of information 
resulting from many decades of acquiring experimental data, 
analysis, and operating experience—far more than that avail-
able for any NLWR. This gives the LWR a significant advan-
tage over other nuclear technologies. The DOE and Congress 
should do a more thorough evaluation of the benefits of  
focusing R&D funding on addressing the outstanding safety, 
security, and cost issues of LWRs rather than attempting to 
commercialize less mature reactor concepts. If the objective 
is to expand nuclear power to help deal with the climate  
crisis over the next few decades, improving LWRs could  
be a less risky bet.
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[ appendix ]


Simple Models of Fast Burner/Breeder Cycles


This appendix presents simple models to illustrate the  
practical ability of fast burner or breeder reactors to meet  
the sustainability objectives of (1) significantly reducing long-
lived, heat-generating transuranic elements (TRU) in radio-
active wastes requiring long-term geologic disposal; and  
(2) significantly increasing natural uranium utilization.


How Long Would It Take to Reduce  
Transuranics by a Factor of 10 with a   
Burner Reactor System?


This section estimates the performance of a typical fast burner 
reactor system in terms of the operating time necessary to 
achieve a significant reduction in transuranics (TRU) relative 
to the amount generated by the light-water reactor (LWR) 
once-through cycle. Note that these estimates have large  
uncertainties because they are very sensitive to the assump-
tions going into the calculation, and thus are only illustrative. 
However, the uncertainties do not affect the general conclu-
sion that fast waste burner systems are not very effective  
over realistic timescales.
 A 1000 megawatt-electric (MWe) LWR produces about 
220 kilograms (kg) of TRU in its spent fuel each year, for a 
total of about 13.2 metric tons after 60 years of operation. How 
does this compare to the amount of TRU that would remain  
if a 1000 MWe fast burner reactor had operated instead? 
 Figures A-1 and A-2 (p. 119) illustrate the fuel cycle for 
GE-Hitachi’s 1000 MWe, PRISM metal-fueled fast reactor, 
configured as a burner. The TRU burning performance of 
such a reactor can be characterized by the conversion ratio. 
This reactor has a conversion ratio of 0.5, which means that 
in each operating cycle, one half as many TRU isotopes are  
produced as are fissioned. This is an unrealistically low con-
version ratio that was chosen to maximize the TRU-burning 
ability of the reactor in this calculation. In practice, a fast  
reactor with such a low conversion ratio would be particu-
larly challenging to operate and less safe than fast reactors 
with higher conversion ratios (Hoffman, Yang, and Hill 2006.)
 Figure A-1 shows how the TRU fuel needed for the start-
up of the fast burner reactor is obtained from reprocessing 


the spent fuel from LWRs. An amount of spent fuel equivalent 
to that generated from one year’s operation of 67 1,000-MWe 
LWRs (less than 2 percent of the current US spent fuel stock-
pile) would need to be reprocessed to obtain the TRU fuel for 
the first core and the first full reload core for the fast burner 
reactor. Also note that more than 12,000 metric tons of natural 
uranium was enriched to produce the low-enriched uranium 
fuel to supply the 67 LWRs. Enriching this uranium also gen-
erated a stockpile of more than 11,000 metric tons of depleted 
uranium waste.
 Figure A-2 shows the fueling requirement for the fast 
burner reactor after it reaches an equilibrium state (meaning 
that the fuel requirement remains constant over time). At equi-
librium, 42.7 metric tons of LWR spent fuel would be needed 
per year, corresponding to the discharge from two LWRs (or 
about 2 percent of current annual US spent fuel generation), 
to provide makeup fuel to replace the TRU fissioned in the 
fast reactor. 
 Therefore, the US spent fuel stockpile and current rate  
of spent fuel generation could fuel 50 1,000-MWe PRISM fast 
burner reactors. At first glance, this appears to say that if one 
PRISM reactor were built for every two operating LWRs in 
the United States, the PRISM reactors would be able to con-
sume all US spent fuel, as promoters of the technology claim. 
But the more important consideration in terms of waste  
burning capability is not the mass of TRU that are fed into  
the system, but what would remain when the first generation 
of facilities is shut down—at which time society would have 
to decide whether to replace them or to dispose of the left-
over material.
 After 60 years of operation, the quantity of TRU in one 
reactor core and its corresponding fuel cycle facilities would 
be about 11.7 metric tons, assuming that each facility stores 
one year’s worth of material. Compare this quantity to the 
TRU that would need to be disposed of if an LWR had operated 
over this time instead of the fast burner reactor. As discussed 
above, a 1000 MWe LWR would produce about 13.2 metric 
tons after 60 years of operation. But the 41 metric tons of 
TRU that would have been used as fuel for the burner reactor 
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FIGURE A-2. Annual Heavy Metal Mass Flow at Equilibrium for a Fast Burner Reactor


Note: Zero processed loss assumed.


SOURCE: ADAPTED FROM HOFFMAN, YANG, AND HILL 2006. 


FIGURE A-1. Heavy Metal Mass Flow for Startup and Transition Core for a Fast Burner Reactor                                     


Note: Assumes LWRs will only need to supply one full core reload before fast reactor becomes self-sustaining. Zero process loss assumed.


SOURCE: ADAPTED FROM HOFFMAN, YANG, AND HILL 2006.
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also has to be counted. Thus, the total quantity of TRU that 
would have to be disposed of would be 13.2 metric tons plus 
41 metric tons, for a total of 54.2 metric tons.32 The resulting 
TRU reduction factor would be 4.4, well below the Depart-
ment of Energy’s (DOE) factor-of-10 standard (see chapter 3). 
If the reactor were to shut down at that point, the unburned 
TRU inventory would have to be either disposed of in a  
geologic repository or used in a replacement burner reactor. 
Even after another 60-year run, the reduction would be  
only about 8.8—still below the DOE criterion.
 The above model is unrealistic in that it assumes that  
the fast burner reactor’s spent fuel can be immediately repro-
cessed and recycled into new fuel. In practice, the spent fuel 
would have to be stored for several years at a minimum until 
it had cooled sufficiently to be safely reprocessed. This would 
increase the quantity of TRU in the fuel cycle that would have 
to be counted after the system shuts down. If one assumes  
a three-year cooling period in the above example, then at  
least one core’s worth of spent fuel would be stored at any 
time during the equilibrium cycle. Thus, at shutdown after  
60 years, the unfissioned TRU in the reactor and fuel cycle 
would total around 20 metric tons—and the TRU reduction 
factor would only be 2.7. If the required cooling period were 
longer, or if extra TRU had to be stored at the fuel fabrication 
facility, the reduction factor would be even less favorable.  
This example illustrates how sensitive the performance  
of a  TRU burner system is to changes in the assumptions.


IMPORTANCE OF PROCESS LOSSES 


The above model is unrealistic also because it does not  
account for process losses—TRU that ends up in the waste 
streams of the reprocessing and fuel fabrication plants and  
is not recycled. Process losses will never be zero in any realis-
tic system because it is not feasible or economical to recover 
every TRU atom from waste streams.
 The importance of process losses to the performance  
of a TRU burner system can be seen as follows. Considering 
the fast-burner reactor cycle in Figure A-2, assume that the 
quantity of TRU lost to waste streams amounts to 2 percent  
of each facility’s throughputs, which is the lower limit of the 
observed process losses from metal fast reactor fuel pyropro-
cessing and fuel fabrication operations (Westphal et al. 2017; 
Hayes 2017). (The upper limit is much higher—over 25 percent 
for metal fuel fabrication alone (Moore and Severynse 2020).)
Then, about 87 kg of TRU (and 180 kg of uranium) would end 
up as waste every year (Figure A-2, p. 119). In order to com-
pensate for this loss, an additional eight metric tons of LWR 


spent fuel would have to be reprocessed to supply the addi-
tional TRU for fuel.
 At the end of the 60-year reactor lifetime, 5.2 metric tons 
of TRU would be contained in the processing waste. Adding 
this to the TRU inventory in the reactor and fuel cycle for  
the no-cooling scenario, the TRU reduction factor would be 
(54.2 + 5.2)/(12.4 + 5.2) = 3.4, or 25 percent smaller than the 
reduction factor of a system with zero process losses. In this 
case, it would take 177 years to reach a factor-of-10 TRU 
reduction. 
 Thus, the system of reprocessing plants, fuel fabrication 
plants, fast reactors, and associated facilities would have to 
operate over a period spanning many generations—and be 
rebuilt many times—before it could achieve a significant  
reduction in TRU mass and a significant benefit for geologic 
disposal. The minor benefits of running such a system for a 
shorter period of time—one or two facility lifetimes—would 
not justify the cost premium required for development,  
deployment, and operation of a fleet of fast reactors and  
associated fuel cycle facilities compared to LWRs on a  
once-through cycle (see chapter 5).


How Long Would It Take for a Fast Breeder 
Reactor to Extract 100 Times As Much   
Energy from Uranium Ore as an LWR?


Figures A-3 and A-4 (p. 121) illustrate the fuel cycle for GE-
Hitachi’s 1000 MWe, PRISM-type metal-fueled fast reactor 
configured as a breeder, rather than a burner as in the above 
example. Rather than having a conversion ratio of less than  
1 as in the previous example, it has a breeding ratio of greater 
than 1, indicating that more TRU isotopes are produced  
during each cycle than are fissioned.
 As shown in Figure A-3, 17.3 metric tons of plutonium 
and other TRU elements would be needed as driver fuel for 
the first core and the first reloads of a 1000 MWe PRISM- 
type fast breeder reactor (Dubberly, Wu, and Kubo 2003).33 
This would require reprocessing 1600 metric tons of spent 
fuel from LWRs, corresponding to the annual discharge of  
80 1,000-MWe LWRs. About 14,750 metric tons of natural 
uranium was mined to supply the LWRs, and enrichment  
of the natural uranium generated a stockpile of more than 
13,000 metric tons of depleted uranium. (The TRU in the  
current US stockpile of spent fuel could be used to start  
up about 50 such reactors).
 Once started, the reactor would need to operate for a 
number of cycles to reach an equilibrium state. At that point, 
it would only need a fresh supply of about 1.1 metric tons of 
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FIGURE A-3. Production of Initial Core and First Reload for a Fast Breeder Reactor                      


FIGURE A-4. Annual Heavy Metal Mass Flow at Equilibrium for a Fast Breeder Reactor


Note: Zero processed loss assumed.


SOURCE: ADAPTED FROM DUBBERLY, WU, AND KUBO, 2003.


Notes: Assumes LWRs will only need to supply one full core reload before fast reactor bcomes self-sustaining. Zero process loss assumed.


SOURCE: ADAPTED FROM DUBBERLY, WU, AND KUBO, 2003.
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depleted uranium blanket fuel from the stockpile each year 
(Figure A-4, p. 121). But the reactor cannot operate on blanket 
fuel alone. Plutonium and other TRU separated from the fast  
reactor spent fuel by reprocessing would be needed to  
replenish the driver fuel.
 Over a 60-year lifetime at an 85 percent capacity factor, 
the fast breeder reactor would fission about 50 metric tons  
of heavy metal. Thus the uranium utilization of the breeder 
system would be about 0.3 percent of the 14,750 metric tons 
of natural uranium ore that was used to fuel the LWRs that 
generated the TRU for the startup core and first reloads. 
Since, however, the same quantity of uranium ore would  
have previously been used to fuel 80 LWRs for one year, the 
uranium utilization efficiency of the fast breeder plus the 
LWR system after 60 years of fast reactor operation would be 
around 0.6 percent + 0.3 percent = 0.9 percent. This is only a 
minor (50 percent) increase in uranium utilization over that 
of LWRs alone. In order for the fast breeder to achieve 100 
times the uranium utilization of LWRs alone—that is, 60 per-
cent—the system would have to operate for around 11,000 
years. And if process losses are taken into account, more ura-
nium would have to be enriched and irradiated to produce 
the same quantity of TRU in fabricated fuel, and uranium uti-
lization would be even lower.


Uranium Utilization Efficiency of Burner  
Reactors vs. Breeder Reactors


Figure A-2 illustrates why a fast reactor designed to burn  
the TRU in LWR spent fuel would not utilize uranium very 
efficiently, ultimately achieving only a 33 percent increase 
over the LWRs alone. As shown in the figure, every year the 
burner reactor is fed the TRU from 42.7 metric tons of spent 
fuel—corresponding to the annual fuel discharge from 2.1 
1000-MWe LWRs (at 20 metric tons per GWe-year). The 
quantity of uranium ore used to produce that fuel is about  
380 metric tons. The amount of heavy metal the combined 
LWR-fast burner system would fission every year would  
be about 3 metric tons; therefore, the uranium utilization  
efficiency would be 3/380 = 0.8 percent, compared to  
0.6 percent for the LWRs. 


Waste Reduction Factor of a Breeder Reactor


Similarly, if one operates a fast reactor system as a breeder 
reactor, it will not be effective in reducing the quantity of 
long-lived TRU that would require disposal in a geologic 
repository. 


 How does the quantity of TRU discarded to waste by a 
breeder reactor system compare to that generated by an LWR? 
 First, consider only the steady-state production of waste 
TRU that would be generated each year. As discussed earlier, 
a 1000 MWe LWR discharges about 220 kg of TRU in its 
spent fuel each year. For the fast breeder reactor cycle, most 
of the TRU in the spent fuel is recycled, but each time that 
exceeds 10 percent, which is more realistic, 
 Consider the process losses for the fast breeder reactor 
cycle in Figure A-4. Assume, as in the earlier example, that 
the quantity of TRU lost to waste streams amount to 2 percent 
of each facility’s throughputs. Then, from Figure A-2, about 
60 kg of plutonium and other TRU (and more than 500 kg  
of uranium) would end up as waste every year. (The TRU  
process loss could be made up for by a portion of the excess 
230 kg of TRU bred every year, reducing the effective breed-
ing ratio and the excess TRU amount to 170 kg.) Thus, even if 
the material in the system is not taken into account, the quan-
tity of TRU that would need to be sent to a repository would 
be reduced only by a factor of four (60 kg/220 kg) compared 
to the LWR, a reduction that does not meet the DOE’s factor-
of-10 criterion. And if the process loss approaches 10 percent, 
the TRU in the breeder waste stream could actually exceed 
the amount discharged by LWRs in a once-through cycle.
 To compare apples to apples, a more rigorous calculation 
would also account for the quantities of the TRU in the cores 
and fuel cycles of both the LWR and the LWR plus fast breeder 
systems. From Figure A-3, it can be seen that one 1000 MWe 
LWR would need to run for 80 years to provide the startup 
TRU for one 1000 MWe fast breeder reactor. What is the net 
TRU waste generated by this LWR and fast breeder system? 
 By the end of the 60-year fast breeder reactor lifetime, 
the system would have generated 140,000 MWe-years of elec-
tricity (80,000 in the LWR and 60,000 in the fast breeder). 
The remaining TRU to be disposed of would include, in addi-
tion to the 3.6 metric tons of TRU in the processing waste,  
8.7 metric tons of TRU in the reactor core and 2.8 metric tons 
of TRU in fuel fabrication and reprocessing plants servicing 
the reactor. (This does not include the 170 kg of excess TRU 
that was bred over the reactor’s lifetime, which presumably 
has been used to start up another fast reactor and thus does 
not count as waste.) This unburned TRU would either have  
to be disposed of in a geologic repository or used in a replace-
ment breeder reactor. If the next generation of humans  
decides not to replace this fast breeder reactor in 60 years, 
the total amount of plutonium to be disposed of would in-
clude the material in the system—which is 11.5 metric tons. 
Thus, including the TRU waste from process losses, more 
than 15 metric tons of TRU in the fast breeder core and fuel 
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cycle would require disposal. The core of the shutdown  
LWR would also contain about 0.5 metric ton of TRU  
requiring disposal, for a total of about 15.5 metric tons.
 This figure should be compared to the TRU that would 
have to be disposed of after 140,000 MWe of LWR generation, 
which would be 140 x 220 kg plus the 0.5 metric ton in the 
reactor core, for a total of about 31 metric tons of TRU. Thus, 
the TRU reduction factor would be 31/15.5 = 2, also far below 
the DOE’s criterion. 
 If the next generation did decide to build a replacement 
breeder reactor and operate the system for another 60 years, 
there would be 7.2 metric tons of TRU in the waste stream  
but still 11.5 metric tons in the reactor and fuel cycle, for a  
total of 18.7 metric tons of TRU. The TRU reduction factor 
would only be slightly better at 2.35. Again, this is far below 
the DOE’s factor-of-10 criterion. In this model, analysis shows 
that a factor-of-10 TRU reduction would be impossible to 
achieve, no matter how long the system operated.


 The assumed size of the process losses is a critical  
factor in this analysis, since they represent TRU that is  
lost from the system and cannot be burned. The DOE often 
assumes a much lower process loss fraction of 0.1 percent, 
which is hundreds of times smaller than what has been 
achieved for pyroprocessing and metal fuel fabrication in 
practice. But even with such a low process loss, the leftover 
TRU from the breeder reactor after 60 years would be 11.7 
metric tons, resulting in a reduction factor of 2.65 instead  
of 2. This idealized system would be able to meet the DOE’s  
factor of 10 reduction eventually, but it would have to operate  
for over 500 years—nine reactor lifetimes.
 These examples illustrate that in practice a reactor  
and fuel cycle system configured to increase the efficient use 
of uranium by breeding TRU cannot effectively burn TRU, 
and vice-versa.
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1  About 10 percent of reactors today use heavy water (in which hydrogen  
is replaced by the isotope deuterium) as a coolant. 


2  The projected nuclear power capacity in 2050 in the IAEA’s 2020 high case  
is about four percent lower than its 2018 projection and 18 percent lower 
than its 2017 projection, illustrating the variability in such forecasts.


3  The think tank Third Way has identified 71 “advanced” nuclear power  
development projects in North America, of which nearly all are NLWRs 
(Milko, Allen and Fitzpatrick 2018). Of those, 64 are private sector projects, 
with the others housed at US national laboratories and universities that 
receive government funding. This list also includes many nuclear fusion 
reactor projects, which are further away from commercialization than  
fission-based reactors. The actual number of fission reactor ventures with 
significant private funding is relatively small. See, for example, Morgan  
et al. 2018. 


4  This report addresses only NLWRs, and not small modular LWRs such as 
NuScale or other novel LWR concepts such as the supercritical light-water 
reactor. The Union of Concerned Scientists previously evaluated issues  
related to small modular LWRs in its report Small Isn’t Always Beautiful 
(Lyman 2013). The present report also does not discuss nuclear fusion  
reactors. 


5  Some analysts have rightfully questioned the effectiveness of the DOE’s  
reactor research and development programs for new nuclear reactor  
technologies (Ford et al. 2017).


6  NLWRs are not the only reactor options for providing high-temperature 
process heat. A type of light-water reactor called the “supercritical light-water 
reactor” could also operate at high temperature. While operating experience 
from current-generation LWRs could give the supercritical LWR an advantage 
over NLWRs, the design still would require significant research and develop-
ment. Although the DOE stopped funding supercritical LWR research years 
ago, other countries continue to pursue it. Also, it is possible to amplify the 
outlet temperature of a LWR. In addition, the DOE is also pur-suing the 
production of hydrogen fuel—one important use of nuclear process heat— 
at currently operating LWRs. Thus higher-temperature reactors are not  
essential for this application, although they may be preferred.


7  This estimate assumes that the feed material for the demonstration plant 
will be 4.95 percent–enriched uranium purchased on the open market  
(Dyke 2020). However, it is unclear whether a supply of enriched feed could 
be found that would be entirely US-origin. The DOE says that production  
of US-origin fuel is one of the key reasons for its support of this project.  
If natural uranium must be used, then the facility could only produce  
about 130 kilograms of 19.75 percent–enriched HALEU per year, based  
on company information (Dyke 2020).


8  There is currently no consistent definition of HALEU in the literature. Some 
sources define it as the entire range of enrichments between 5 and 20 percent. 
This report adopts the working definition introduced by URENCO-USA for 
LEU+ and HALEU, which directly corresponds to their different security 
requirements (Fletcher 2020). 


9  Oxide spent fuels can only be pyroprocessed if they are first “reduced”—
chemically treated to remove oxygen and convert them to a metal form. 


10  The Global Nuclear Energy Partnership’s Nonproliferation Impact Assess-
ment was never issued in final form because President Obama cancelled  
the program soon after he took office in January 2009.


11  For micro-reactors such as the Aurora, the engineering demonstration  
and performance demonstration steps would be the same since scale-up 
would not be necessary. 


12  In 1954, prior to the EBR-1 accident, Argonne National Laboratory conducted 
a series of tests in Idaho called BORAX in which reactor cores were  
deliberately destroyed.


13  The Nuclear Energy Agency’s fuel cycle calculations assume that the fleet 
consists of 82.5 percent LWRs and 17.5 percent fast reactors. It uses a fast 
reactor cost premium of 20 percent but also assumes that the cost of non-
reactor facilities are the same for processing plutonium fuel for both thermal 
and fast reactors, based on the limited share of fast reactors in the mix. This 
assumption is unrealistic with respect to both safety and security costs.


14  There are differing opinions on how to interpret this statement, and the  
NRC is currently considering a proposal to relax the criterion for NLWRs  
by changing the language to “the reactor core and associated systems that 
contribute to reactivity feedback” (emphasis added). This change would  
give credit to factors other than prompt feedback that could reduce reactivity. 
It would remove a potential obstacle to the licensing of fast reactors or other 
systems that have troublesome inherent instabilities and may need to rely  
on other feedback effects, such as expansion of core structures, to provide 
negative reactivity.


15  This burnup may actually be too high. The DOE has limited the average 
discharge burnup for PRISM-type metal fuel for the very similar Versatile 
Test Reactor to about 6 percent (approximately 60,000 MWd/MTHM)  
in order to remain within the envelope of the current fuel qualification  
database (Youinou et al. 2020). 


16  This is different from the Very High Temperature Reactor, or VHTR, a less 
mature design originally included in the Generation IV program that would 
have an outlet temperature up to 950°C. New materials would need to be 
developed and qualified for performance at such high temperatures (Petti  
et al. 2017).


17  The 2017 DOE advanced demonstration and test reactor study considers 
Peach Bottom to be an engineering demonstration and the latter two to  
be performance demonstrations (and not commercial demonstrations)  
for current-design HTGRs, which would be less than 300 MWe and have 
different features such as passive safety systems (Petti et al. 2017).


18  While China refers to the HTR-10 as a test reactor, the 2017 DOE demon-
stration and test reactor study categorizes it as an engineering-scale  
demonstration reactor (Petti et al. 2017).


19  One may reasonably wonder why a reactor called the Xe-100 would have  
a generating capacity of 200 MWth. The answer is that the original reactor 
concept was only 100 MWth (DOE-NE 2014). As is the case with other small 
modular reactors, including the NuScale small modular reactor (SMR),  
designers have steadily increased the power ratings of each module, pre-
sumably to improve the economics. Also, the reported electrical generating 
capacity of each module recently increased from 75 MWe to 80 MWe.


20 General Atomics is also developing “accident tolerant” fuels for operating 
LWRs that are based on silicon carbide technology, in an example of  
technology transfer from HTGRs to LWRs.


21  Because of the generally poor economics of small modular reactors (Lyman 
2013), this limitation could pose a problem for the eventual commercial  
viability of HTGRs.


22  This reactor may actually not be a pebble-bed design, given that a reactor 
requiring continuous refueling likely would not be suitable for this  
application.


23  A molten core draining mechanism is not a unique feature of MSRs but  
can also be incorporated into LWRs. The EPR under construction at sites  
in Finland and France, is a Generation III LWR with a “core catcher.” In the 
event of a Fukushima-like accident where the fuel melts through the bottom 
of the reactor vessel, the EPR is designed so that the molten core will flow 
into a chamber below the containment floor where it can be safely cooled. 
Unlike the MSR, though, this is a last-resort measure  in the unlikely event  
of a core melt. For the MSR, core draining is the first line of defense.


24  The data in Gehin and Powers (2016) were adjusted here by using a uranium 
tails assay of 0.25 percent, to be consistent with other calculations in the 
present report.


25  The MSBR TRU waste quantity here is about twice the value quoted in  
Table V of Gehin and Powers (2016) because it also includes the end-of-life 
MSBR core inventory, which the study did not consider as waste material.


26  These numbers reflect that in recent documents Terrestrial Energy has  
uprated the IMSR400 from its original capacity of 400 MWth (190 MWe). 
In addition, the anticipated thermal efficiency has apparently decreased  
from over 48 percent to 43 percent or less. 


27  To arrive at this figure, one must adjust the results in Figure 9 of Betzler, 
Powers, and Worrall (2017), which presents the results of a two-dimensional 
simulation, by adding the additional plutonium predicted by the three- 
dimensional simulation in Figure 43. 


[ endnotes ]
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28  The Oak Ridge review found that the Transatomic Power reactor’s spent  
fuel would contain only about half of the total amount of “actinide waste” 
that a comparable LWR would generate (Robertson et al. 2017). However,  
the category of “actinide waste” includes uranium as well as the long-lived 
transuranic elements, and excluding the uranium in the spent fuel paints  
a different picture.


29  The reason is that the Transatomic Power reactor is a spectral shift reactor 
that uses movable moderator rods to control the neutron spectrum over the 
reactor’s lifetime. In the early years of operation, the neutron spectrum is 
relatively hard, which results in a rapid buildup of plutonium. The plutonium 
inventory in the core rises to nearly four metric tons. Subsequently, the spectrum 
is softened, which promotes fission of the accumulated plutonium, but the 
in-core inventory remains high. 


30  As of early 2021, Terrestrial Energy has said that final design of its off-gas 
system is still under development, but “presently the off-gas system is NOT 
used as a system that would clean up containment airborne radionuclides” 
(Terrestrial Energy 2021).


31  Although the DOE has said that an external review of its selections took 
place, it has not publicly released the reviewers’ names and affiliations— 
nor has it publicly documented their findings. 


32  The quantity of TRU fed into the burner reactor cycle over 60 years is the 
quantity in the initial core and first reloads (which last for four years) plus  
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find this document online:  
www.ucsusa.org/resources/advanced-isnt-always-better


If nuclear power is to play an expanded role in helping to mitigate 
climate change, newly built reactors must be demonstrably safer, 
more secure, and more economical than current generation reac-
tors. One approach to improving nuclear power has been to pursue 
the development of non-light-water nuclear reactors, which differ 
fundamentally from today’s light-water-reactors. But is different 
actually better? The answer is “no” for most designs considered 


in this assessment comparing non-light-water reactors to light-
water reactors with regard to safety and security, sustainability, 
and the risks of nuclear proliferation and nuclear terrorism. The 
study from the Union of Concerned Scientists (UCS) recom-
mends that policymakers, private investors, and regulators fully 
vet the risks and benefits of these technologies before committing 
the vast time and resources needed to commercialize them.


“Advanced” Isn’t  
Always Better
Assessing the Safety, Security, and Environmental  
Impacts of Non-Light-Water Nuclear Reactors


Given the urgency of the climate crisis, rigorous 
evaluation is needed to avoid wasting time or 
resources in the pursuit of high-risk energy 
concepts.







We submit for the record the Union of Concerned Scientists' new report on small modular nuclear
reactors (https://www.ucsusa.org/sites/default/files/2021-03/advanced-isnt-always-better-full.pdf) and
an article submitted by a retired geologist on Canada's proposal for small modular nuclear reactors.
(https://www.acadienouvelle.com/mon-opinion/2021/02/24/un-desastre-economique-environnemental-
social-et-politique-nous-attend/)***

Thank you for consideration of this urgent request.

Diane D'Arrigo
Nuclear Information and Resource Service

Michael J. Keegan

Coalition for a Nuclear Free Great Lakes

 

March 19, 2021 

 

 

 

 

***New Brunswick:

An economic, environmental, 
social and political disaster looms
 

by Mark D. Connell, Retired Geologist, l'Acadie Nouvelle, February 24, 2021

https://tinyurl.com/3u6vxr8k

 

To the Premier of New Brunswick: your government's announcement to continue funding Small Modular Nuclear Reactor
(SMNR) projects in the province is misguided and should be rescinded.

https://r.xdref.com/?id=11P7jZpS015170&from=ccnr@web.ca&to=dianed@nirs.org&url=https://tinyurl.com/3u6vxr8k


 

Canada does not produce enriched uranium. The enriched nuclear fuel needed for SMNRs, including plutonium, would, of
necessity, be imported from the US nuclear waste stockpiles, even from its nuclear weapons programs.

 

Importing this material would make us a military and terrorist target. This is not a decision that a wise statesman would make.

 

The waste generated by SMNR creates several artificial radioactive elements, one of which has a half-life of more than one
million years. Plutonium, the element used in the atomic bomb dropped on Nagasaki in 1945, has a half-life of 24,000 years.
It will be present and generated both as fuel and as waste. 

 

These diabolically toxic, mutagenic and carcinogenic elements must be kept out of the biosphere for 10 half-lives. This is
hardly a good health care system for New Brunswickers, let alone the rest of the biosphere.

 

Over the past 1.5 million years, the planet has experienced three well-documented ice ages (recent research suggests as many
as seven). Over the next 240,000 years (10 plutonium half-lives), there will be at least one ice age and the accompanying
continental ice sheet will be up to 2.5 kilometers thick. 

 

The unimaginable weight of these ice caps will push the continental crust into the underlying mantle of the earth for hundreds
of meters while eroding and fracturing the surface of the continental crust in the process (the southern limits of the last
continental ice cap were south of New York City).

 

As the earth emerges from an ice age, the ice caps melt, relieving the colossal weight imposed on the earth's crust, which
bounces upward in response to the discharge, proliferating new fractures and reactivating faults that become channels for
fluids, toxic or otherwise, to rise to the surface. Burial of nuclear waste can in no way safeguard the biosphere during these
periods. There is no safe long-term way to dispose of nuclear waste. Once created, radioactive elements cannot be destroyed.
There is no long-term technical solution.

 

We simply have to stop making them. Babcock and Wilcox, who built the Calandria [reactor vessel] at the Point Lepreau
nuclear station, abandoned SMNRs as uneconomic in 2017. Transatomic Power did the same in 2018, and Westinghouse
abandoned it after a decade of research in 2014.

 

Wall Street and U.S. banks will not finance SMNRs. Why then, Mr. Premier, should it be the role of our government to make
New Brunswickers pay the bill if no one else does?

 

Especially considering that New Brunswick's deficit has already been created in large part by the publicly subsidized cost
overruns for the construction and operation of the Point Lepreau nuclear reactor.

 

Throwing money out the window to pay in perpetuity for the disposal of our own radioactive waste is not a good idea in
today's neo-liberal austerity orthodoxy.

 



Mr. Prime Minister, why would any jurisdiction willingly accept the costs of disposing of U.S. military waste in perpetuity?

 

If it is electrical energy that we need, wouldn't it be wiser to source it from more environmentally friendly and cheaper
hydroelectric sources in Quebec or Labrador?

 

The entire SMNR project is an economic, environmental, social and political disaster that is just waiting to happen.

 

New Brunswick must cut its losses and get out of it.

 

Mark D. Connell, Retired Geologist

Sussex, New Brunswick

 



From: Steven Sondheim
To: nepa
Subject: No build alternative Peis Clinch River
Date: Saturday, March 20, 2021 12:09:52 AM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links or OPEN attachments. If
suspicious, please click the “Report Phishing” button located on the Outlook Toolbar at the top of your screen.

No, this project is not necessary and in the wrong direction. Use monies to ramp up EE/Renewable. Retire nucs on a
stated timetable and build no new ones

Uneconomical

Unnecessary

Waste-no more

Dangerous-leaks radioactivity, accident

Too late-we can have replacement clean energies-not nuc or fossil-by the time advanced reactors would be ready if
ever.

Steven Sondheim

mailto:StevenSondheim@yahoo.com
mailto:nepa@tva.gov


From:
To: nepa
Subject: Clinch River Nuclear Reactor Project
Date: Thursday, March 25, 2021 4:54:01 PM

This is an EXTERNAL EMAIL from outside TVA. THINK BEFORE you CLICK links
or OPEN attachments. If suspicious, please click the “Report Phishing” button located

on the Outlook Toolbar at the top of your screen.

Sorry to have missed your deadline by 6 days. It will give you the excuse to avoid
answering these hard questions.

Justify why, with your record of management incompetence and lack of oversight by
the TVA board, you are qualified to manage this project. Why, with TVA's history of
top management improprities at Watts Bar, complete mismanagement at all
management levels of the Kingston ash spill,0 and now an "F" on climate action from
the Sierra Club for "talking green to the public but doing little to change practices," do
you feel prepared to manage the Clinch River Project? Convince me and the public
that you have the management expertise and commitment!

David Reichle
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