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Abstract 

A Nuclear Fuel Cycle Evaluation and Screening (E&S) study has recently been completed in the 
United States. The study considered the entire fuel cycle, included considerations for both once-through 
and recycle fuel cycle options, evaluated a set of 40 fuel cycles that allowed a comprehensive assessment 
of fuel cycle performance, identified a relatively small number of promising fuel cycle options that have the 
potential for achieving substantial improvements compared to the current nuclear fuel cycle in the United 
States, and allowed the identification of research and development (R&D) activities needed to support the 
development of the promising fuel cycle options. Nine high-level criteria (Nuclear Waste Management, 
Proliferation Risk, Nuclear Material Security Risk, Safety, Environmental Impact, Resource Utilisation, 
Development and Deployment Risk, Institutional Issues, and Financial Risk and Economics) and 
associated metrics were used in the study to compare the performance of nuclear fuel cycle options to that 
of the current fuel cycle practiced in the United States. 

The study also evaluated a number of fuel cycle characteristics that may have the potential to impact 
future R&D directions. These included for example: 

1) The fuel resources used, i. e., uranium and/or thorium. 
2) Impact of extremely high burnup fuels. 
3) Minor actinide recycle. 
4) The impact of losses during separations (partitioning). 
5) Critical versus subcritical (externally-driven) systems for material irradiation. 
6) Impact of spectrum of irradiation system, i.e., fast, thermal or intermediate. 
7) Waste generation reduction, all of which were quantified in the study. 

The E&S study has implemented a framework that can be used now and in the future to objectivily 
inform on the potential of alternative nuclear fuel cycles, providing decision-makers and others with 
perspective on fuel cycle capabilities. 

Introduction 

An Evaluation and Screening (E&S) study [1] of nuclear fuel cycle options has been conducted for 
the U.S. Department of Energy (DOE) Office of Nuclear Energy to provide information about the potential 
benefits and challenges of nuclear fuel cycle options and to identify a relatively small number of promising 
fuel cycle options with the potential for achieving substantial improvements compared to the current 
nuclear fuel cycle in the United States. The study was required to consider the complete nuclear energy 
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system extending from mining to disposal. The set of fuel cycle options was to be as comprehensive as 
possible with respect to potential fuel cycle performance. 

The E&S study used an objective and independently reviewed evaluation process to provide 
information about the potential benefits and challenges that could strengthen the basis and provide 
guidance for the research and development (R&D) activities undertaken by the DOE Fuel Cycle 
Technologies Programme Office (Figure 1). Using the nine Evaluation Criteria specified in the Charter and 
associated evaluation metrics and processes developed during the E&S study, a screening was conducted 
of fuel cycle options to provide answers to the questions: 

1. Which nuclear fuel cycle system options have the potential for substantial beneficial 
improvements in nuclear fuel cycle performance, and what aspects of the options make these 
improvements possible? 

2. Which nuclear material management approaches can favourably impact the performance of fuel 
cycle options? 

3. What R&D investments are needed to support the set of promising fuel cycle system options and 
nuclear material management approaches, and what are the technical objectives of associated 
technologies? 

This paper summarises the framework developed for the E&S study of fuel cycle options and the 
results obtained from the study. 

Figure 1: Nuclear fuel cycle evaluation and screening informing the doe decision-making process 

 

Study approach 

Logical framework 

A systematic logical framework was developed to provide an objective comparative assessment of the 
fuel cycle options, relative to the Basis of Comparison, which is the current fuel cycle being used in the 
United States (once-through fuel cycle approach using enriched uranium fuel in light water reactors). 
However, it was recognized that the current U.S. fuel cycle is not yet complete since disposal of spent fuel 

DOE/NE R&D 
Program Priorities

Analysis of results and technology 
objectives with the R&D campaigns

Consideration of other domestic and 
international programs to explore 

opportunities to leverage R&D

Policy and Budget 
Considerations

DOE Decisions

DOE DECISION-MAKING 
PROCESS

(determining R&D directions)

NUCLEAR FUEL CYCLE 
EVALUATION & SCREENING

(Strategic Phase – inform on R&D 
directions)

FUEL CYCLE R&D NEEDS
Technology Objectives of the 

Promising Fuel Cycle Options

Comprehensive Set of 
Fuel Cycle Options

High-Level Evaluation Criteria 
and Evaluation Metrics

Evaluation and Screening
Relative merit as compared to 

the current U.S. Fuel Cycle 

Results

Evaluation and Screening Study

Information

 80 



 NEA/NSC/R(2015)2 

has not yet been implemented. For the purposes of conducting the E&S study where the performance of the 
complete fuel cycle was to be compared, it was assumed that spent fuel disposal was available, without 
assessing or otherwise commenting on the time and effort required to implement such disposal capabilities. 

The general approach for the study consisted of three major steps: 

• Background preparations. 
- Develop evaluation metrics for each criterion. 
- Create a comprehensive set of fuel cycle options. 
- Generate the metric data. 

• Evaluation. 
- Define a range of value judgments to represent various perspectives on what constitutes a 

substantial improvement and on the relative importance of changes in each Metric and 
Criterion. 

- Apply these value judgments to rank fuel cycle performance with respect to the evaluation 
metrics, evaluation criteria, and for combinations of evaluation criteria. 

• Screening. 
- Conditionally identify any promising fuel cycle options for each evaluation metric, evaluation 

criterion, and for combinations of evaluation criteria based on the level of improvement that 
can be obtained. 

- Provide the corresponding R&D directions 
- Document the results. 

These steps, presented in Figure 2, were developed and conducted by an evaluation and screening 
team (EST), comprised of experts knowledgeable in fuel cycle, decision analysis and financial issues. 
Stakeholders from industry, universities, and the government provided input to the options and metrics 
development processes. A DOE-established independent review team (IRT) conducted review of the 
process, interim deliverables, and final report. 

Figure 2: Nuclear fuel cycle evaluation and screening process  

 
All of the evaluation and screening analyses were performed with an interactive software tool 

specially developed for this purpose. The tool provides the capability for a user to explore any value 
judgment desired. 
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Evaluation criteria and metrics 

Nine evaluation criteria were specified by the DOE Office of Nuclear Energy as shown in Table 1. 
For each of the evaluation criteria, one or more metrics were developed to allow comparison of fuel cycle 
performance. The E&S study determined that the first six of the criteria inform on the potential for an 
alternative fuel cycle to provide benefits compared to the current U.S. fuel cycle while the last three inform 
on challenges associated with these alternative fuel cycles. 

Table 1: Evaluation and screening criteria 
• Nuclear waste management. 
• Proliferation risk. 
• Nuclear material security risk. 
• Safety. 
• Environmental impact. 
• Resource utilisation. 
• Development and deployment risk. 
• Institutional issues. 
• Financial risk and economics. 

The metric data provided the information required to evaluate and subsequently screen the fuel cycle 
options to identify the most promising alternatives based on the potential for improvement with respect to 
the evaluation metrics. Relevant stakeholders from industry, universities, and the government provided 
input to the metric development process. The metric descriptions included justification for each metric and 
the associated calculation or estimation methodology. 

For criteria with multiple evaluation metrics, the sensitivity of the results to the relative importance of 
each metric was investigated. Similarly, when multiple criteria were considered simultaneously, the 
relative importance of the evaluation criteria was varied. 

Fuel cycle options for comprehensive evaluation 

As the set of fuel cycle options was required to be comprehensive with respect to potential fuel cycle 
performance, an approach was developed based on the fundamental physics-based functional 
characteristics of nuclear fuel cycles rather than on specific fuel cycle technologies. The major functional 
characteristics used in the study were: 

• “Once-Through” or “Recycle”, where recycle includes limited recycle and continuous recycle. 
• Irradiation system, which could be self-sustaining (critical reactor) or externally-driven (sub-

critical reactor). 
• Neutron spectrum such as thermal or intermediate or fast. 
• Nuclear fuel for the potential sources available naturally, i.e., uranium or thorium or thorium/uranium. 
• Isotopic Enrichment, indicating whether uranium enrichment is required. 

Using these characteristics, over four thousand fuel cycle options were identified at the physics-based 
functional level. 

Part of the process was to group fuel cycle options with similar physics-based characteristics and 
performance. This step resulted in the forty (40) distinct Evaluation Groups that were determined to be 
sufficient to comprehensively represent all fuel cycle options to inform on their potential for providing 
substantial improvement with respect to the specified Evaluation Criteria. The set of 40 Evaluation Groups 
included: 8 once-through Evaluation Groups; 10 limited recycle Evaluation Groups; and 22 continuous 
recycle Evaluation Groups. 
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Metric data 

Each metric required either quantitative or qualitative information. As a result, for many of the metrics, 
it was necessary to define an Analysis Example for each Evaluation Group that was typical of members of 
each group for the purposes of providing the information needed for the metric data. The data range for each 
metric was divided into a small number of bins, with each bin covering a range of value. The quantitative and 
qualitative metric information for the evaluation groups were then placed into the appropriate metric data bin 
for each metric. The use of bins across the data range for each metric accommodated both the variation in 
performance within the Evaluation Group and the uncertainty associated with the data. 

Value judgments and ranking 

In general, the value of an improvement is a subjective judgment as is the amount of improvement 
that would be considered substantial, or “significant”. In the E&S study, a range of value judgments was 
used to explore the sensitivity of the identification of promising Evaluation Groups. For the individual 
evaluation metrics, these value judgments took the form of conditional statements concerning the level of 
improvement, i.e., if a given level of improvement was considered significant, then these Evaluation 
Groups would be considered “promising” for that evaluation metric. When multiple metrics needed to be 
combined to inform on an evaluation criterion, the value judgments took the form of (1) functions 
indicating the relative importance of a change in the metric over a data range of interest and (2) sets of 
metric tradeoff factors for combining the evaluation metrics to inform on each evaluation criterion. 

Additionally, criteria tradeoff factors were used for exploring the effects of the relative importance of 
criteria when multiple criteria were being considered, where each set of criteria tradeoff factors defines 
what was called a “scenario” in the study. The result of applying the value functions was a utility 
indicating the relative merit of the Evaluation Group performance.  

Results of the E&S study 

The performance improvement of the Evaluation Groups with respect to the basis of comparison was 
used to identify those Evaluation Groups that could be considered as promising. An additional step was 
used to correlate the potential improvement in performance for the “benefit” criteria with the risk of 
developing and deploying the fuel cycle representing the “challenge” criteria, resulting in two-dimensional 
plots of utility of the benefit versus the utility of the challenge. This allowed identification of promising 
options along with consideration of the corresponding risk of development and a relative indication of the 
costs of such development. 

Promising fuel cycle options 

Among all options, three groups of fuel cycles consistently provided the highest improvements 
compared to the current fuel cycle in the United States, regardless of the perspective on the relative 
importance of the six benefit criteria, with the following descriptions indicative of the fuel cycles in these 
three groups: 

• Continuous recycle of U/Pu with new natural-U fuel in fast critical reactors. 
• Continuous recycle of U/TRU with new natural-U fuel in fast critical reactors. 
• Continuous recycle of U/TRU with new natural-U fuel in both fast and thermal critical reactors. 

When the benefit and challenge criteria were jointly considered, another group was added: 

• Continuous recycle of U/Pu with new natural-U fuel in both fast and thermal critical reactors. 

These groups were designated the most promising options if the amount of reduction in the waste 
generated and the fuel resources needed was considered to be both important and substantial. 
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Fourteen other promising groups were identified in the study. These groups focused on the continuous 
recycle of thorium fuel and/or use of externally-driven systems in both once-through and continuous 
recycle strategies. 

None of the most promising fuel cycles are ready to be deployed today, and R&D is required to 
develop the appropriate implementing technologies. The study examined the current state of knowledge 
and experience to identify the R&D needs for each part of the fuel cycle. A general finding is that the R&D 
needs for the most promising options are sometimes pertinent to the needs of other less performing options. 
[1] These included R&D on fast critical reactors because these reactors facilitate effective consumption of 
actinide elements and efficient use of uranium fuel resources; R&D on separation of U/Pu or U/TRU from 
irradiated fuel to make them available for recycle; and R&D on recycle fuel development to facilitate use 
of separated U/Pu or U/TRU as fuel, with the fuel having irradiation capability (e.g., fuel burnup, cladding 
integrity) comparable to or greater than today’s nuclear fuel. 

Insights from E&S study 

The study concluded that of the six benefit criteria, only the Nuclear Waste Management and 
Resource Utilisation criteria show the potential for the choice of fuel cycle to offer the possibility for 
substantial improvement compared to the current U.S. fuel cycle (assumed to be completed by 
implementation of spent fuel disposal). Continuous recycle of actinide elements is key to providing the 
performance improvement. Modest changes were observed for the Environmental Impact criteria. The 
most promising fuel cycles were also found to be capable of safe deployment, with safety challenges 
comparable to the current U.S. fuel cycle. The study noted that many promising options have common 
R&D needs, reducing the need to make early decisions on specific fuel cycle choices, but time is required 
to develop the pertinent technologies. 

It was found that it would be more challenging to use thorium than uranium in a self-sustaining fuel 
cycle. The potential benefits with thorium use in thermal or fast reactors were not quite as great as for 
uranium use in fast reactors. 

R&D to mature technologies to the point where they are ready for industrialisation can be several 
billion dollars when major engineering demonstration facilities are included. Any new fuel cycle option 
faces institutional issues related to the lack of regulations/licensing experience and the lack of supporting 
infrastructure. 

The study indicated that any transition to a new fuel cycle from the current U.S. fuel cycle would take 
decades to complete, however, some benefits may accrue much more quickly. It also indicated that many 
fuel cycle options may be expected to have electricity production costs that are similar to, or close to, the 
estimated production costs for continuing the current U.S. fuel cycle. 
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