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Abstract 

One of the key objectives stated in the United States Department of Energy, Nuclear Energy R&D 
Roadmap is the development of sustainable nuclear fuel cycles that improve natural resource utilisation 
and provide adequate capability and capacity to manage wastes produced by the fuel cycle. In order to 
inform this objective, an evaluation and screening of nuclear fuel cycle options has been conducted. As 
part of that effort, the entire fuel cycle options space was represented by 40 Evaluation Groups (EGs), and 
mass flow information for each of the EGs was provided by using an Analysis Example (AE). 

In this paper, the mass flow data of the 40 AEs are compared to inform on trends in the natural 
resource utilisation and nuclear waste generation. For the AEs that need enriched uranium support, the 
natural uranium required is high and the natural resource utilisation is generally lower than 2% 
regardless of the fuel cycle strategy (i.e., once-through, limited recycle, or continuous recycle). However, 
the utilisation could be improved by avoiding enriched uranium fuel support. The natural resource 
utilisation increases to more than 80% by recycling the nuclear fuel continuously without enriched 
uranium support. 

The combined mass of spent nuclear fuel (SNF) and high-level waste (HLW), i.e., SNF+HLW mass, is 
lower by using a continuous recycle option compared to a once-through fuel cycle option, because SNF 
mass is converted to mass of recycled products and only fission products and other process losses need to 
be disposed. The combined disposed mass of depleted uranium (DU), recovered uranium (RU) and 
thorium (RTh), i.e. DU+RU+RTh mass, has a similar trend to the uranium utilisation. For the AEs that 
need enriched uranium fuel, the DU and RU are the major fraction by mass of the DU+RU+RTh, which 
are two orders of magnitude higher in mass compared to those for the AEs that do not need enriched 
uranium fuel. 

Introduction 

The United States Department of Energy’s Office of Nuclear Energy (DOE-NE) developed a roadmap 
for its research, development and demonstration activities to ensure that nuclear energy remains a 
compelling and viable energy option for the United States, based on its ability to provide abundant and 
stable electricity supply while helping to meet clean air and carbon reduction goals. One of the key 
objectives stated in this Nuclear Energy Research and Development (R&D) Roadmap [1] is to develop 
sustainable nuclear fuel cycles, where the nuclear fuel cycle is the progression of nuclear fuel from mining 
and enrichment to power generation to ultimate disposal of the used nuclear fuel or derived waste products. 
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To achieve this objective and enable prioritisation of future activities, an Evaluation and Screening 
(E&S) study [2,3] of nuclear fuel cycle options has been conducted to inform 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 system 
extending from mining to disposal. 

As the entire space of potential fuel cycle options is quite large, there was a need to ensure that an 
adequate set of fuel cycle options was evaluated in order to inform comprehensively on potential fuel cycle 
performance. It was determined that the study could be conducted at a physics-based functional level, 
where each part of fuel cycle was represented only by the physics characteristics of that part, such as the 
use of thermal neutron irradiation or fast neutron irradiation. Using this approach, it was possible to 
develop a comprehensive set of fuel cycle option groups that were subsequently collected into 40 
Evaluation Groups (EGs) based on the similarity of physics-based performance. In addition, an Analysis 
Example (AE) was identified for each EG. The fuel cycle performance parameters of the AEs were 
evaluated in order to generate data needed for the development of metrics data that were used to inform the 
high-level fuel cycle evaluation criteria utilised in the E&S study. The mass flow information is one of the 
evaluated fuel cycle performance data.  

In this paper, the 40 EGs are introduced, along with a sample AE for a specific EG. The mass flow data 
of the AEs are then compared to inform on trends in the natural resource utilisation and nuclear waste 
generation. It is noted that a similar comparison had been conducted in Ref.4 using a limited set of Analysis 
Examples. That earlier comparison has now been extended in this paper using data for the 40 AEs. 

Nuclear fuel cycle evaluation groups  

In principle, an almost endless variety of nuclear fuel cycles may be possible reflecting the specific 
nuclear technologies that could be available. This made it necessary to develop an approach for informing 
on the entire space of fuel cycle options, and the E&S study was conducted using the following key steps: 

• Development of a comprehensive set of fuel cycle option groups that represent the performance of 
all possible fuel cycle options for generating and using nuclear power based on fundamental 
reactor physics principles. 

• Collection of the set of fuel cycle option groups into so-called Evaluation Groups (EGs) based on 
similarities in physics-based performance, and confirmation that these groups are appropriate 
when all high-level criteria are considered. 

This process resulted in the 40 distinct EGs 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 high-level fuel cycle evaluation criteria [3]. The high-level descriptions of the 
40 EGs are provided in Table 1, which includes 8 once-through EGs, 10 limited recycle EGs, and 
22 continuous recycle EGs. The detailed procedures for developing the evaluation groups are described in 
Refs. [2,3]. 

In Table 1, the EGs in yellow highlight require enriched uranium fuels. Each evaluation group 
contains one or more fuel cycle option groups. For instance, the once-through fuel cycle option with the 
current state-of-the-art commercial Pressurised Water Reactors (PWRs) utilising low enriched uranium 
(LEU) nuclear fuel is in EG01. On the other hand, one with CANDU reactors utilising natural uranium fuel 
is in EG03. 
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Table 1: Key description of forty evaluation groups 
EG  Key Description Indicative of Fuel Cycles in Evaluation Group  
Once-through  
EG01  Once-through using enriched -U fuel in thermal critical reactors  
EG02 Once-through using enriched-U fuel to high burnup in thermal or fast critical reactors  
EG03  Once-through using natural-U fuel in thermal critical reactors  
EG04 Once-through using natural-U fuel to very high burnup in fast critical reactors  
EG05  Once-through using enriched-U/Th fuel in thermal or fast critical reactors  
EG06 Once-through using Th fuel to very high burnup in thermal EDS  
EG07 Once-through using natural-U fuel to very high burnup in thermal or fast EDS  
EG08 Once-through using Th fuel to very high burnup in fast EDS  
Limited Recycle  
EG09 Limited recycle of U/TRU with new natural-U fuel to very high burnup in fast critical reactors  
EG10 Limited recycle of 233U/Th with new Th fuel in fast and/or thermal critical reactors  
EG11 Limited recycle of 233U/Th with new enriched-U/Th fuel in fast or thermal critical reactors  
EG12 Limited recycle of U/Pu with new natural-U fuel in fast and/or thermal critical reactors  
EG13 Limited recycle of U/Pu with new enriched-U fuel in thermal critical reactors  
EG14 Limited recycle of U/Pu with new natural-U fuel in both fast and thermal critical reactors  
EG15 Limited recycle of U/Pu with new enriched-U fuel in both fast and thermal critical reactors  
EG16 Limited recycle of U/Pu with new enriched-U fuel in thermal critical reactors and fast EDS  
EG17 Limited recycle of Pu/Th with new enriched-U/Th fuel in thermal critical reactors  
EG18 Limited recycle of 233U/Th with new enriched-U/Th fuel in thermal critical reactors  
Continuous Recycle  
EG19 Continuous recycle of U/Pu with new natural-U fuel in thermal critical reactors  
EG20 Continuous recycle of U/TRU with new natural-U fuel in thermal critical reactors  
EG21 Continuous recycle of U/Pu with new enriched-U fuel in thermal critical reactors  
EG22 Continuous recycle of U/TRU with new enriched-U fuel in thermal critical reactors  
EG23 Continuous recycle of U/Pu with new natural-U fuel in fast critical reactors  
EG24 Continuous recycle of U/TRU with new natural-U fuel in fast critical reactors  
EG25 Continuous recycle of 233U/Th with new enriched-U/Th fuel in thermal critical reactors  
EG26 Continuous recycle of 233U/Th with new Th fuel in thermal critical reactors  
EG27 Continuous recycle of 233U/Th with new enriched-U/Th fuel in fast critical reactors  
EG28 Continuous recycle of 233U/Th with new Th fuel in fast critical reactors  
EG29 Continuous recycle of U/Pu with new natural-U fuel in both fast and thermal critical reactors  
EG30 Continuous recycle of U/TRU with new natural-U fuel in both fast and thermal critical reactors  
EG31 Continuous recycle of U/Pu with new enriched-U fuel in both fast and thermal critical reactors  
EG32 Continuous recycle of U/TRU with new enriched-U fuel in both fast and thermal critical reactors  
EG33 Continuous recycle of U/Pu with new natural-U fuel in both fast EDS and thermal critical reactors  
EG34 Continuous recycle of U/TRU with new natural-U fuel in both fast EDS and thermal critical reactors  
EG35 Continuous recycle of U/Pu with new enriched-U fuel in both thermal critical reactors and fast EDS  
EG36 Continuous recycle of U/TRU with new enriched-U fuel in both thermal critical reactors and fast EDS  
EG37 Continuous recycle of 233U/Th with new enriched-U/Th fuel in both fast and thermal critical reactors  
EG38 Continuous recycle of 233U/Th with new Th fuel in both fast and thermal critical reactors  
EG39 Continuous recycle of 233U/Th with new enriched-U fuel in both thermal critical reactors and fast EDS  
EG40 Continuous recycle of 233U/Th with new Th fuel in fast EDS and thermal critical reactors  

For the purpose of performing reactor physics-based analyses and to generate data needed for the 
metrics associated with the high-level criteria, an Analysis Example (AE) was identified for each EG and 
the fuel cycle performance parameters were evaluated for it. As example, Figure 1 and Table 2, 
respectively, show the material flow diagram and mass flow data of the AE for EG32. It is noted that an 
online Fuel Cycle Catalog [6] has been developed as a repository of information on fuel cycle options and 
associated technologies.  
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Figure 1: Material flow diagram of analysis example of EG32 

 

Table 2: Mass flow data of analysis example of EG32 

Stage 1 2 
Sum 

Technology Fuel NPPT Rep/Sep Fuel NPPT Rep/Sep 
Electricity (GWe-year) 63.4 36.6 100.0 
Feed or product of nuclear materials (metric ton) 
Natural resource NU -12 027.2      -12 027.2 

Products from fuel or 
NPPT technology 

DU +10 634.8      +10 634.8 
LEU +1 389.6 -1 389.6     0.0 
RU    +169.0 -169.0  0.0 
TRU    +84.2 -84.2  0.0 
DF  +1 389.6 -1 389.6  +253.3 -253.3 0.0 

Products from Rep/Sep 
technology 

RU   +1 287.2 -169.4  +148.0 +1 265.8 
TRU   +17.6 -84.4  +66.8 0.0 
FP   +70.8   +36.1 +106.9 

Loss +2.8 0.0 +13.9 +0.5 0.0 +2.5 +19.7 

All the mass data in Table 2 were evaluated for the fuel cycle equilibrium state with the assumption of 
nuclear material loss rate of 0.2% during fresh fuel fabrication and 1.0% during discharge fuel (DF) 
reprocessing/separation (Rep/Sep) processes. The masses were normalised to 100 GWe-year of electricity 
for the whole nuclear fleet, which is about the current electricity capacity of the nuclear fleet in the United 
States. The signs (-) and (+) indicate the feed and product to or from each fuel cycle technology category, 
respectively. In this particular fuel cycle option, the PWR and SFR provide electricity shares of 63.4% and 
36.6%, respectively, in the equilibrium state. 

Masses in each column indicate the mass flow per each fuel cycle function to support each stage, 
while the masses in the last column indicate the total feed and final products from the AE. For instance, in 
order to generate 100 GWe-year of electricity, this particular AE requires 12 027 tons of natural uranium 
(NU) and produces 10 635 tons of depleted uranium (DU), 1 266 tons of non-used recovered uranium 
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(RU), and 107 tons of fission products (FPs). It also has 20 tons of material losses in the fuel fabrication 
and discharge fuel Rep/Sep processes. Similarly to the information for EG32, the mass flow data of all AEs 
of the 40 EGs were evaluated. 

Comparison of mass flow data 

In this section, using the mass flow data of all AEs of the 40 EGs, the required natural resource masses, 
natural resource utilisation, disposed masses of spent nuclear fuel (SNF), high-level waste (HLW), DU, RU, 
and recovered thorium (RTh) are compared. For consistent comparison, the mass flow data for each AE was 
renormalised to unit electricity generation (i.e., metric ton per GWe-year), done with common fuel cycle 
assumptions such as material loss rates of 0.2% and 1.0% during fuel fabrication and Rep/Sep process, 
respectively, and 5-year post-irradiation cooling, 1-year fuel fabrication times, and uniform thermal 
efficiency of 33%. Exceptions were for the thermal efficiency of the EDS which was adjusted accounting for 
the electricity consumption to support the system components: e.g., the accelerator in an EDS, and when an 
MSR is adopted as the AE of a specific EG, the material loss fraction was assumed to be lower than that of 
the common assumption because the molten-salt fuel is continuously reprocessed in an online mode. 

Natural uranium and/or thorium requirement and utilisation 

The required natural resource (t/GWe-year) and its utilisation (%) for all AEs of the 40 EGs are 
plotted in Figure 2, in which the EGs are re-ordered by the required natural resources. In this study, the 
natural resource utilisation (%) was defined as the ratio of the natural resource mass consumption to the 
required natural resource mass. It is noted that the total mass of the FPs is equivalent to the natural 
resource consumption by fission. The total FP masses are comparable regardless of the fuel cycle options 
because of the similar fission rate per unit energy generation. Thus, the natural resource utilisation is 
inversely proportional to the required natural resource mass, as the trend shown in Figure 2. 

Figure 2: Required natural resource and utilisation 

 

The natural resource utilisation is generally lower than 2% for the AEs regardless of the fuel cycle 
strategy (i.e., once-through, limited recycle, or continuous recycle) when enriched uranium fuel is required. 
This is because the major portion of natural uranium is converted into DU in the enrichment process. The 
EGs that need enriched uranium are highlighted in yellow in Table 1.  

The once-through fuel cycle using PWRs, which is the AE of EG01 and currently utilised in the 
United States, has a natural resource utilisation of about 0.6%. On the other hand, the once-through fuel 
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cycle using High Temperature Gas-cooled Reactors (HTGRs), which is the AE of EG02, has the lowest 
utilisation because of its high uranium enrichment, which is required to achieve high burnup. It is noted 
that, although enriched uranium fuel is used, the natural resource utilisation of the continuous recycle 
option of the AE of EG37 increases to ~5% because the ratio of the PWRs with enriched uranium fuel to 
the entire nuclear fleet is small in this particular AE. 

For the fuel cycle options that do not need enriched uranium support, the natural resource utilisation is 
high and the maximum achievable resource utilisation is dependent on the fuel cycle strategy. Compared to 
the once-through fuel cycle strategy, the resource utilisation can be increased up to 30% (AE of EG04) by 
irradiating the natural uranium to a very high burnup in a fast reactor. The utilisation can be increased 
further by recycling the used nuclear fuel (UNF): 50% by recycling it limited times (AE of EG09) and 
more than 80% by recycling it continuously (AE of EG24).  

It is noted that the natural resource utilisation of a continuous recycle option could be close to 100%, 
which is the theoretical maximum value when there are no material losses during the Rep/Sep and fuel 
fabrication process. However, as shown in Figure 2, the natural resource utilisation values of the 
continuous recycle options are lower than the theoretical maximum value due to the material losses in the 
fuel fabrication and DF Rep/Sep processes. The impact of the material losses on the resource utilisation is 
described in [4]. Even though uniform assumptions for losses were used, the exception of having to specify 
losses for an MSR differently (0.2% rather than 1.0%) caused the AE of EG26 to have the highest 
utilisation because the exception resulted in the lowest material losses being assumed for the MSR that was 
utilised as the AE of EG26. If the material losses of the AE for EG26 were increased to ~5.1%, based on 
the Molten-Salt Breeder Reactor (MSBR) study in the 1970s [7], Reference 4 indicates that the natural 
resource utilisation of EG26 would be lower than 70%.  

Mass of spent nuclear fuel and high-level waste  

The mass of SNF+HLW disposed per energy generated for all AEs of the 40 EGs are plotted in 
Figure 3, where the mass is for the heavy-metal and fission products only, and does not include cladding or 
structure for SNF or any waste form matrix for HLW. The mass varies from 1.3 t/GWe-yr to 
147.6 t/GWe-yr. Figure 3 shows that in general (but with a few exceptions), the mass of SNF+HLW 
disposed per energy generated decreases from the once-through fuel cycle options to those of continuous 
recycle fuel cycle options. The SNF is the dominant contribution to the SNF+HLW mass for the once-
through fuel cycle options, while the SNF mass is zero for the continuous recycle options. For the once-
through fuel cycle options, the SNF mass is inversely proportional to the average discharge burnup. Thus, 
the AE of EG03, which is a once-through fuel cycle using Heavy Water Reactors (HWRs) with natural 
uranium feed, has the highest SNF+HLW mass because the discharge burnup from the HWRs is smallest 
amongst the 40 AEs. The relatively low SNF+HLW mass for the once-through strategy EG08 is due to the 
fact that the associated AE utilised only natural uranium as fuel and that fuel is irradiated to a very high 
burnup (~75%) in a Fission-Fusion Hybrid (FFH) system.  

The total SNF+HLW masses are comparable for the continuous recycle options, which consist of the 
mass of fission products (FPs) and other waste products and material losses from used fuel reprocessing 
and fresh fuel fabrication. The FPs are the dominant contributors to the SNF+HLW mass of the continuous 
recycle options and the FP mass is comparable in all AEs of the 40 EGs because about the same mass of 
heavy metal is destroyed during fission to generate the same amount of electricity. The minor difference is 
due to the corrections of thermal efficiencies for EDS that are necessary because a portion of their fission 
energy is used for driving auxiliary systems. Thus, the material losses from reprocessing govern the 
minimum bounding value of the SNF+HLW mass for the continuous recycle options. Due to the low loss 
fraction assumed for the MSRs as noted above, the AE for EG26 has the lowest SNF+HLW mass value. 
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Figure 3: Comparison of SNF+HLW masses 

 

DU+RU+RTh mass  

The mass of DU+RU+RTh disposed per energy generated for all the AEs of the 40 EGs are plotted in 
Figure 4. Regardless of the fuel cycle, a sizeable amount of DU is produced for fuel cycles that need 
enriched uranium fuel. The AE of EG01 produces 167 metric tons of DU to generate one GWe-yr of 
electricity. Another once-through fuel cycle AE with HTGRs that represents EG02 gives the highest DU 
mass of 296 t/GWe-yr because it requires a large amount of uranium with higher enrichment on a per unit 
energy generation basis. The DU mass is zero for the fuel cycle options that do not need enriched uranium 
support and the fuel cycle options that are fed thorium fuel only.  

Figure 4 shows that the AE of EG12 gives the highest RU mass. This is a two-stage limited recycle 
example in which the recovered plutonium (Pu) is recycled in a thermal spectrum system without enriched 
uranium support. The first stage of the AE of EG12 uses HWRs, which breed Pu without enriched uranium 
support, and the recovered Pu from the stage is burnt once in the second stage utilising PWR technology. 
As a result, the AE of EG12 does not produce DU, but produces significant amount of RU from the initial 
NU fuel. The RU mass is zero for all once-through fuel cycle options. In addition, the RU mass is zero for 
the fuel cycle options that recycle the RU entirely or the fuel cycle options that are fed thorium fuel only.  

Some fuel cycle options produce both DU and RU. For instance, the AE of EG13 is a two stage-
limited recycle example in which the recovered Pu from the first stage that uses enriched uranium fuel is 
recycled in the thermal reactors of the second stage. Consequently, the option produces both DU and RU. 

Among all AEs of the 40 EGs, fifteen AEs require thorium feed along with or without uranium feed. 
There is no RTh mass in all the AEs because the recovered thorium is entirely recycled in all of them.  
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Figure 4: Comparison of DU+RU+RTh masses 

 

Conclusions 

In this paper, mass flow data have been compared for the Analysis Examples of the 40 evaluation 
groups (EGs) used in an Evaluation and Screening study of fuel cycles for the United States Department of 
Energy, Office of Nuclear Energy. The mass flow data were evaluated for the equilibrium state and 
normalised to unit electricity generation. The comparisons were for the required natural uranium and 
thorium masses, natural resource utilisation (%), and disposed masses of spent nuclear fuel (SNF), high-
level waste (HLW), depleted uranium (DU), recovered uranium (RU) and thorium (RTh).  

The study indicated that for the AEs that need enriched uranium support, the required natural uranium 
is high and as a result, the natural resource utilisation is generally lower than 2% regardless of the fuel 
cycle strategy. However, the natural resource utilisation could be improved if the enriched uranium fuel 
support is avoided. For the fuel cycle options that do not need enriched uranium support, the natural 
resource utilisation is as high as ~30% for the once-through options, ~50% for the limited recycle options, 
and more than 80% for the continuous recycle options.  

In general, the mass of SNF+HLW is lower by using a continuous recycle option relative to a once-
through fuel cycle because SNF mass is converted to mass of recycled products and only fission products 
and other process losses need to be disposed. For the once-through fuel cycle options, the SNF+HLW mass 
was found to vary from 2 t/GWe-year to ~150 t/GWe-year, depending on the discharge burnup. However, 
the SNF+HLW masses are comparable for the continuous recycle options, which are about 
1.3 t/GWe-year, and fission products are the dominant contributors to the mass. It is noted that the 
SNF+HLW mass is for the heavy-metal and fission products only, and does not include cladding or 
structure for SNF or any waste form matrix for HLW. 

 54 



 NEA/NSC/R(2015)2 

The mass of DU+RU+RTh varies from 0 t/GWe-year to ~300 t/GWe-year. For the AEs that need 
enriched uranium fuels, the non-used DU and RU are the major fraction of the DU+RU+RTh mass. 
Generally, DU is the dominant contributor and RU is the second leading contributor. There is no RTh in 
any AEs because of either no Th feed or complete recycle of the recovered Th. The DU+RU+RTh masses 
are about two orders of magnitude different between fuel cycles that need enriched uranium fuels and those 
that do not. 
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