
 

 

ABSTRACT 

LI, JUN.  A Methodology to Evaluate Nuclear Waste Transmutation/Fuel 

Cycle Systems. (Under the direction of Dr. Man-Sung Yim). 

The nuclear waste issue is a major challenge to the nuclear energy industry.  To 

reduce the nuclear waste impact, a number of advanced nuclear fuel cycles and 

transmutation schemes are being investigated.  Reported herein is a methodology 

which was developed to evaluate and compare nuclear fuel cycles based on 

repository performance, proliferation resistance performance and fuel cycle cost. 

To evaluate the repository performance efficiently, a simplified repository 

performance model was developed based on the Yucca Mountain Repository.  By 

considering the temperature limits at different locations in the repository, maximum 

loading is estimated for given nuclear waste characteristics.  The enrivonmental 

impact from the maximum loaded reprository is investigated in term of projected 

dose and health index based on accumulated risk. 

A fuzzy logic based barrier method was developed to assess the proliferation 

resistance of three different nuclear fuel cycles.  This model gives quantitative 

proliferation resistance information from the beginning to the end of a full fuel cycle.  

A simple fuel cycle cost model was also used.  Based on assumed 

nonproliferation charges, an adjusted fuel cycle cost was evaluated which included 

the impact from repository and proliferation resistance performance to the overall 

fuel cycle cost. 

A case study investigates the three fuel cycles: PWR-OT (Pressurized Water 

Reactor-Once Through), MOX (Mixed Oxide) and DUPIC (Direct Use of spent PWR 



 

 

fuel in CANDU).  The PWR-OT cycle provides the highest level of proliferation 

resistance and lowest fuel cycle cost while the DUPIC cycle provides for maximum 

repository loading (based on the total electricity generated).  The adjusted fuel cycle 

cost was found to be an inadequate means of combining repository impact, 

proliferation resistance, and cost to affect fuel cycle selection decisions.  An 

alternative method of using an adjusted total electricity generation cost is presented. 
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1 Introduction 

1.1 Background 

Nuclear power is a technology that can reliably produce large quantities of 

energy safely and economically. It does not directly emit harmful pollutants including 

those associated with global climate change.  About 20% of the electric power 

currently produced in the United States comes from nuclear power.  However, the 

public’s attitude toward nuclear power has been mixed with both interest and 

concern – particularly concern over the management of the nuclear waste.  The 

spent nuclear fuel (SNF), once generated from nuclear power production, remains 

radioactive for very long periods of time and is highly radiotoxic for hundreds of 

thousands of years, a situation that creates a wide range of social, technical and 

public health concerns.  If the SNF is to be placed behind a geological barrier in a 

repository, the entire SNF can be classified as waste.  If the SNF is reprocessed and 

the fuel is recycled, there will still remain some waste materials which will require 

placement in a geological repository. 

The United States recognizes three categories of nuclear waste, i.e., low-level 

waste, transuranic waste and high-level waste.  High-level waste (HLW) is classified 

by the Nuclear Regulatory Commission as either: 1) spent fuel - irradiated 

commercial reactor fuel; or 2) reprocessing waste - liquid waste from solvent 

extraction cycles in reprocessing including the solids into which liquid wastes may 

have been converted.  Transuranic waste (TRU) is man-made radioactive waste with 

particles whose atoms are heavier than uranium and a concentration greater than 10 
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nano-curies per gram of waste.  It can be generated by nuclear weapons production 

and reprocessing of spent nuclear fuels.  All other waste that is not considered high-

level or TRU is classified as low-level waste (LLW), or low-level radioactive waste 

(LLRW).  This classification would apply to the waste from pyroprocessing 

techniques as well.   

When waste is classified as low-level, this does not directly depend on the level 

of radioactivity it contains, but rather on the materials it does not contain.  The NRC 

has developed a classification system for low-level waste based on its potential 

hazards, and has specified disposal and waste form requirements for each of the 

general classes - A, B, C and greater than Class-C (GTCC).  On average, Class A is 

the least hazardous while GTCC is the most hazardous.  Class A waste typically 

contains "short-lived" radionuclides (average concentration: 0.1 curies/cubic foot).  

Class B is contaminated with a greater amount of "short-lived" radionuclides than 

Class A (average concentration: 2 curies/cubic foot).  Class C is contaminated with 

greater amounts of long-lived and short-lived radionuclides than Class A or B 

(average concentration: 7 curies/cubic foot).  GTCC is the most radioactive of the 

low-level classes (average concentration: 300 to 2,500 curies/cubic foot).  

LLW, except for the GTCC wastes, is disposed of in one of the three commercial 

disposal facilities located in the U.S.: Barnwell, South Carolina (access authorized 

for all low-level waste generators except North Carolina), Hanford, Washington 

(restricted access to only the Northwest and Rocky Mountain compacts), and Clive, 

Utah (restricted to only Class A low-activity, high-volume waste, e.g., slightly 

contaminated soil).  LLW generators in North Carolina manage the LLW through “a 
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combination of decay in storage, long term storage and disposal of low specific 

activity wastes” to Clive, Utah [Ref 1-1].  According to U.S. policy, GTCC wastes are 

to be disposed of in a deep geological repository along with HLW. 

DOE is managing the TRU waste and the Waste Isolation Pilot Plant (WIPP) in 

New Mexico is potential final disposal site for most TRU waste. 

HLW, for its disposal, will be placed in a geological repository designed for long-

term isolation of the waste.  Geological disposal of these materials, the U.S. option 

of choice, has been determined to be technically feasible and Yucca Mountain in 

Nevada is the designated SNF repository.   

The Yucca Mountain repository has a statutory capacity of 70,000 metric tons of 

heavy metal (MTHM), 63,000 MTHM of commercial spent nuclear fuel, and 7,000 

MTHM of DOE materials.  In the United States, there are currently 104 commercial 

nuclear reactors with operating licenses at 64 sites in 31 states.  As of 2010 [Ref 

1-2], approximately 63,400 metric tons of SNF from commercial nuclear reactors will 

be accumulated and approximately 2,010 MTHM of additional spent fuel between 

2001 to 2010 is accumulated each year.  At this accumulation rate, the statutory 

capacity limit of Yucca Mountain for commercial spent fuel will be reached by 2010 

(Figure 1-1) indicating a need for capacity expansion or a second repository. 
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Figure 1-1: Civilian high-level waste generation in the US  

 

Figure 1-2: Isotopic basis of spent fuel 

As shown in Figure 1-2, the composition of spent fuel (in weight percent, spent 

fuel of PWR, 3.2% initial enrichment, 33 GWD/MTU burnup) 10 years after removal 

from the reactor consists of approximately 95.6% Uranium, 0.9% Plutonium, 0.1% 

minor actinides, 0.1% long-lived fission products (e.g., 129I and 99Tc), 0.3% Cesium 

and Strontium and 2.9% other stable fission product nuclides.  Through 

reprocessing, spent nuclear fuel can be partitioned into a number of components or 
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groupings including uranium, plutonium, minor actinides, fission products and stable 

isotopes.  The uranium can be separated and disposed of as Class C, low-level 

waste, held in shallow land burial for potential reuse or recycled.  This operation 

could significantly reduce the waste volume (as approximately 96% of spent fuel is 

uranium).  Plutonium can be recycled and included in mixed oxide fuel or plutonium, 

minor actinides and possibly the long-lived iodine and technetium isotopes can be 

specially treated through transmutation to reduce the hazard of the HLW.  

Alternatively, these materials could, as a nonproliferation measure and to reduce the 

radiotoxic risk, be conditioned and fixed in a matrix for disposal in a geologic 

repository. 

Transmutation is defined as the transformation of one isotope or element into 

another isotope or element by changing its nuclear structure.  Through nuclear 

transmutation, hazardous long-lived nuclides can be transformed into shorter-lived, 

less radiotoxic or even stable nuclides.  For example:  129I has a half-life of 1.57×107 

yrs and decays to stable 129Xe.  But if 129I can absorb one neutron; it becomes 130I, 

which has a half-life of only 12.36 hrs and decays to stable 130Xe.  Nuclear 

transmutation occurs naturally or can be induced by using photons or particles like 

electrons, protons or neutrons to interact with the nuclei.  The neutron capture and 

the neutron-fission reactions are the most effective with respect to the treatment of 

the components of SNF.  The neutrons can be produced in either a fission or fusion 

reaction or in a non-critical accelerator-driven system (ADS).  

The Department of Energy (DOE), through various domestic and international 

collaborations, has been exploring the potential of advanced nuclear technologies 
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that can reduce the production of the hazardous components in spent nuclear fuel.  

In 2001, the United States and eight other countries established the Generation IV 

International Forum (GIF) to create a common, international nuclear research and 

development agenda for the future.  The GIF has identified a number of candidate 

technologies and is developing partnerships within the participating countries for 

their development.  These systems are described in the Generation IV (GenIV) 

technology Roadmap [Ref 1-4-Ref 1-5].  Beyond DOE’s Advanced Accelerator 

Applications (AAA) and GenIV programs, the Advanced Fuel Cycle Initiative (AFCI) 

is designed to capitalize on the GenIV technology in reducing the volume and 

toxicity of the nuclear waste.  The AFCI includes two major elements: 

AFCI Series One addresses the intermediate-term issues associated with spent 

nuclear fuel, primarily by reducing the volume and heat generation of material 

requiring geologic disposition. 

AFCI Series Two addresses the long-term issues associated with spent nuclear 

fuel.  Specifically, this effort would explore fuel cycle technologies that could sharply 

reduce the long-term radiotoxicity and heat load of high-level waste sent to a 

geologic repository.  Both Series One and Two assume the reprocessing of the SNF 

and recycling of the uranium and possibly other SNF components. 
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Figure 1-3: Approaches to spent fuel management 

Figure 1-3 shows comparisons among direct disposal, conventional reprocessing 

and AFCI technologies, with respect to spent fuel management.  Through separating 

and recycling the uranium and fissionable plutonium into new mixed oxide fuel, 

much less high-level waste remains for disposal in a geological repository.  With the 

AFCI the waste volume would also be decreased though recycling some of the 

actinides and transmuting some of the other SNF components.  

Within the research framework of the AFCI, some scenarios of waste 

transmutation have been proposed for further study [Ref 1-6-Ref 1-7].  Figure 1-4 

[Ref 1-7] lists the examples as four different selected scenarios.  All scenarios start 

with SNF from the Light Water Reactor Once Through (LWROT) cycle.  In scenario 

one, SNF will be transmuted in a fast spectrum system (either accelerator-driven 

system or a Gen IV fast reactor system).  In scenario two, SNF will be treated and 

burned in a low-recycle Mixed-Oxide (MOX) fueled light water reactor (LWR) before 

it is treated in the fast spectrum system.  The difference between scenario three and 
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two is that a high-recycle MOX LWR fuel will be used in scenario three instead of the 

low-recycle MOX LWR fuel.  In scenario four, a high temperature gas cooled reactor 

(HTGR) will be used to treat the SNF from the LWROT cycle. 

 

Figure 1-4: Collaborative distillation of possible advanced NFC scenarios adopted for temporal 

analyses 

1.2 Fuel Cycle/Transmutation Strategy Modeling  

To be resolved is how the above scenarios can be compared to find a better 

approach for advanced fuel cycle development and nuclear waste transmutation.  

Many researchers have contributed to modeling fuel cycle strategies [Ref 1-8 - Ref 

1-13].  

NFCSim [Ref 1-8] from Los Alamos National Lab (LANL) is an event-driven, fully 

time dependent simulation code modeling the flow of materials through the nuclear 

fuel cycle.  The model generates life-cycle material balances for the demand 

required reactors and includes a process cost database.  DYMOND/DANESS [Ref 

1-9 - Ref 1-10] from Argonne National Lab (ANL) is developed to allow performing 

dynamic analysis of nuclear energy systems composed of multiple reactors and fuel 
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cycle options including cross-flow of fissile material between the different 

components of the system.  The codes allow mass-flow analysis and economics 

analysis.  Both DYMOND/DANESS and NFCSim have the ability to track the 

material flow in the fuel cycle and to do fuel cycle economics analyses.  Both code 

development groups have included in their models, nonproliferation metrics and 

metrics showing the environmental impacts from the disposed waste.  The Verifiable 

Fuel Cycle Simulation (VISION) model is currently under development at Idaho 

National Lab [Ref 1-13].  VISION is designed to serve as a system analysis and 

study tool for work conducted as part of the AFCI and GenIV reactor development 

studies.  COSI [Ref 1-11, Ref 1-12] is a simulation software package developed by 

the Directorate of Nuclear Reactors at CEA, the French Atomic Energy Commission.  

It can also track the inventory of important nuclides during the whole fuel cycle for 

given scenarios with the capability to simulate various types of nuclear reactors.  

These computer codes are typically provided with simplified system performance 

metrics such as fuel cycle cost, waste mass balance, and waste toxicity index.  

However, to effectively aid in fuel cycle development decision making, other fuel 

cycle performance measures such as repository capacity impact, radiation dose, and 

proliferation resistance need to be captured in fuel cycle systems modeling.   

Details of model development to describe these fuel cycle system performance 

measures are described in this dissertation.  Normally the metrics of disposed waste 

or non-proliferation are applied to the system separately from each other and from 

other analysis such as economics analysis.  There is the desire to evaluate the fuel 

cycle comprehensively and integratedly.  This research was carried out to develop a 
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methodology which has a set of indices to comprehensively characterize the fuel 

cycle and use those indices integratedly to compare different fuel cycles. 

1.3 Purpose and Outline of Present Work 

To compare different fuel cycle systems requires an understanding of various 

performance objectives of nuclear waste transmutation or fuel cycle systems and 

devising a series of metrics for their evaluation.  As earlier mentioned, reduction of 

the amount of nuclear waste sent to a repository is one of the major objectives of an 

advanced fuel cycle.  Other related goals could include cost reduction, minimizing 

human health impacts, enhanced system safety, and enhance the proliferation 

resistance of the fuel cycle against potential nuclear material diversion.  Cost 

reduction could be the main driving force in the comparison as the economic 

consideration dominates the commercial market development in the U.S. with the 

inclusion of all risk factors. 

 The following performance objectives were included in this study: 

• Repository performance  

• Proliferation resistance 

• Fuel cycle cost 

Three models have been developed in this research.  Repository performance 

model investigates the repository capacity by considering the temperature limits and 

the health risk from the disposed HLW.  Fuzzy logic applied barrier method 

evaluates the relative proliferation resistance of nuclear fuel cycles quantitatively.  

And finally an integrated model compares the overall fuel cycle cost of nuclear fuel 

cycles by including the repository, proliferation and economic performances.  
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In Chapter 2, waste impact on the repository is addressed.  Different methods 

have been investigated and compared.  A new simplified performance assessment 

(PA) model to evaluate the repository benefits of different fuel cycle concepts was 

developed.  In addition, for the purpose of expedient optimization studies, 

representing the system performance as a single performance index number is 

desirable.  Accordingly, a single performance index number (a health-risk index) was 

developed which is based on the results of performance assessment that represent 

the residual human health risk for various fuel cycle strategies.  By inputing nuclear 

waste information, this model calculates the maximum loading in Yucca Mountain 

according to the thermal design limits.  Projected dose rate and health-risk index can 

also be obtained. 

The proliferation resistance model is described in Chapter 3.  A new method 

based on the application of fuzzy logic to Barriers Frame (BF), which was developed 

by the TOPS committee [Ref 1-14], was developed for quantitative assessment of 

proliferation resistance of nuclear reactor systems.  This model considers a fully 

operational fuel cycle system, and yields a proliferation resistance evaluation for all 

facilities in the fuel cycle system based on measurable variables of the system.  A 

fuzzy number can be generated which can be used to indicate the proliferation 

resistance of each fuel cycle system. 

The fuel cycle model and integration model are discussed in Chapter 5.  A simple 

fuel cycle cost model [Ref 1-15] was adopted for the study.  A method to combine 

repository performance, proliferation resistance and fuel cycle cost, based on either 
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an adjusted fuel cycle cost or an adjusted total electricity generation cost was 

developed. 

A case study is also included in Chapter 5.  Three different fuel cycle systems 

are studied: pressurized water reactor once through (PWR-OT), pressurized water 

reactor with Mixed Oxide fuel (MOX) and Direct Use of spent PWR fuel in CANDU 

(DUPIC).  The CANDU reactor is a pressurized-heavy water, natural-uranium power 

reactor designed in the 1960s by a partnership between Atomic Energy of Canada 

Limited and the Hydro-Electric Power Commission of Ontario as well as several 

private industry participants.  These three systems were compared based on a 

number of different performance objectives included in the integration model.  

Uncertainty and sensitivity analyses were included in this investigation. 

Chapter 6 includes discussions.  Conclusions and recommendations are 

summarized in Chapter 7. 
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2 Waste Disposal Impact 

2.1 Introduction and Literature Reviews 

 Reduction/minimization of nuclear waste volume and its hazard is the major 

objective of waste transmutation.  Following the work of DOE’s Advanced 

Accelerator Applications (AAA) and GenIV, Advanced Fuel Cycle Initiative (AFCI) 

[Ref 2-1] program is designed to reduce the volume and toxicity of the nuclear 

waste.  

Regardless of the specifics of a fuel cycle strategy, there is a need for permanent 

disposal of the residual nuclear waste.  The risk from these residual materials needs 

to be properly assessed.  Repository performance assessment [Ref 2-3] (hereafter 

called “PA” for simplification) is a tool for this assessment.  Based on predictive 

modeling, PA projects the radiation dose from the radionuclides in the wastes when 

they are ultimately released and reach the environment accessible by future 

generations of humans.  The PA models consider the behavior of the waste and the 

waste container in the repository environment; the fate and transport of 

radionuclides after their release to the environment; and the human exposure 

pathways and resultant dose.  In this regard, the behavior of natural and engineered 

barriers to radionuclide migration is the key to the quantification of risk from waste 

disposal.  Understanding which radionuclides contribute most to the health risk is 

also very important to effectively focus the effort of waste transmutation.  

As PA represents a complex analysis covering various physical, chemical, 

biological, and human behavioral processes, it typically comes with a high 
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computational burden and significant uncertainty.  Also the analysis is not 

transparent for permitting public understanding.  For these reasons, PA has not 

been widely exercised in quantifying the safety benefits of nuclear waste 

transmutation. 

There are several alternative methods which have been investigated to estimate 

the safety benefits of waste transmutation techniques.  These include the study of 

the mass inventory change of key nuclides [Ref 2-2] and the assignment of a waste 

toxicity measure (or toxicity index) [Ref 2-2, Ref 2-4, Ref 2-5].  In fact, the waste 

toxicity index (TI) has commonly been used to demonstrate the benefit of advanced 

fuel cycles and waste transmutation [Ref 2-6, Ref 2-7].  The waste TI, typically refers 

to the volume of water (in m3) in which wastes would have to be diluted to meet 

standards for radionuclide concentrations in drinking water.  Waste TI methods offer 

advantages over PA due to computational simplicity, low input data requirements, 

and transparency for presentation [Ref 2-8].  However, the methods do not take into 

account the influence of engineered and natural barriers employed in nuclear waste 

disposal.  Appropriateness of these methods is investigated in Section 2.2. 

Agencies such as DOE, NRC, and Electric Power Research Institute (EPRI) have 

made various efforts to evaluate the environmental impact from the repository 

disposal of nuclear waste.  Various computer models have been developed out of 

these efforts.  The work of DOE is mainly based on the model developed by Godler 

Associates Inc. named Repository Integration Program (RIP) [Ref 2-15 - Ref 2-20].  

RIP has been one of the major tools of PA for DOE.  RIP is a fully integrated 

probability-based PA tool that investigates the possible release of radionuclides to 
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the accessible environment.  RIP utilizes a “top down” approach to PA that 

concentrates on the integration of all system components.  Less detailed process 

models are utilized, with both model and parameter uncertainties included.  RIP 

uses a simulation approach utilizing the Monte Carlo method to sample the 

probability distributions of uncertain parameters for each realization.  A large number 

of system realizations are performed in order to determine probability distributions of 

repository performance such as rate and magnitude of radionuclide release.  For 

DOE’s 1999 Total System Performance Assessment – Viability Assessment (TSPA-

VA), RIP was used to link all the various component computer models.  Iterative 

Performance Assessment (IPA) is NRC’s computer model for PA and is a major 

component of the NRC’s program in high-level waste [Ref 2-12, Ref 2-21, Ref 2-22].  

A primary objective of IPA is to provide the NRC staff with a working knowledge of 

modeling approaches and techniques used to estimate repository performance, so 

that the staff will be able to comment on the adequacy of DOE’s License Application 

and pre-licensing performance assessment analyses.  The Total System 

Performance Assessment (TPA) computer code is a major part of IPA and is used to 

estimate overall system performance as a function of the specific characteristics of 

the proposed repository site and design.  The TPA code includes the repository 

system description, conceptual models, and parameter values with enough details to 

provide meaningful insights on respository performance.  The model includes 

infiltration and deep percolation, near-field environment, radionuclide releases from 

engineered barrier systems, aqueous-phase radionuclide transport through the 
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unsaturated and saturated zone, airborne transport from direct radionuclide 

releases, and exposure scenarios and reference biosphere.   

For independent technical reviews for Yucca Mountain from DOE and NRC, 

EPRI has developed their own total system performance assessment model labeled 

“IMARC” (Integrated Multiple Assumptions and Release Code) [Ref 2-23 - Ref 2-27].  

IMARC has evolved with the developments of Yucca Mountain repository design and 

the supporting scientific knowledge since 1990.  IMARC calculates dose vs. time 

using a logic tree format in which specific critical conceptual models or input 

parameters are identified and treated as uncertain.  The program organizes the 

uncertainties into a “logic tree” and calculates all possible combinations of these 

models or parameters (and their weights), and for each combination estimates 

radionuclide concentration and dose vs. time.  The SUMO (System Unsaturated 

Model) code [Ref 2-28] is an integrated system model and computer code to 

address the cumulative radionuclide release criteria (i.e., CCDF (complementary 

cumulative distribution functions)) established by the U.S. Environmental Protection 

Agency (EPA) and to estimate population risks in terms of dose to humans.  SUMO 

is an outgrowth of the preliminary Yucca Mountain risk assessment analysis that 

was completed by the Performance Assessment Scientific Support Program at 

Pacific Northwest Laboratory (PNL) in 1988.  Sandia National Lab (SNL) did its 

performance assessment based on DOE’s request in1991 [Ref 2-29 - Ref 2-38].  

SNL’s performance-assessment work was primarily based on prior HYDROCOIN 

[Ref 2-30], COVE-2A [Ref 2-31], and PACE-90 [Ref 2-32] work and expressed the 

measure of total system performance as CCDFs of radionuclide cumulative 
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releases.  In terms of analytical solution approaches to PA, the research performed 

by Professor T.H. Pigford and his associates needs to be noticed.  Although limited 

by the assumptions made to allow analytical solutions, the method provided very 

useful insights into PA [Ref 2-39 - Ref 2-46].  

Other countries, such as the United Kingdom, Switzerland and Japan, also have 

developed performance assessment methodologies for the repository in their 

countries [Ref 2-54 - Ref 2-56].  For example, Kristallin-I [Ref 2-54, Ref 2-55] is an 

integrated analysis model from Nagra (the National Co-operative for the Storage of 

Nuclear Waste) in Switzerland to investigate the option of disposal of vitrified high-

level waste in the subsurface crystalline structure of Northern Switzerland.  H3 [Ref 

2-56] is post-closure performance assessment model for the conceptual or proposed 

granite repository in Japan.  

Wide implementation of PA in fuel cycle studies requires the computational 

burden of PA to be reduced.  Another important consideration in assessing 

repository waste impact for a fuel cycle is the corresponding required repository 

capacity.  The capacity of a HLW repository, i.e., Yucca Mountain, is mainly dictated 

by thermal design limits which establish the maximize temperature that can exist at 

the surface of the disposal container, at the drift wall and at the centerline between 

drifts.  This requires the use of a thermal analysis model.  The thermal analysis 

model describes temperature changes in the rock around the waste packages as a 

function of the HLW/spent fuel composition.  Modeling repository thermal impact has 

been pursued by various researchers.  Both analytical and numerical solutions have 

been developed.  Examples of analytical solution approaches in modeling repository 
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thermal behavior include the works of Estrada-Gasca [Ref 2-48], Malbrain [Ref 

2-53], and The Swedish SKB (Svensk Kärnbränslehantering AB) [Ref 2-47].  The 

Swedish SKB has developed a general purpose analytical model for a geologic 

repository based on the heat conduction model described by Carlslaw and Jaeger 

[Ref 2-47].  In C.A. Estrada-Gasca’s dissertation [Ref 2-48], analytical methods were 

described to predict the far-field thermal impact of a nuclear waste repository.  One-

dimensional linear and non-linear models were studied and analytical solutions or 

finite element solutions are presented.  The finite method solution is also given for 

two-dimensional, linear and non linear models.  Temperature distributions and 

temperature histories are given as results.  Carl Malbrain and Richard K. Lester [Ref 

2-53] developed a semi-analytical model to investigate the optimal design for a 

repository based on thermal constraints.  In their work, semi-analytical models for 

predicting the time-dependent temperature distribution in the region of a high-level 

waste repository was developed.  Three models were developed for thermal 

behavior in the far-field region, the near-field region and within the waste package 

itself respectively.  The repository itself is modeled as an infinite plane source at a 

depth corresponding to the mid-plane of the waste canisters, with a thermal strength 

equal to the average areal loading of the repository.  For the near-field region, the 

host rock is assumed to be infinite, homogeneous, and an isotropic conducting 

medium with temperature-independent physical properties.  The canisters are 

represented by finite-length line sources.  A simple one-dimensional, quasi steady-

state model is used to predict the temperature distribution within the waste package.  

The model has been applied to a determination of the maximum permissible 
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repository mass loading and canister loading for spent PWR fuel and reprocessed 

PWR high-level waste in salt and granite media, subject to several independent 

thermal constraints.  It is found that the repository loading and the canister loading 

are controlled by the bentonite backfill temperature constraint (<100 °C) [Ref 2-49]. 

In W.M. Kays, F. Hossaini-Hashemi and J.S. Busch’s work [Ref 2-50], an 

approximate semi-analytical model has been developed.  Each individual canister is 

treated as finite-length line source in a continuous medium.  The combined effect of 

multiple canisters is established in the medium at selected point of interest by 

superposition of the temperature rises calculated for each canister.  Lawrence 

Livermore National Lab also developed a model for the thermal performance of a 

repository [Ref 2-51, Ref 2-52].  The V-TOUGH code [Ref 2-52] is used to 

investigate impacts of different repository areal power densities (APDs) to the flow 

along preferential fracture pathways in the unsaturated zone at Yucca Mountain.  

This study indicates that thermal and hydrological performance of the unsaturated 

zone will be dominated by conduction of heat generated by the repository.  The 

performance of a system dominated by heat conduction is most sensitive to the 

thermal properties of the system and the thermal loading conditions.   

2.2  Case Study to Examine TI Methods 

In this section, toxicity index methods (including Hazard Index [Ref 2-6], Number 

of ALI (Annual Limit on Intake) [Ref 2-59], Integrated Radiological Toxic Potential 

[Ref 2-8], and Integrated Toxic Potential [Ref 2-60]) were evaluated along with mass 

inventory method by assuming performance assessment result from TPA as base.  

For a comprehensive PA, the TPA code [Ref 2-12] was used. 
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2.2.1 Scenario Assumption 

Under a transmutation scenario, spent fuel would be processed for the removal 

of uranium and the separation of long-lived actinides, such as plutonium, neptunium, 

americium, and curium.  Uranium would be recycled or disposed of as low-level 

radioactive waste.  The separated long-lived actinides would be manufactured into 

transmutation assemblies which become the fuel in a transmutation device.  It was 

assumed for this study that the spent nuclear fuel was first processed using an 

aqueous uranium extraction that is assumed to recover 99.995% of the irradiated 

uranium [Ref 2-9]; then all residual materials were further processed at a 

pyrochemical facility.  The pyrochemical process was assumed to recover 99.9% of 

the actinides (including remained uranium), remove 95% of the rare earth fission 

products, and remove 100% of all other fission products.  The composition of the 

transmutation fuel assembly used in this study is shown in Table 2-1.  In-reactor 

neutron irradiation with a thermal or fast neutron spectrum was chosen as the 

methods of transmutation.  Finally, it was assumed that the byproducts/waste would 

be disposed of at a HLW repository (i.e., Yucca Mountain), after these fuel 

assemblies had been subjected to neutron bombardment.  

Performance of waste transmutation was compared for four different options: (a) 

burning in a thermal reactor for 100 days (this is referred to as “T100” hereafter), (b) 

burning in a thermal reactor for 200 days (referred to as “T200”), (c) burning in a fast 

reactor for 100 days (referred to as “F100”), and (d) burning in a fast reactor for 200 

days (referred to as “F200”).  Waste composition is assumed and summarized in 

Table 2-1.  The performance benefit of waste transmutation was calculated by 
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comparing the potential health risk from the disposal of byproducts of each 

transmutation method with respect to that from the “no transmutation – natural decay 

only” case.  

Table 2-1 Composition of the representative fuel for transmutation 

Nuclide Composition 
by mass 

Nuclide Composition 
by mass 

Nuclide Composition 
by mass 

U235 0.004% Pu240 21.231% Cm243 0.002% 
U236 0.002% Pu241 3.870% Cm244 0.116% 
U238 0.423% Pu242 4.677% Cm245 0.013% 
Np237 4.313% Am241 9.184% Cm246 0.001% 
Pu238 1.236% Am241M 0.007%   
Pu239 53.901% Am243 1.021%   

 

ORIGEN2 [Ref 2-10] was used to simulate the changes in the isotopic inventory 

of the fuel (due to depletion, decay and generation of radionuclides) from neutron 

irradiation.  ORIGEN2 is a point-depletion and radioactivity-decay computer code 

that simulates the changes in nuclide composition and characteristics of materials.  

The methods employed in the study to assess the safety benefits of transmutation 

are described in the following sections.   

2.2.2 Environmental Impacts Metrics Comparison 

2.2.2.1 Mass Inventory Changes of Key Nuclides  

Examining mass inventory changes of key nuclides provides a simple picture of 

waste transmutation performance.  Results of fuel composition change due to 

transmutation by the assumed methods are shown in Figure 2-1.  The nuclides listed 

represent the top six dose contributors in the Department of Energy’s Total System 

Performance Assessment [Ref 2-11].  These six nuclides, however, may not 

represent the most important ones in PA in general.  
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As shown, the amount of 237Np, 234U and 239Pu decreased after irradiation in both 

a thermal and in the fast reactor system.  242Pu decreased following irradiation in a 

fast reactor but increased as a result of the irradiation in the thermal reactor.  At the 

same time, the amount of fission products began to build-up during the 

transmutation process.  The inventory change was mainly affected by the fission 

cross sections of the respective nuclides and the neutron flux levels in each system.  

mass inventory in different case
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Figure 2-1 Predicted changes in the inventory of key radionuclides after transmutation 

It is commonly argued that the harder, high-energy neutrons improve actinide 

burning because the fission cross section of the actinides is typically larger in a fast 

system.  But this is not always the case.  Reduction of 239Pu activity was larger with 

the thermal system as the fission cross section of 239Pu is about a factor of four 

higher in a thermal spectrum than in a fast spectrum.  The largest reduction of 237Np 
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activity was observed with the T200 method.  These observations indicated that it is 

difficult to see which method performed better overall based on the inventory 

changes.  As the mass inventory does not directly translate into health risk, the 

comparison is useful only for qualitative screening and points to the need for the 

development of a better comparison metric. 

2.2.2.2 Performance Assessment to Represent the Health Risk 
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Figure 2-2 Comparisons of transmutation methods and benefits using performance assessment  

Calculations using the TPA code were made using the built-in default parameter 

values that represent the conditions at the Yucca Mountain repository.  Results are 

shown in Figure 2-2.  The curves represent the mean values of projected human 

dose rate (based on 300 histories) at each simulation time step up to 100,000 years 

from the closure of the repository.  The results show that all four methods of 

transmutation provide some performance benefits in comparison to the case without 

transmutation.  The largest reduction in dose was calculated for the T200 method 
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(86% dose reduction), followed by F200 (58% dose reduction), F100 (21% dose 

reduction), and T100 (19% dose reduction).   Radionuclides that contributed most to 

the peak dose at the end of the simulation period (100,000 years) were 237Np, 129I, 

99Tc, 234U, and 230Th as shown in Table 2-2.   

Table 2-2 Results of TPA analysis as comparison of different transmutation methods 

 

2.2.2.3 Hazard Index (HI) 

The HI for water ingestion is the volume of water (m3) in which wastes would 

have to be diluted to meet standards for radionuclide concentrations in drinking 

water.  The HI is defined as, 

HIw = ∑(λiNi / Ciw) = ∑(Ai / Ciw) 

where, λi is the decay constant for ith element (s-1); Ni is the number of atoms for 

ith element; Ai is the activity of ith element (Bq); Ciw is the maximum permissible 

concentration of ith element in water (Bq/m3).  In the past, a large reduction in HI with 

waste transmutation based on the HI calculation, provided justifications for the 

development of research in waste transmutation [Ref 2-6].  



 

 27

Based on the use of HI, the performance of the four methods was compared 

(Figure 2-3).  As shown, the HI result without transmutation was the lowest between 

3,000 and 10,000 years among all the options indicating no benefit of transmutation.  

This does not agree with the results observed from PA (Figure 2-2).  Among the four 

burning options, the T200 method was the best although the performance difference 

between T200 and F200 was very small.  Ranking of the methods based on the HI 

(T200>F200>T100~F100) was similar to what was observed with PA (Figure 2-2 and 

Table 2-2).  The top nuclides dose contributors from the HI results are the actinides 

239Pu, 231Pa, 227Th, 227Ac, 242Pu, and 237Np.  The list is markedly different from the 

one identified from PA in Table 2-2.  This is not surprising as toxicity index does not 

consider the performance of waste package and repository. 
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Figure 2-3 Comparisons of transmutation methods and benefits using the HI method 

2.2.2.4 Number of ALI (Annual Limit on Intake) in the waste  

The number of ALI contained in the waste material can be calculated as,  

# of ALI = ∑(Ai / ALIi)   (yr) 
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where, Ai is the activity of ith element at time t (Bq) and; ALIi is the annual limit on 

intake for nuclide i (Bq per year) [Ref 2-59].  Results (Figure 2-4) based on this 

method were similar to what was observed with the HI method, including the top 

nuclide list.  

 

 

Figure 2-4 Comparisons of transmutation methods and benefits using the number of ALI method 

2.2.2.5 Integrated Radiological Toxic Potential  

The so-called “integrated radiological toxic potential” (IRTP) is the time integral of 

the volume of water required to dilute a unit volume (1 m3) of waste to a level at 

which it could be drunk by an individual member of the public without exceeding a 

current dose limit.  The IRTP is an approach proposed in a report by the European 

Commission [Ref 2-8] and expresses toxic potential of nuclear wastes based on the 

HI concept but can take account of the time delays in groundwater transport.  The 

IRTP is calculated as,  

IRTP = ∑
i

C. Ai. DPUIi . exp(- iλ tgw)/ iλ  (m3.y) 
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where, C is a numerical factor (identical for all radionuclides) derived from the 

annual individual intake of drinking water and the dose limit (m3Sv-1); Ai is the activity 

of the radionuclide i at time t (Bq); DPUIi is the dose per unit intake of the 

radionuclide i by ingestion (Sv/Bq); iλ  is the decay constant (1/y), and; tgw is the 

groundwater travel time (y).  

The comparison of the transmutation methods based on IRTP is shown in Figure 

2-5.  Ranking of the transmutation methods (T200>F200>T100~F100) was similar to 

that from the HI method.  The top nuclide list (237Np, 242Pu, 231Pa, 239Pu, 234U, 230Th) 

was again similar to that from the HI approach, thus was very different from the list 

from PA.  The benefit of transmutation was not shown by the method.    
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Figure 2-5 Comparison of transmutation methods and benefits using IRTP 

2.2.2.6 Integrated Toxic Potential  

A slightly different measure of integrated toxic potential (ITP) has recently been 

proposed [Ref 2-60].  It is based on International Council on Radiation Protection 

(ICRP) recommendations for radionuclide-specific ALI values for ingestion exposure, 
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the average annual water intake of ICRP reference man, the effective dose 

coefficient of each radionuclide, and the specific activity of each radionuclide 

considered.  ITP is calculated by using: 

∑∑∑ ×
=

×
==

i i

i

i
i

i

i

i
ii ALI

AAWIm
ALI

AWImITP αITP , 

Revised HI = ∫
T

ITPdt
0

 (m3yr) 

where, AWI is the average annual water intake of ICRP reference man (0.712 m3); 

iα  is the activity for a unit mass of each radionuclide i.; im  is mass of ith element at 

time t; Ai = Activity of ith element at time t (Bq); ALIi = Annual limit on intake for 

nuclide i (Bq per year), and; T is the time period of interest (year). 

Comparison of the transmutation methods based on the ITP approach is shown 

in Figure 2-6.  Ranking of the transmutation methods (T200>F200>T100~F100) was 

the same with other methods.  The top nuclide list (237Np, 231Pa, 239Pu, 242Pu, 230Th, 

234U) was similar to that from the HI or IRTP approach, thus was very different from 

the TPA results.  The benefit of transmutation was not shown by the method.  
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Figure 2-6 Comparisons of transmutation methods and benefits using the ITP 
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2.2.3 Summary Observation from the Evaluation of Existing Methods 

As shown, these Toxicity Index methods did not show consistent results with PA 

result for the performance benefits of waste transmutation.  And mass inventory or 

toxicity index does not take into account the performance of waste package and 

repository.  If the waste packages were constructed to maintain their integrity over 

the life of the repository, then the radiotoxicity of the waste would not be an issue.  

2.3 A New Simplified PA Model 

In this study, a new simplified PA model was developed which consisted of four 

main parts: source term model, unsaturated zone transport model, saturated zone 

transport model, and dose analysis model.  Monte Carlo uncertainty analysis 

capability was also provided to the computer model.  Water infiltration into the waste 

region was assumed to be at steady state.  

2.3.1 Source term model 

Source term model is adopted from sub-model in TPA code [Ref 2-57, Ref 2-58].  

It includes models to represent processes (i.e. thermal, chemical environment, 

humid-air and aqueous corrosion) that govern the failure of waste packages and the 

release of radionuclides from the engineered barrier system.  The conduction-only 

thermal model predicts the temperature distribution and relative humidity (RH) as a 

function of time and position within the EBS.  The near-field environment model 

provides chemical environment as a function of time in the immediate neighborhood 

of the waste package.  Chemical parameters of the groundwater including solution 

pH, oxygen fugacity, chloride and bicarbonate concentration, and dissolved silica are 
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taken into account.  To simulate the corrosion of waste package, dry-air oxidation 

model, humid-air and aqueous model are used at different RH.  The 

Conceptualization of engineered barrier system (EBS) is shown in Figure 2-7 [Ref 

2-57].  Water enters EBS and contacts with waste package and causes waste 

package to fail.  Radionuclide releases from the waste package and dissolves in the 

water and enters the near field with water.  Two processes are modeled: waste 

package degradation and radionuclide release from the EBS and represented as two 

modules: EBSFAIL (originally as part of EBSPAC code) [Ref 2-57] and EBSREL 

(derived from EBSPAC code) [Ref 2-58]. 

 

Figure 2-7 Conceptualization of the radionuclide release from waste packages emplaced in a 

horizontal drift 

EBSFAIL simulates the corrosion and mechanical failures of waste packages.  

Figure 2-12 [Ref 2-57] shows the flow of EBSFAIL to evaluate the WP failure.  Its 
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thermal model provides the temperature distribution and relative humidity (RH) as a 

function of time and position within the EBS.  Its environment model provides 

chemical environment as a function of time in the immediate neighborhood of the 

waste package.  Chemical parameters of the groundwater including solution pH, 

oxygen fugacity, chloride and bicarbonate concentration, and dissolved silica are 

taken into account.  Dry-air oxidation model, humid-air and aqueous model are used 

at different RH to simulate the corrosion of waste package.  Results from EBSFAIL 

become part of inputs for EBSREL module.  

 

Figure 2-8 Flow diagram models in EBSFAIL to evaluate the WP failures 

 
WP failure information from EBSFAIL and near-field chemistry, temperature, and 

liquid flow rate information from NFENV are inputs for EBSREL.  NFENV [Ref 2-12] 
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module calculates temperature, groundwater reflux and groundwater chemistry.  

EBSREL computes the release of radionuclides from a WP.  Only advective release 

from the WP is considered because its dominance.  There are two models for 

aqueous release of nuclides: the bathtub model and the flow-through model.  The 

difference is two holes are assumed as inlet and outlet for water in the bathtub 

model and water will not flow out until its level reaches the outflow position (defined 

by inputs), but in the flow-through model, the flow-out is assumed to be immediately 

equal to the flow in. 

When the water enters the WP after its failure, the overall mass balance model 

for the nuclide inventory in the water in a failed WP is [Ref 2-12]: 

dt
dmi = )(twli - )(twci - iim λ + 11 −− iim λ  

where:      im amount of ith radionuclide in the WP water at time t [mol] 

                )(twli  rate of transfer from the SF into the WP water through leaching 

of SF [mol/yr] (function of flow rate of water, composition of the water and the 

element solubility in the water) 

                 iλ  decay constant of ith radionuclide [1/yr] 

                 1−im  amount of i-1th radionuclide in the WP water at time t [mol]  

                 1−iλ  decay constant of i-1th radionuclide [1/yr] 

)(twci  rate of advective transfer out of the WP [mol/yr] 

)(twci = )(tCi )(tqout  
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where: )(tCi  concentration of ith radionuclide in the WP water [mol/m3] 

(mass im divided by volume of water in the WP)  

            )(tqout  water leaving the WP at time t [m3/yr] (in flow-through 

model, the flow out of a WP is equal to the flow in all times.) 

The failure time of the waste package and the release rate from the engineered 

barrier system to the unsaturated zone of each nuclide )(tqc  [Ci/yr] are outputted 

from this model and used as input for unsaturated zone model. 

2.3.2 Unsaturated Zone Model 

The unsaturated zone is assumed to be a homogeneous, isotropic, porous media 

with constant, unidirectional flow in the vertical (downward) direction.  The 

contaminant transit time in the unsaturated zone is: 

aT  = du
u

u R
U
X               [yr] 

uX = the distance from the base of the source volume to the top of the aquifer [m] 

uU = the unsaturated pore velocity   [m/yr] 

uU = 
u

P
θ

 

P = the net water percolation rate [m/yr] 

uθ = effective porosity in the unsaturated zone 

duR  = the retardation factor in the unsaturated zone 

Release rate from unsaturated zone to saturated zone: 

)(tqa  = adTe λ−  )(tqc        [Ci/yr] 
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2.3.3 Saturated Zone Transport Model 

The transport in the saturated zone was modeled based on a 2D analytic solution 

[Ref 2-61] to the advection dispersion equation.  The advection-dispersion mass 

balance equation that describes contaminant transport is: 

C
z
CD

y
CD

x
CD

x
CU

t
C

zyx λ−
∂
∂

+
∂
∂

+
∂
∂

=
∂
∂

+
∂
∂

2

2

2

2

2

2

 

In the case of instantaneous release of mass, q [Ci], at t=0 at the surface of the 

source area and initial concentration of zero everywhere in the domain, the solution 

to this equation becomes: 
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where: lumedilutionvo  = the water pumping out from the well every year [m^3] 

                              erf = the error function 

                              Dx = Lα U dispersion coefficient at x direction         [m^2/yr] 

                              Dy = Tα U dispersion coefficient at y direction  [m^2/yr] 

                              Lα  = the longitudinal dispersivity    [m] 

                   Tα  = the transverse dispersivity      [m] 

                     U = groundwater velocity [m/yr] 
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For an arbitrary release: 

),,( tyxClongterm = ∫ −
t

dqtyxC
0

)(),,( τττ  

2.3.4 Human Exposure/Dose Model 

Human exposure to radionuclides was modeled by considering the consumption 

of the drinking of contaminated groundwater from a well at 20 km down gradient 

from the repository.  In EPRI’s 1996 report [Ref 2-27] table 8-2, top three exposure 

pathways contributing to peak total dose for different nuclides are listed.  For 237Np, 

drinking water pathway contributes 21.1%, for 129I, this number is 15.3%, 99Tc 5.4%, 

and 238U 11.6%.  Considering the importance of 237Np to total dose, it is assumed 

that the dose from drinking water is 20% of total dose from all pathways in this study.  

The drinking water dose can be calculated as follows: 

DoseDW =  Usage ×  ∑ ×−××
i

TpiDcfiCi )exp( λ /1000 [rem/yr] 

Usage = a usage factor that specifies the exposure time or intake rate 

for an individual of age group associated with pathway               

[m^3/yr] 

Ci        = the concentration of nuclide i in groundwater      [pCi/m^3] 

Dcfi     = the dose factor of radionuclide i                           [mrem/pCi] 

iλ   = the decay constant                                                [1/yr] 

Tp  = the average transit time required for nuclides to reach the point 

of exposure                                                              [yr]  
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2.3.5 Health Risk Index Model 

Development of a performance index to represent human health risk from waste 

disposal from a given fuel cycle strategy was performed in two steps.  First, the 

human dose from the disposal of residual nuclear materials was projected by using a 

simplified PA model which was developed in the study.  Secondly, the results 

obtained from the PA as a time-dependent dose history were converted to a 

cumulative health risk by integrating the projected dose curve and performing a 

dose-to-risk conversion.  

The BEIR V relative risk models were used to estimate the cancer risk from the 

radiation exposure due to the repository waste [Ref 2-35].  The Relative 

(Multiplicative) Risk Model [Ref 2-34] is: 

),,,( 0 saaDε = ),,,(),( 00 saaDRsa ×ε  

where: ),(0 saε  is the natural incidence or mortality in year a, which is given in 

table. 

            ),,,( 0 saaDR  is the relative risk 

             a0 is the starting year of exposure 

             a is the ending year of exposure 

             s is sex  

             D is total dose received from year a0 to a in Gy 

The relative risk may be expressed in this form: 

),,,( 0 saaDR = 2
00 ),,(),,( DsaaDsaa βα +  

The BEIR-V committee has developed relative mortality risks in terms of the year 

t after exposure for different cancer types including leukemia, respiratory cancer, 
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breast cancer (female only), digestive cancer and all other cancers [Ref 2-34, Ref 

2-35]. 

For leukemia: 

),,( 0 taDR = (0.243D+0.271D2) e ),( 0 taγ  

γ =4.885,             t ≤15, 0a ≤20 

γ =2.380,       15< t ≤25, 0a ≤20 

γ =2.367,             t ≤25, 0a >20 

γ =1.638,       25< t ≤30, 0a >20 

For respiratory cancer, risk is zero during a 10 years latent period, after that: 

),,,( 0 staDR = ))20/ln(437.1(636.0 γ+− tDe  

γ  =0 for the male and 0.711 for the female 

For breast cancer (female only), risk is zero during a 10 years latent period, after 

that: 

),,( 0 taDR = ))20()20/(ln212.2)20/ln(104.0( 21220.1 −−−− tttDe γγ  

1γ =1.385, 0a <15, or 1γ =0, 0a ≥15 

2γ =0, 0a <15, or 2γ =0.0628, 0a ≥15 

For digestive cancer, risk is zero during a 10 years latent period, after that: 

),,,( 0 staDR = )( 21809.0 γγ −De  

1γ =0 for males or 0.553 for females 

2γ =0, 0a ≤25, or 2γ =0.198( 0a -25), 25< 0a ≤35, or 2γ =1.98, 0a >35 

For all other cancers, risk is zero during a 10 years latent period, after that: 
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),,( 0 taDR = )(220.1 γ−De  

γ  =0, 0a ≤10 or γ  =0.0464( 0a -10), 0a >10 

The lifetime cancer risk for a person who receives dose D at age 0a [Ref 2-34]: 

),( 0 DaU =∑
a aN

aN
)(
)(

0

),,()( 00 aaDRaε  

where ),( 0 DaU  is the probability that this person will have cancer fatality at some 

future time in his natural life expectancy.  The summation is over the years beyond 

the age time receives the dose.  N(a) is natural cancer fatalities at age a per 100,000 

per year and is function of age at death, sex and cancer type [table 3.7 at p. 149 in 

Ref 2-34]. 

Using these relative cancer risk models, tables of natural cancer mortality [table 

3.7 at p. 149 in Ref 2-34], and life table with population characteristic of the United 

States [table 3.10 at p. 152 in Ref 2-34], the average cancer risk from exposed 

population was calculated.  Assuming the whole population receives the same 

amount of dose (1 Gy), the expected fatality over 100,000 years during lifetime is 

4636.  It means a fatality risk of 0.046 per Gy.  This number was used as an overall 

cancer risk factor.  Quality factor of low Linear Energy Transfer (LET) was used in 

this study.  

It was assumed that for an exposed individual, the exposure to radiation occurs 

throughout the lifetime of the person at a constant level.  In this study, the resulting 

cumulative health risk index is normalized against a reference fuel cycle (e.g., LWR-

once through fuel cycle) for comparative analysis. 
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),( 21 tttotalrisk∑  

= ∫ ••
2

1

)()(
t

t

dtttFactoreAdjustmenValueofLiftDoseRatetorcerRiskFacOverallCan  

Where: 

Overall Cancer Risk Factor = 5.0×10-4 per rem 

1t , 2t  are the start and end time of interest period.  1t =0 and 2t =100,000 years in 

this study 

)DoseRate(t is total dose rate due to the release of nuclear waste [rem/yr] 

Value of Life Adjustment Factor (t) = Adjustment for the relative changes in value 

of human life as a function of time, if the adjustment is needed for future generations 

(This factor is assumed to be one in this study). 

A health risk performance number for a fuel cycle is defined as the ratio of total 

cumulative health risk from the fuel cycle to the base case fuel cycle risk (spent fuel 

direct disposal). 

2.4 Repository Capacity Impact Model 

 

 

Figure 2-9 Repository layout 
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Figure 2-10 Mountain-scale heat-transfer model with line sources 

In this study, the repository-horizon average rock temperature was computed 

using an analytic conduction model for mountain-scale heat transfer [Ref 2-12].  The 

modeled repository region has line sources laid out parallel to each other to cover 

the proposed repository (Figure 2-9).  Each line source is at a depth of H below the 

ground surface and is represented as a high aspect-ratio rectangular element with a 

length of 2L and width of 2B (the drift diameter) (Figure 2-10).  The temperature 

increase in the semi-infinite medium is the sum of contributions from each line 

source.  The general solution for the temperature increase at any point in space and 

time is given as: 
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where: ),,,( tzyxT∆   is the increase in temperature at time t at point(x,y,z) in the 

semi-infinite medium due to one line source [°C]; )(" tqrep  is the time-dependent 

repository heat flux [W/m2]; α is the thermal diffusivity of the semi-infinite medium 

[m2/s]; k is the thermal conductivity of the semi-infinite medium [W/(m-°C)]; L is the 

half-length of a line source [m]; B is the half-width of a line source [m]; H is the depth 

of a line source below the ground surface [m]; t is the actual time after the activation 

of the heat flux [s]; and x,y,z are the locations of interest  [m].  

In this model, the ground surface is assumed to be at a constant temperature.  

The repository-scale heat flux is related to the areal mass loading (AML) and the 

heat output per MTU of waste as following:  

)(" tqrep =AML Qmtu(t)  

Likewise, the thermal output for a single WP is related to the WP payload: 

Qwp(t)= MTUwp Qmtu(t) 

where, AML is areal mass loading for the area occupied by the drifts [MTU/m2]; 

MTUwp is the metric tons of uranium in a representative WP; Qmtu(t) is the time-

dependent heat output per MTU of waste [W/MTU] 

2.5 An Integrate Repository Impact Model 

In this study, an integrated repository impact model was developed by coupling 

the thermal analysis model and the simplified PA model.  
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Figure 2-11 Spatial temperature distribution 

Calculation for the integrative repository impact assessment proceeds as 

following:  For a given fuel loading density per waste package (WP), the external 

gamma dose to the wall is calculated.  From this, the rock-wall temperature and the 

rock temperature at the midway between drifts are estimated.  If the estimated drift 

wall temperature and midway temperature are lower than the limit, the fuel loading 

density per WP is increased and rock temperatures are recalculated.  This continues 

until the maximum temperature limit is reached.  Based on the maximum fuel loading 

density per WP, the corresponding spent fuel loading capacity is estimated for the 

repository.  The maximum spent fuel loading capacity for the repository was 

estimated based on the maximum drift wall temperature limit and maximum midway 
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temperature [Ref 2-62].  Then by using the total waste inventory for the repository, 

waste package failure, release of radionuclides and post-closure human dose history 

are projected.  Time-dependent projected dose rate is converted into a risk-based 

health index.  All of these calculations were integrated and coordinated in a 

computer code by using a master and slave module interactions.  For a full loaded 

repository, two representative points are chosen for warmest drift wall point and 

midway point by investigating spatial temperature distribution over the whole 

repository.  The Figure 2-11 shows a typical spatial temperature distribution at 

certain loading condition.  It can be observed that the temperature in the central part 

of the repository does not change much.  The temperature at two representative 

points (one is on drift wall, the other one is at the midway between two drifts) are 

used to supervise the temperature changing with loading change.  Figure 2-12 

shows the flow chart of the calculations. 

A computer model was developed in this study to efficiently evaluate repository 

impact for a given fuel cycle strategy with respect to maximum repository loading 

capacity in accordance with temperature limits and projected health risk to humans. 
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Figure 2-12 Flowchart of calculations for the integrated repository impact analysis 

2.6 Test Case Analysis for Repository Impact 

 By applying the integrated repository impact model, two different fuel cycle 

scenarios were analyzed and compared as a test case.  These two fuel cycles were 

the PWR once-through fuel cycle and the DUPIC (Direct Use of Spent PWR Fuel in 

CANDU reactors) fuel cycle. 

The ORIGEN2.2 code [Ref 2-10] was used to simulate the mass and isotope 

inventory and their decay heat rates of the spent fuels from the two fuel cycle 
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scenarios.  PWR once-through scenario was based on the use of 3.2% enriched 

UO2 fuel burned up to 33,000 MWD/MTHM.  The spent fuel is disposed of after 26 

years of cooling period.  In the DUPIC scenario, the spent fuel from the PWR once-

through scenario was refabricated into a CANDU fuel after 10 years of cooling.  The 

fuel is subsequently burned in a CANDU reactor up to 7500 MWD/MTHM and then 

disposed of after another 26 years of cooling. 

The thermal analysis performed in this study was based on the revised repository 

design as specified in the License Application Design Selection (LADS) [Ref 2-63].  

The LADS is characterized as a low thermal impact design which includes thermal 

blending of spent nuclear fuel assemblies, closer spacing of the waste packages, 

wider spacing of the waste emplacement tunnels (drifts), and preclosure ventilation.  

The maximum repository loading capacity was sought after within the given thermal 

design limit after assuming that the spacing between drifts and WP was fixed to be 

constant as specified in the EDA II (enhanced design alternatives II) of LADS [Ref 

2-63].  

The results of time-dependent temperature history at the two representative 

points for the two cases are shown in Figure 2-13 and Figure 2-14.  From the 

figures, we can see the repository capacity is limited by the temperature limit (96°C) 

at midway between drifts in both scenarios.  The peak temperature appears at 

around 80 years for temperature at driftwall and around 500-800 years for 

temperature at midway between drifts after disposal. 
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Figure 2-13 Temperature history at highest temperature point for LWR 
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Figure 2-14 Temperature history at highest temperature point for DUPIC 

These results are in good agreement with the results obtained from Argonne 

National Laboratory (Figure 2-15) [Ref 2-64].  Their results show that the maximum 
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loading is limited by the temperature limit at the midway between drifts for PWR SNF 

which contains Pu and Am actinides.  The peak temperature at midway shows up at 

around 1000-2000 years after disposal.  The peak temperature at drift wall appears 

at around 25 years after the airflow turned off. 

 

Figure 2-15 Temperature history result for PWR SNF 

Table 2-3 Comparison of TPA and SPA results 

  PWR DUPIC 
Ratio 

(DUPIC/PWR) 
Peak Dose Rate (rem/yr) [TPA] 7.24E-02 9.54E-02 1.32 
Peak Dose Rate (rem/yr) [SPA] 2.48E-02 3.03E-02 1.23 
Accumulated Dose (rem) [TPA] 1.85E+02 2.29E+02 1.23 
Accumulated Dose (rem) [SPA] 4.36E+01 5.35E+01 1.23 

 

Environmental impacts from the repository of fixed loading (assumed 70,000 

MTHM) for PWR SNF and DUPIC SNF were analyzed by using TPA4.1 code [Ref 

2-12] and the new Simplified Performance Assessment (SPA) model.  The results 
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are shown in Table 2-3.  Both peak dose and accumulated dose in 100,000 years 

were calculated and listed.  The estimated ratios of peak dose rate and accumulated 

dose between the DUPIC SNF case and the PWR SNF case indicate that that the 

predictions from new SPA model are in good agreement with those from TPA.  
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3 Proliferation Resistance 

Any nuclear reactor system that produces/handles fissile nuclear materials is 

potentially vulnerable to diversion or misuse of the fissile materials.  At the same 

time, depending upon the technological effort or the degree of complexity required 

for any diversion/misuse attempts, proliferation resistance of a particular nuclear 

system can differ.  Since proliferation resistance is as an important aspect of civilian 

nuclear power systems as cost, safety and environment impacts, a quantitative 

assessment is necessary to compare different nuclear fuel cycle options for AFC 

development.  In this chapter, development of a new method of quantifying 

proliferation resistance based on a fuzzy logic and TOPS barrier concept is 

described. 

3.1 Introduction and Literature Reviews 

The concern over the connection between the worldwide spread of nuclear 

power and nuclear weapons proliferation rose up in 1970’s, especially after the so 

called “peaceful nuclear explosion” in India on May 18, 1974.  This concern was 

expressed by former US President Carter in his April 1977 decision to defer 

commercial reprocessing and the breeder reactor [Ref 3-2].  And he initiated the 

International Nuclear Fuel Cycle Evaluation (INFCE) program [Ref 3-3] and the U.S. 

Nonproliferation Alternative System Assessment Program (NASAP) [Ref 3-4] to 

evaluate alternative nuclear fuel cycles.  Over 50 countries were involved in the 

INFCE project and after two years of deliberation, the study concluded that the 

connection between civilian nuclear power and weapons proliferation is a problem 
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that technology can not handle alone.  However, the NASAP, the study parallel to 

INFCE, concluded that the once-through fuel cycle is the most resistant fuel cycle.  

At 1978, Harold A. Feiveson reviewed studies on the proliferation resistance of 

nuclear fuel cycle and concluded that it was generally agreed that no fuel cycle can 

be completely proof against diversion of fissile materials for use in weapons [Ref 

3-5].  These studies also identified the need for the development of quantitative 

methods to assess proliferation resistance of a nuclear fuel cycle.  

Based on the principles of multi-attribute decision analysis, MIT Energy Lab 

developed a quantitative methodology for proliferation resistance assessment [Ref 

3-6, Ref 3-7].  Five attributes were defined to express the proliferation resistance of 

a given system for a given country with a given nuclear-weapons aspiration.  The 

least resistance of a pathways among many choices is considered to constitute the 

resistance of the system for the given country-aspiration combination.  Multi-attribute 

decision analysis was also used by Heising, et al., to address proliferation risk of 

nuclear energy systems [Ref 3-8, Ref 3-9].  Value functions were defined to derive a 

quantitative indicator of the relative diversion resistance of a fuel cycle.  The 

dimensionless numerical indicators can be calculated from the value functions and 

are multiplied by importance weighting factors and summed over all attributes to 

obtain one single indicator for each fuel cycle.  The weighting factors reflect expert 

opinions.  In Silvennoinen and Vira’s work [Ref 3-10, Ref 3-12], the proliferation risk 

is defined as a combined utility of the different fuel cycle processes or materials for 

the proscribed acquisition of a nuclear weapon.  Based on a set of selected 

weighted criteria, the process utilities are calculated employing two schemes: utility 
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functions or fuzzy expectation values.  The techniques of pair-wise comparisons as 

proposed by Saaty have been used to assigning weighting factors.  The order of the 

utility values for different processes is not sensitive to the scaling of the weights.  

Ahmed and Husseiny developed a quantitative decision model based on MAU 

theory to arrive at the relative ranking of 14 important proliferation routes [Ref 3-13].  

The proliferation resistance index was also modeled in the imitation of an electrical 

circuit and linked with multi-attribute utility theory to quantify the proliferation 

resistance of nuclear fuel cycles [Ref 3-15].  A fuel cycle is modeled as an electrical 

circuit and for each facility in the fuel cycle; an equivalent resistance is generated to 

represent the proliferation resistance.  Both political issues and technical issues 

relevant to the proliferation resistance can be included.  All facilities and activities in 

a nuclear fuel cycle from mining to disposal can be considered.  The motivations of 

the potential proliferators are represented as the electromotive force V.   

Krakowski [Ref 3-16, Ref 3-17] used pair-wise comparison method combined 

together with the multi-attribute utility approach to generate proliferation resistance 

metrics.  This method combines two earlier applications of multi-attribute utility 

analysis to quantify, on a subjective scale, the risks of nuclear weapons proliferation 

from the nuclear fuel cycle into a parametric algorithm.  

Application of fuzzy theory was explored to evaluate the efficiency of safeguards 

in 2002 [Ref 3-19].  Matsuoka, Nishiwaki, Ryjov and Belenki developed a simple 

logic tree to evaluate the safeguards effectiveness.  Fuzzy linguistic variables are 

used as inputs and fuzzy operation “and” and “or” are defined in their study.  It 
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demonstrates a useful application of fuzzy theory in the evaluation of integrated 

safeguards.  

A more refined MAU-based methodology was developed at the University of 

Texas in collaboration with Oak Ridge National Lab [Ref 3-20 - Ref 3-21].  The 

methodology is focused on the material moving through a fuel cycle instead of the 

facilities or processes.  The method tracks the proliferation resistance of a unit mass 

of material input into a fuel cycle all the way from its initial input through its eventual 

disposal.  

A comprehensive evaluation methodology has also been developed by the U.S. 

DOE through the PR&PP (proliferation resistance and physical protection) Working 

Group to assess PR&PP of Generation IV nuclear energy systems as recommended 

in the Generation IV Roadmap [Ref 3-22 - Ref 3-25].  The evaluation methodology 

[Ref 3-26, Ref 3-27] identifies the threats, relevant elements of the nuclear power 

system and targets.  PR&PP measures are defined as high-level parameters to 

represent the   proliferation resistance and physical protection.  Pathways are 

identified for proliferation, theft or sabotage and are analyzed.  The resistance of the 

system to those pathways is determined and expressed in terms of PR&PP 

measures.  This methodology is under development and provides an intuitive, 

structured and comprehensive tool.  It is in need of data to support the application of 

this tool [Ref 3-28]. 

 These assessment methods can be categorized into two approaches: attribute 

analysis and scenario analysis.  Attribute analysis examines proliferation resistance 

of a reactor system, a commercial fuel cycle, or transportation of nuclear material by 
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identifying and examining various attributes related to potential fissile material 

diversion attempts.  The MAU approach belongs to this category.  MAU is an 

approach associated with the field of decision analysis.  Decision analysis enables 

complex problems to be systematically analyzed to obtain a solution; thus decision-

makers can make an educated decision between alternatives.  MAU analysis allows 

proliferation objectives and metrics to be weighted according to their degree of 

influence.  MAU enables diverse metrics to be integrated into a model to obtain a 

value for comparison.  The current MAU models only treat the technical aspect of 

the proliferation problem, but proliferation resistance of nuclear fuel cycle includes 

both intrinsic and extrinsic attributes and also heavy reliance on subjective 

judgments/expert opinions.  

In the scenario analysis approach, specific scenarios leading to proliferation are 

identified and modeled and typically proliferation risk is quantified.  Probabilistic risk 

analysis is a prime example of a scenario analysis.  A probabilistic approach is 

analogous to probabilistic risk assessments (PRAs), which have mainly been used 

for safety analyses.  In a probabilistic approach, causal relationships resulting in an 

undesirable outcome are identified in the form of event trees, which are then used to 

determine the risk of a postulated event.  This allows identification of key risk 

contributors in the event tree; yet it does not readily allow comparison between 

alternatives.  Also it suffers the lack of data regarding probabilities of events leading 

to proliferation makes assigning probabilities to each node of the event tree difficult.  

The approach can apply to actions or activities not necessarily part of a physical 

nuclear complex.  Attribute analysis is quite useful when details of design 
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information are not available (i.e., at a conceptual design stage), whereas scenario 

analysis is most useful when detailed design information is available.  If the purpose 

of the assessment is for comparison of relative merits of conceptual design 

alternatives (for fuel cycle or a reactor system), using attribute analysis to examine 

proliferation resistance would be a preferred method of analysis.   

The barrier framework (BF) [Ref 3-29, Ref 3-30] developed by the TOPS 

(Technical Opportunities To Increase the Proliferation Resistance of Global Civilian 

Nuclear Power Systems) task force of the Nuclear Energy Research Advisory 

Committee (NERAC) of the Department of Energy is a key example of attribute 

analysis.  The TOPS approach provides a very comprehensive framework, 

supported by an extensive list of the basic metrics (both intrinsic and extrinsic) 

related to proliferation assessments.  But due to the qualitative nature of the 

assessment, the method is not amenable to quantitative analysis.  Also, due to the 

subjective nature of assessment, the method is subject to large uncertainty. 

Application of the theory of fuzzy sets and possibility to the BF appears 

meritorious in this regard.  The fuzzy logic approach is particularly well suited for 

representing information that is vague, imprecise, and uncertain.  Fuzzy logic was 

first introduced in the early 1960’s [Ref 3-36] and was not accepted initially by the 

U.S. scientific community.  In 1970’s, fuzzy logic was first applied in control 

engineering in Europe, and later in 1980’s; Japanese researchers adopted fuzzy 

logic and further developed it.  With the broad applications of fuzzy logic in Europe 

and Japan, the U.S. community recently started to take a serious look at the method.   
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The specific objective of the research described in this chapter is to develop a 

comprehensive proliferation resistance assessment method by applying fuzzy 

number and rendering Barrier Framework (BF) from TOPS to a quantitative tool.  

The method, as is based on the TOPS BF, is comprehensive in covering 

proliferation barriers associated with a reactor system.  The method is capable of 

describing the effect of time-varying inventories of materials to be processed.  The 

method allows direct interpretation of the numbers in terms of the qualitative 

effectiveness of the proliferation barrier of the system, as characterized in the TOPS 

report [Ref 3-29, Ref 3-30].  

3.2 Fuzzy Logic and Fuzzy Number 

  Fuzzy number is a set of number and their membership function that shows 

how much the number is close to this set.  Normally a fuzzy number A can be 

expressed as: 

A = { ))(,( xx Aµ | x  is element of A, and )(xAµ shows how true the element x 

belongs to A, and 0≤ )(xAµ ≤1} 

  Fuzzy number can be used to represent regular human concept like “hot”, 

“cold”, “high” and “low”.  For example, we can define “hot” as a fuzzy number A = 

{ ))(,( xx Aµ | )(xAµ =1 when x >80F, )(xAµ =0 when x <70F, )(xAµ =(x-70)/10 when 

70F≤ x≤80F} where x is the F degree of temperature.  So if x=90, )(xAµ =1, and it 

means it is definitely “hot”.  And if x=60, )(xAµ =0, and it means it is definitely not 

“hot”.  And if x=75, )(xAµ =0.5, and it means it is half true to say it is “hot”. 
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3.3 Barrier Method 

In 1999, the U.S. Department of Energy (DOE) office of Nuclear Energy, 

Science, and Technology and DOE’s Nuclear Energy Research Advisory Committee 

(NERAC) established a special Task Force to identify near and long-term technical 

opportunities to increase the proliferation resistance of civilian nuclear power system 

(TOPS) and to recommend specific areas of research that should be pursued to 

further these goals.  As one of two methods considered by TOPS Task Force, the 

Barrier Framework (BF) is an attributes methodology that addresses both intrinsic 

(technical features) and extrinsic (institutional measures) aspects of fuel cycle 

system.  By applying the BF method and considering only technical features, 

Hassberger [Ref 3-37] studied ten systems (LWR-ONCE THROUGH (LWR-OT), 

LWR-OT with high burnup (LWR-OT-HB), LWR-OT with Homogeneously Mixed 

Thoria-Urania Fuel (LWR-OT-ThU), LWR-OT with a Heterogeneous Thorium Seed-

Blanket Core (LWR-OT-Th), LWR-MOX fuel cycle (LWR-MOX), Prismatic Fuel High-

Temperature Gas-Cooled Reactor (HTGR), Pebble-Bed Fuel High-Temperature 

Gas-Cooled Reactors (PBR), Small, Transportable, Autonomous Reactor (STAR), 

IRIS-MOX Fueled Concept (IRIS-MOX), IFR/PRISM/BREST Fuel Cycle) and he 

gave the results similar to Table 3-1 which is the result for LWR, one of the ten 

systems he studied.  “VH” means “Very High”, “I” means “Ineffective”, “M” means 

“Moderate”, “H” means “High”, and “L” means “Low”. 
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     Table 3-1 Barriers of once-through LWR cycle [Ref 3-37] 
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3.4 Fuzzy Logic Based Barrier Method 

 

Figure 3-1 Information process of fuzzy logic based barrier method 

The fuzzy logic applied barrier method is based on BF method.  Fuzzy logic is 

used to mimic the information process of experts when they use the BF method to 

assess the proliferation resistance of a system.  The information process can be 

shown in Figure 3-1.  For each stage of a system, the basic related physics 

information is collected and barrier level which is represented by a fuzzy number is 

generated by using defined barrier effectiveness function.  Barrier effectiveness 

function expresses the relationship between the basic physics information and 

barrier level (strength of proliferation resistance).  A system associates with several 

stages and each stage is evaluated based on 11 intrinsic barriers out of 14 total 

barriers in the TOPS report (which includes 3 extrinsic barriers).  For each barrier 

level of a barrier in one stage, there is one fuzzy number to express the strength of 

the barrier level.  By appropriately combining the fuzzy numbers for each barrier and 

fuel cycle stage, a fuzzy number for the fuel cycle system is calculated to represent 

the proliferation resistance of the system.  This fuzzy number can be used to extract 
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meaningful and quantifiable proliferation resistance of the system.   Important 

quantities to reflect proliferation resistance of a system were first selected.  

Secondly, barrier effectiveness functions were defined to mathematically link the 

important quantities to barrier level.  Then, for 15 different barrier levels, 15 fuzzy 

numbers are defined to represent the barrier levels quantitatively.  The fuzzy 

numbers for all barriers at all stages in a nuclear fuel cycle are further combined to 

generate one fuzzy number for the nuclear fuel cycle which can represent the 

proliferation resistance level for the fuel cycle.  Through defuzzification, the centroid 

value of a fuzzy number is defined to represent the proliferation resistance of a 

system. 

3.4.1 Determination of Quantities to Represent PR 

The barriers considered in the TOPS BF include material barrier characteristics 

(i.e., isotopic, chemical, radiological, mass and bulk, and detectability 

considerations) and technical barriers (i.e., facility unattractiveness, facility 

accessibility, available mass, diversion detectability, skills/expertise/knowledge 

required and time requirement).  Relative differences in the effectiveness of each 

barrier between different reactor systems or fuel cycle systems depend upon the 

system characteristics and the nature of the design (i.e., the time- and fuel cycle 

strategy-dependent isotopic mass balance).  The barrier effectiveness functions 

were developed to represent the characteristics of different reactor systems as a 

function of a system-dependent variable that is measurable or quantifiable.  This is 

described in the following. 
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 The isotopic barrier relates to the quality of the fissile material once available 

and indicates how difficult it would be to construct a weapon from this fissile 

material.  The quality of the fissile material depends on the fissile material isotopes, 

enrichment, impurities and the concentrations (especially even Pu isotopes for 

239Pu), and radiation level that would affect the assembly process of a nuclear 

device.  Presently the enrichment of fissile material, critical mass, spontaneous 

fission neutron (SFN) rate, gamma radiation rate and heat rate are used as 

indicators for the barrier.  Enrichment and critical mass directly affect how much 

materials are needed to make one successful nuclear device.  SFN, gamma rate 

and heat rate can affect the quality of the fissile material for weapon use.  High SFN 

and high gamma rate may cause the device difficult to control.  High heat rate may 

cause the explosive difficult to be assembled.  For a system that contains both 239Pu 

and 235U, an equivalent fissile value was used.   

The chemical barrier represents the extent and difficulty of chemically partitioning 

or separating the weapons-usable material(s) from the given materials.  The difficulty 

depends on how many processes are involved, how long the processes take, and 

what kinds of facilities are required.  The extent of these efforts can be summarized 

in terms of cost, which is used as a key attribute of the chemical barrier effect. 

The radiological barrier affects the ease of theft or diversion and complication of 

chemical processing.  The unshielded dose rate at one meter from the surface of the 

material is chosen to represent the effect of this barrier.   

For mass and bulk barrier, the concentration of fissile material and the size of the 

material involved are important attributes.  The higher the concentration, the lower 
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the barrier is.  The size also matters in terms of handling and/or ease of 

concealment.  The concentration of fissile materials is chosen as the key indicator, 

adjusted by the size effect when necessary (e.g., a very large size should be noted).   

For the detectability barrier, the extent of how difficult to track sensitive material 

is used as the indicator.  Currently, five different levels are assigned.  

The extent to which facilities, equipment, and processes are resistant to the 

production of weapon-usable materials is an important intrinsic barrier.  As the 

modification involves time and labor, the cost of modification is used as indicator for 

the facility unattractiveness barrier.   

The extent to which facilities and equipment inherently restrict access to fissile 

materials represents the facility accessibility barrier.  Facilities with a high degree of 

remote, autonomous processes and operations present a higher barrier than those 

with more hands-on operations.  Reactors with on-line refueling (especially those 

involving manual fuel-handling) have a lower barrier as the fissile materials can 

easily be accessed by the operator than those requiring special procedures 

designed for un-refueled operations throughout their lifetime.  Time available for 

possible assess during one year of operation is used to indicate the effect of facility 

accessibility barrier.  

The “available mass” barrier shows how much fissile material is in the facility.  

The amount of fissile material in the facility in terms of total number of critical mass 

is used as an indicator for this barrier.  

Diversion detectability is a measure of the extent to which diversion or theft of 

materials from processes and facilities can be detected.  The ability and efficiency of 
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accounting system will be important for this barrier.  The uncertainty of the 

accounting system in terms of the lower limit of accounting capability can show the 

strength of this barrier.  

Skills, Expertise, and Knowledge barrier is similar to the facility unattractiveness 

barrier and the time needed to modify the skills and apply them to a weapon 

programs is used as an indicator for the barrier.   

The amount of time available for a potential proliferator to access the fissile 

materials is an important element in determining the overall effectiveness of the 

barriers to proliferation.  The residence time of the fissile material in a given system 

is used as an indicator for the barrier. 

Table 3-2: Indicators used for each intrinsic/technical barrier 

Barrier Proposed Quantities 

Bare sphere Critical Mass(CM) (kg)     

Equivalent Enrichment (%) (233U, 235U, 239Pu) 

Spontaneous neutron generation rate (n/sec/kg) 

Heat generation rate   (W/kg) 

Isotopic barrier 

Gamma Radiation (MeV/sec/kg) 
Chemical Barrier Cost to extract the fissile materials ($/Kg) 
Radiological Barrier Dose rate at 1-meter distance (mrem/hr/kg) 
Mass and Bulk Barrier Concentration of fissile material (# of CM/kg) 
Detectability Barrier Detectability levels 
Facility Unattractiveness Modification time needed to produce 1 CM in a year   (weeks) 
Facility Accessibility Frequency of possible access to facility ( days/yr) 
Available Mass Available fissile materials (# of CM) 
Diversion Detectability Uncertainty of measurement(# of CM/yr) 
Skills, Expertise, and 
Knowledge 

Time needed to modify the skills and apply it to weapons 
programs (yr) 

Time Time of residence of the materials of interest (yr) 
The important quantities for all barriers are summarized in Table 3-2.  To 

calculate bare sphere critical mass, two group of fissile material have to be treated in 
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different ways: U based and Pu isotopes and other actinides based.  It can be seen 

in the Table 3-3 that Pu isotopes and other actinides have much higher spontaneous 

fission neutron rate and heat generation rate than 235U.  Table 3-4 shows the 

assumed isotopic composition of three types of materials. 

Table 3-3 Nuclear properties of fissile and fertile nuclear materials [Ref 3-30] 
Isotope  Half-life (y) Neutrons/ sec-kg Watts/kg Bare Sphere Critical Mass (kg) 

231Pa  3.28E+04 nil  1.3 162 
232Th  1.41E+10 nil  nil  infinite 
233 U  1.59E+05 1.23 0.281 16.4 
235 U  7.00E+08 0.364 6.00E-05 47.9 
238U  4.50E+09 0.11 8.00E-06 infinite 

237Np  2.10E+06 0.139 0.021 59 
238Pu  88 2.67E+06 560 10 
239Pu  2.40E+04 21.8 2 10.2 
240Pu  6.54E+03 1.03E+06 7 36.8 
241Pu  14.7 49.3 6.4 12.9 
242 Pu  3.76E+05 1.73E+06 0.12 89 
241Am  433 1540 115 57 
243Am  7.38E+03 900 6.4 155 
244Cm  18.1 1.10E+10 2.80E+03 28 
245Cm  8.50E+03 1.47E+05 5.7 13 
246Cm  4.70E+03 9.00E+09 10 84 
247 Bk  1.40E+03 nil  36 10 
251Cf  898 nil  56 9 

 

Table 3-4 Composition of 239Pu based fissile materials 

 In Percentage 239Pu 240Pu 241Pu 242Pu 238Pu 
Super grade 96 3 1 0 0 
Weapons grade 91 6 2 1 0 
Reactor grade 51 28 14 5 2 

 

Origen2.2 [Ref 3-34] is used to calculate spontaneous neutron rate, decay heat 

rate and gamma radiation from the selected materials:  weapon grade U, super 

grade Pu, weapon grade Pu, and reactor grade Pu.  MCNP4C2 [Ref 3-35] is used to 

calculate critical mass of all materials.  As shown in Table 3-5, CM of 239Pu based 

material is very smaller compared with 235U based material, but the spontaneous 
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fission neutron generation rate, heat generation rate and gamma rate is much 

higher.  It is complex to use Origen2.2 and MCNP to obtain SFN rate, heat rate, 

gamma rate and CM.  To simplify the calculation, SFN, Heat and Radiation are 

calculated by using simple equation instead of ORIGEN2.2 in this study: 

SFN = ∑
i

ii SFNw  

Heat = ∑
i

ii Heatw  

Radiation = ∑
i

ii Radiationw  

Where, wi is mass fraction of isotope i in the material, SFNi, Heati, Radiationi are 

SFN, Heat and Radiation from unit mass material i.  Isotopes in Table 3-3 are 

considered.  The rationality of this simplification is based on the fact that self-

shielding effect is ignored in the ORIGEN2.2 calculation.  The results are compared 

in the following figures.  The results based on simplified equations for the materials 

in Table 3-5 are compared with results from ORIGEN2.2 (Figure 3-2-Figure 3-4).  

Mat.  #s in Figure 3-2-Figure 3-4 mean the mat.  # of material in Table 3-5.  The 

figures show very good match. 

Table 3-5 Quality of different fissile materials 

Mat.# Material 
SFN 

(neutron/sec/kg) Heat (W/kg)
Gamma rate 
(MeV/s/kg) 

Critical Mass 
(Kg) 

1 weapon grade U (80% 235U) 1.55E+00 4.62E-05 9.93E+00 69.27 
2 Super grade Pu 2.73E+04 2.09E+00 1.91E+03 10.36 
3 Weapons grade Pu 7.15E+04 2.24E+00 2.38E+03 10.76 
4 Reactor grade Pu 3.92E+05 1.48E+01 2.66E+04 14.22 
5 U with  235U enrichment 50% 6.52E+00 3.26E-05 6.21E+00 153.59 
6 U with  235U enrichment 35% 8.37E+00 2.54E-05 4.35E+00 283.74 
7 U with  235U enrichment 20% 1.02E+01 1.82E-05 2.49E+00 766.37 
8 U with  235U enrichment 1% 1.26E+01 9.01E-06 1.39E-01 9999.00 
9 U with  235U enrichment 0.72% 1.26E+01 8.88E-06 1.04E-01 9999.00 
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comparison of results from ORIGEN2.2 and Simplified Method
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Figure 3-2 SFN rate comparison 
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Figure 3-3 Heat rate comparison 
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comparison of results from ORIGEN2.2 and Simplified Method
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Figure 3-4 Gamma rate comparison 

For critical mass, notice that two group of fissile material, U and actinides, the 

CM of mixture of actinides is always very small (most likely around 10 to 15).  This is 

easily understandable, because most of the actinides have very small CM.  But the 

story is very different for U.  U, with varying fractions of 235U, has very different CM 

from 70 to more than 700.  When the CM is considered for the proliferation problem, 

the different effect for CM in the range of 10-20 kgs is small.  But there is big 

difference for U material. 

Based on previous analysis, a simplified method is proposed to calculate the CM 

of fissile material.  If the fissile material is actinides based, the CM is always very 

small, the barrier level is always I- (ineffective minus), and there is no need to 

calculate the CM value.  If the fissile material is U based, the CM can be calculated 
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by a simple proposed formula, the formula is obtained by fitting the CM calculation 

results from MCNP for different fraction 235U: 

 )824.1*(*)235(*69.41 −= ofUEnrichmentCM  

Table 3-6 CM calculation comparison 

enrich.  Of U235 Critical Mass (Kg) [MCNP] calculated CM (kg) [Simple formula] 
1 46.78 41.69 

0.9 49.89 50.52 
0.8 69.27 62.63 
0.7 77.45 79.90 
0.6 99.93 105.85 
0.5 153.59 147.61 
0.4 199.19 221.76 
0.35 283.74 282.91 
0.3 326.98 374.77 
0.2 766.37 785.15 
0.15 1217.27 1326.91 
0.1 3385.97 2779.92 
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Figure 3-5 CM comparison 
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The differences of these two methods are shown in Figure 3-5 and Table 3-6.  

The variance can be observed but it is minor considering the vagueness of the 

effectiveness function. 

Equivalent Enrichment is calculated based on fraction of 233U, 235U and 239Pu.  

For U based material, it is assumed 12% enriched 233U is “critically equivalent” to 

20% 235U (in mixture with 238U) [Ref 3-30], then: 

Equivalent Enrich.  = 1.67 Enrichment of 233U + Enrichment of 235U 

For Pu based material, as 35-50% enriched 235U is treated as the same level as 

reactor grade Pu (~40% 239Pu) in TOPS, and assume 70% enriched  235U is the 

same effective for weapon use as Pu with 93%  239Pu, an assumed formula is setup 

to calculate the equivalent enrichment: 

Equivalent Enrich.  = (percentage of 239Pu in Pu- 40) ×0.44 + 40) 

Concentration of fissile material is defined as concentration by mass (stage 

weight) divided by CM.  Calculation of stage weight is shown in Table 3-20. 

Dose rate at 1-meter to the surface can be obtained by using the MicroShield 

code [Ref 3-38]. 

Cost to extract the fissile materials is assigned by referred information from 

references.  In this study, Ref 5-2 is used as main source for separation cost. 

Concentration of fissile materials and available fissile materials can be calculated 

based on mass inventory from reactor simulation and critical mass.   

Five levels can be assigned to detectability levels according the definition of the 

levels (Table 3-11) and system characteristics. 
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Uncertainty of measurement, time needed to modify the skills and stay time of 

materials are assumed in this study.  The values of these quantities can be assigned 

by experts. 

3.4.2 Barrier Effectiveness Function 

 

Figure 3-6 Barrier effectiveness function sample 

For each variable and related barrier, a barrier effectiveness function was 

defined.  The nature of the problem of quantifying proliferation resistance is still 

perceived to be uncertain and subjective.  Instead of trying to define a clear 

relationship, a fuzzy relationship was setup to capture understanding of the 

relationship of a variable and its barrier.  For certain values of each variable, a 

barrier level was defined to represent the barrier effectiveness.  Step functions are 

used to show these relationships quantitatively.   The concept is described in the 

following example (see Figure 3-6). 

For an indicator or a quantity q, the range is from 0 to qmax, 0<q<qmax, where qmax 

can be infinite.  The range is divided into several sub-ranges for different barrier 

levels from Ineffective minus (I-) to very high plus (VH+).  The adjacent sub-ranges 

can be overlapped, and no sub-range can be totally included by the other sub-
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ranges.  If a value of the quantity is located in the overlap area, the barrier level will 

be sum of fractional barrier levels represented by the overlapped sub-ranges.  The 

fraction is determined by the location of the value in the overlap area.  For example, 

in Figure 3-6, qIa<q<qIb represents I (Ineffective) barrier level, and qLa < q < qLb 

represents L (Low) barrier level, where qIa< qLa <qIb < qLb, it means these two sub-

ranges overlaps.  If qLa < q <qIb, q means mixed level of I and L level,    

barrier level = 
LaIb

La

qq
qq
−
−  L + (1-

LaIb

La

qq
qq
−
− )I; 

Use of a fuzzy number for the variable captures its uncertainty.  For each 

quantity Qi, there is a barrier effectiveness function g(Qi), a fuzzy number Bi which is 

the barrier level indicated by the quantity is obtained:  Bi = g(Qi) 

For quantity Qi with uncertainty, assuming the distribution of Qi is f(q):  Qi = f(q) 

Then the fuzzy number of level Bi can be obtained as: 

Bi = ∫ dqqfqg )()( / ∫ dqqf )(  

Based on available data for the fuel cycle under consideration, the barrier 

effectiveness functions calculated the barrier level for each respective barrier in a 

given fuel cycle step.   

Barrier Effectiveness Functions are defined by the author based on a previous 

study [Ref 3-30, Ref 3-37] and shown in following tables.   
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Table 3-7 Barrier effectiveness functions of quantities for isotopic barrier 

Critical Mass [kg] 
LevelID Qmin Qmax 

I- 0 100 
I 100 150 

I+ 150 200 
L 200 300 
M 300 700 
H 500 800 

VH 800 Max  

 
Equivalent Enrichment [%] 
LevelID Qmin Qmax 

I- 80 Max 
I+ 50 80 
L- 45 50 
L 40 45 

L+ 30 40 
M- 20 30 
M 10 20 
H- 5 10 
H 1 5 

VH 0 1  
SFN Rate [n/sec/Kg] 

LevelID Qmin Qmax 
I- 0.E+00 1.E+02 
I 1.E+02 1.E+03 

I+ 1.E+03 1.E+04 
L- 1.E+04 1.E+05 
L 1.E+05 5.E+05 
M 5.E+05 1.E+06 
H 1.E+06 Max 

 
Heat Rate [W/Kg] 

LevelID Qmin Qmax 
I- 0 1 
L- 1 10 
L 10 100 
M 100 500 
H 500 Max 

 

 
Gamma Rate [MeV/sec/Kg] 
LevelID Qmin Qmax 

I- 0.E+00 1.E+03 
I 1.E+03 1.E+04 
L 1.E+04 1.E+05 
M 1.E+05 1.E+06 
H 1.E+06 Max 
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Table 3-8 Barrier effectiveness functions of quantity for chemical barrier 

Separation Cost [$] 
LevelID Qmin Qmax 
I 0 10 
I+ 10 50 
L- 50 150 
L 150 250 
L+ 250 400 
M- 400 600 
M 600 800 
M+ 800 1000 
H- 1000 1500 
H 1500 2000 
H+ 2000 2500 
VH- 2500 3000 
VH 3000 5000 
VH+ 5000 Max 

 
 

Table 3-9 Barrier effectiveness functions of quantity for radiological barrier 

Dose Rate [mrem/hr/Kg] 
LevelID Qmin Qmax 
I 0.E+00 1.E-05 
L 1.E-05 5.E-05 
M 5.E-05 1.E+00 
H 1.E+00 1.E+01 
VH 1.E+01 Max 

 
 

Table 3-10 Barrier effectiveness functions of quantity for mass and bulk barrier 

Concentration of fissile material [1/kg] 
LevelID Qmin Qmax 

I 0.1 Max 
L 0.02 0.1 
M 0.01 0.02 
H 0.005 0.01 
VH 0 0.005 
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Table 3-11 Barrier effectiveness functions of quantity for detectability barrier 

Detectability 
LevelID Levels 

I No signature 
L No reliably signature 

M Moderately detected by active mean 
H Reliably detected by active means 

VH Easily detected by passive means 
 
 
 

Table 3-12 Barrier effectiveness functions of quantity for facility unattractiveness barrier 

Facility Modification Time [week] 
LevelID Qmin Qmax 

I 0 0.1 
L 0.1 1 
M 1 5 
H 5 30 
VH 30 100 
VH+ 100 Max 

 

Table 3-13 Barrier effectiveness functions of quantity for facility accessibility barrier 

Frequency of Access [days/yr] 
LevelID Qmin Qmax 

I 365 Max 
L 243 365 
M 180 243 
H 100 180 
VH 10 100 
VH+ 0 10 
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Table 3-14 Barrier effectiveness functions of quantity for available mass barrier 

Available Mass [#ofCM] 
LevelID Qmin Qmax 

I 10 Max 
L 1 10 
M 0.1 1 
H 0.01 0.1 
VH 0 0.01 

 

Table 3-15 Barrier effectiveness functions of quantity for diversion detectability barrier 

Uncertainty of Measurement 
[#ofCM/yr] 

LevelID Qmin Qmax 
I 0.96 Max 
M 0.82 0.96 
H 0.65 0.82 
VH 0.29 0.65 
VH+ 0 0.29 

 

Table 3-16 Barrier effectiveness functions of quantity for skills/expertise/knowledge barrier 

Knowledge Modification Time [yr] 
LevelID Qmin Qmax 

I 0 0.1 
L 0.1 0.5 
M 0.5 2 
H 2 10 
VH 10 Max 

Table 3-17 Barrier effectiveness functions of quantity for time barrier 

Stay Time [yr] 
LevelID Qmin Qmax 

I 10 Max 
L 5 10 
M 2 5 
H 0.5 2 
VH 0 0.5 
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3.4.3 Fuzzy Number Definition and Operation 

To quantify the proliferation resistance represented by each barrier, the barrier 

effectiveness was defined as fuzzy numbers to represent the information that is 

imprecise and uncertain.  Following the TOPS BF, the effectiveness was classified 

into 5 classifications (Insignificant, Low, Medium, High, Very High) to differentiate the 

effectiveness of each barrier, representing the strength against proliferation.  For 

example, H~  represents “H”, or “high”, where H~ = { Hx | )(~ HH xµ }, Hx is relative 

proliferation resistance, and )(~ HH xµ  is the membership function of Hx .  Then iA~  = 

{(
iAx ~ , )( ~~

ii AA xµ )} (i=1,2…N) represents barrier level or barrier strength of each barrier 

i.  (N is the total number of barriers including material and technical barriers and is 

11 for in the study).    

A fuzzy number can be defuzzified to a crisp value.  And Yager has proposed 

one function to mapping each fuzzy set into the real line, where a natural order 

exists [Ref 3-43, Ref 3-44].  The function is: 

)~(1 uF =
∫
∫

dxx

dxxx

u

u

)(

)(

~

~

µ

µ
 

This number is also called the centroid value of a fuzzy number.  It will be called 

as mean value of a fuzzy number in the rest of the report. 

To define fuzzy number for 15 levels used in TOPS report, a Gaussian 

distribution shape is assumed for each fuzzy number 2

2

2
)(

)( σµ
cx

ex
−−

= [Ref 3-33].  The 

shape is controlled by c andσ , where c  is the centroid value/mean value.  The 

mean value of each level follows one based consideration: for five main group 
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Ineffective, Low, Moderate, High, Very High, the mean value increases from 

Ineffective to Very High.  And mean value of one main group is two times of the 

mean value of next lower level.  One set of definition is listed in Table 3-18.  σ  is 

assumed as 5% of the mean value. 

Table 3-18 Fuzzy number definition for all 15 levels 

Level ID Level Name Mean 
1 I- 0.038
2 I 0.044
3 I+ 0.05
4 L- 0.07
5 L 0.088
6 L+ 0.111
7 M- 0.14
8 M 0.176
9 M+ 0.222

10 H- 0.279
11 H 0.352
12 H+ 0.443
13 VH- 0.559
14 VH 0.704
15 VH+ 0.887

 

Fuzzy numbers (Bi) of each barrier are combined to get a fuzzy barrier value, 

jS~ ={(
jSx~ , )( ~~

jj SS xµ )} for a stage j in a fuel cycle (for a given fuel cycle, there could be 

up to 35 fuel cycle stages starting from mining).  Calculation of S~ ={( Sx ~ , )( ~~ SS xµ )} is 

based on the following: 
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Sx~  = 
∑

∑

=

=
11

1

11

1

~

i
i

i
iA

w

wx
i

, )( ~~ SS xµ  = max
~

iAx
(min( )( ~~

ii AA xµ , i=1,2,…,11)), which means take 

maximum membership function among all groups 
iAx ~   that satisfy Sx~ = 

∑

∑

=

=
11

1

11

1

~

i
i

i
iA

w

wx
i

, and 

membership function of each group is minimum membership function of 
iAx ~ , 

i=1,2,…,11.  The different weights in wi represent the relative importance of each 

barrier against a potential diversion attempt by a “developing” nation. 

Table 3-19 Barrier weights as relative importance of each barrier with respect to a covert 

proliferation attempt by a “developing” nation 

Barrier COST (M$) Source Weight

Isotopic barrier 1300 

1.3 billion includes from research to commercial 
scale [Ref 3-31].  One tenth is used for covert 
weapon program. 130

Chemical Barrier 55 
1977 OTA report for a U.S.-built simplified 
reprocessing plant [Ref 3-32] 55

Radiological Barrier 5 
Personal conversation with expert giving hot cell 
service 5

Mass and Bulk 
Barrier 0.15 

Assuming 3 trip needed, 5 persons per trip, one 
hour per trip, and $10000/hour/person 0.15

Detectability Barrier 0.14 
$500/kg shielding fee, and 280 kg/assembly of 
BWR 0.14

Facility 
Unattractiveness 13.3 

Capital cost for a reactor comparable to 
Brookhaven graphite research reactor 13.3

Facility Accessibility 1 
To access the facility without notice is a tough job. 
Assuming 1 million job 1

Available Mass  Assumed as the same as chemical barrier 55
Diversion 
Detectability  Assumed as the same as time barrier 1
Skills, Expertise, 
and Knowledge 3.2 

8 specialists, 4 year of work, 100 k/year (nuclear 
proliferation with particle accelerators) 3.2

Time 1 Assume 1 million 1
 

Different weights, wi, represent relative importance of each barrier against the 

threat under consideration.  In this study, the threat under consideration was a 
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“developing” nation who may be interested in nuclear weapon development out of 

the civilian nuclear power program.  Considering this, the effort needed to overcome 

each barrier was approximately estimated as cost and used as weights to distinguish 

the relative strengths of the barriers (Table 3-19).  The barrier effectiveness values 

for each fuel cycle steps were combined to represent the proliferation resistance of 

the entire fuel cycle.  In this combination process, a different set of weighting factors 

are also needed to represent the relative importance of different fuel cycle stages 

with respect to proliferation.  Concentration of sensitive nuclear materials in the 

mass flow was used as weights in this process as Table 3-20.   Where,  

Table 3-20 Concentration of sensitive nuclear materials (sample) 

  
Material 
form 

Mass 
fraction 
of U 

Mass 
fraction 
of Pu 

Enrich 
(235U) 

Enrich 
(239Pu) 

Con 
(235U+239Pu)

Beginning of 
the cycle             
Storage of 
fresh fuel UO2 88 0 4 0 3.5200
Fuel 
handling UO2 88 0 4 0 3.5200
Reactor 
irradiation UO2 88 0 4 0 3.5200
Spent-fuel 
handling spent fuel 88 1 0.8 40 2.5260
Storage of 
spent fuel spent fuel 88 1 0.8 40 2.5260

 

con(235U+239Pu) = con(235U) + con(239Pu) ×CM(235U /CM(239Pu).    

con(235U) = Enrichment of 235U ×  mass fraction of U 

con(239Pu) = Enrichment of 239Pu ×  mass fraction of Pu 

The fuzzy barrier value for each fuel cycle stage can then be combined to 

generate a fuzzy number to represent the proliferation resistance of the entire fuel 

cycle system.   
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To qualitatively explain the quantitatively result, one way is to define relative 

distance (RD) of a system mean PR to mean PR of each level: 

     RD = non-negative value of (system mean PR – mean PR of the level)/ mean 

PR of the level 

The smallest relative distance indicates the level the system belongs.  Sample 

shown in Table 3-21, if the mean value is 0.2938, the smallest RD is 0.05 for level 

“H-“.  It means a system with mean PR value equals 0.2938 can be grouped into 

level “H-“. 

Table 3-21 Qualitative explanation of quantitative result 

Level 
ID 

Level 
Name 

Level 
Mean 

RD (if the 
mean = 
0.2938) 

1 I- 0.038 6.73
2 I 0.044 5.68
3 I+ 0.05 4.88
4 L- 0.07 3.20
5 L 0.088 2.34
6 L+ 0.111 1.65
7 M- 0.14 1.10
8 M 0.176 0.67
9 M+ 0.222 0.32

10 H- 0.279 0.05
11 H 0.352 0.17
12 H+ 0.443 0.34
13 VH- 0.559 0.47
14 VH 0.704 0.58
15 VH+ 0.887 0.67
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3.5 Fuzzy Number Defuzzification and Ranking 

    Fuzzy number is different from a crisp number as it contains more information 

than a crisp number.  There are many different fuzzy number ranking methods [Ref 

3-40-Ref 3-42] to explain the fuzzy number and help decision-making.  Dubois and 

Prade proposed a set of four indices able to completely describe the relative location 

of two fuzzy numbers iu~  and ju~ .  They define: 

(1) a grade of possibility of dominance (of iu~  over ju~ ), 

PD( iu~ / ju~ ) ∆  Poss( iu~ ≥ ju~ ) = )](),(min[sup ~~
,,

juiu
xxxx

xx
ji

jiji

µµ
≥

 

(2) a grade of possibility of strict dominance 

PSD( iu~ / ju~ ) ∆  Poss( iu~ > ju~ ) = )](1),(min[infsup ~~
,,

juiu
xxxx

xx
ji

ijji

µµ −
≥

 

(3) a grade of necessity of dominance 

ND( iu~ / ju~ ) ∆  Nec( iu~ ≥ ju~ ) = )](),(1max[supinf ~~
,,

juiu
xxxx

xx
ji

ijji

µµ−
≥

 

(4) a grade of necessity of strict dominance 

NSD( iu~ / ju~ ) ∆  Nec( iu~ > ju~ ) = 1- PD( ju~ / iu~ ) 

Dubois and Prade’s method behaves relatively better than other methods compared 

in Ref 3-40.  In this study, PD and PSD will be used to assist comparison of the 

system performances. 

3.6 Application of Fuzzy Logic to Barrier Framework 

Demonstration of the fuzzy logic application to render the TOPS BF into a 

quantitative model is given in this section.  The results of Lawrence Livermore 
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National Laboratory (LLNL)’s effort [Ref 3-37] in applying the TOPS BF to ten 

different (existing and proposed) reactor systems and their associated fuel cycles 

(excluding institutional barriers) were utilized for this purpose.  The systems 

evaluated include HTGR (prismatic fuel high temperature gas cooled reactor), PBR 

(pebble bed reactor), STAR (small, transportable, autonomous reactor), LWR-OT-

ThU (light water reactor-once through-thoria urania fuel), LWR-OT-HB (high burnup), 

LWR-OT-Th (thorium seed blanket core), LWR-OT, IFR/BREST (integral fast 

reactor/ Russian lead cooled fast reactor), LWR-MOX (mixed oxide fuel), and IRIS-

MOX (international reactor innovative secure).  Table 3-22 is one sample result for 

LWR-OT system from LLNL’s work [Ref 3-37].  The results from this qualitative 

assessment were used as input for the application of fuzzy logic.  The barrier levels 

estimated in the report were replaced by fuzzy numbers as defined in Figure 3-7. 

 

Figure 3-7 Assigned fuzzy numbers for basic barrier levels 

MATLAB [Ref 3-33] was used for fuzzy number calculations.  The fuzzy numbers 

for each fuel cycle stage were combined as described in section 3.4.3.  Proliferation 
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resistance of the LWR-MOX fuel cycle as assessed by the proposed method is 

shown in Figure 3-8 (as example).  The figure shows variations of proliferation 

resistance of LWR-MOX at different fuel cycle stages from mining (stage 1) to waste 

disposal (stage 35). 

 

Figure 3-8 Mean proliferation resistance of each stage for LWR-MOX 

Table 3-23 shows the summary comparisons of proliferation resistance of ten 

different reactor systems.  Differences in proliferation resistance between “full fuel 

cycle” and “reactor system only” are also indicated.  Here “full fuel cycle” means 

including all front end, reactor operation, and the back end.  “Reactor system only” 

includes only the transport of fresh and spent fuel, the associated fuel storage, and 

the reactor operation.  The numbers represent the mean relative fuzzy barrier value 

of each system.   

The results indicated that if the LWR-OT is used as a reference system, HTGR, 

STAR, and PBR are better than the reference with respect to proliferation 

resistance.  Comparison between “reactor system only” and “full fuel cycle” results 
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indicates that LWR-MOX and IRIS-MOX systems become much less proliferation 

resistant when the full fuel cycle is provided.  This is mainly due to the wet 

reprocessing step involved - IFR/BREST was better with the use of pyroprocessing.  

The other three systems (LWR-OT-HB, LWR-OT-ThU, and LWR-OT-Th) show 

almost the same proliferation resistance as the reference system. 

Table 3-22 Barriers framework applied to the once-through LWR cycle 

Material barriers Technical barriers 

Stage of the fuel cycle Is
ot

op
ic
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y 
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Sk
ill

s, 
kn

ow
le

dg
e,

 
ex

pe
rt

is
e 

T
im

e 

Beginning of the cycle            
 Mining  VH I M H M VH I I I VH I 
 Transport VH I M H M VH I L-M I VH M 
 Milling VH I M H M VH I I I VH M 
 Transport VH I M H M VH I L-M I VH M 
 Conversion VH I L H M VH I I M M M 
 Storage VH I L H M VH I I M VH M 
 Transport VH I L H M VH I L-M M VH M 
 Uranium enrichment VH I L M M I-M M-VH I VH I H 
 Storage VH I L M M VH I I M VH VH 
 Transport VH I L M M VH I L-M M VH VH 
 Fuel fabrication  VH I L M M VH I I M M H 
 Storage VH I M H M VH I I M VH VH 
 Transport VH I M H M VH I L-M M VH VH 
Reactor operations            
 Storage of fresh fuel VH I M VH M VH I I VH VH VH 
 Fuel handling VH I M VH M VH L I VH VH VH 
 Reactor irradiation L VH VH VH VH L-H VH I VH M H 
 Spent-fuel handling L VH VH VH VH VH M I VH VH VH 
 Storage of spent fuel L VH VH VH VH VH M I VH VH M 
 On-site dry storage  L H-VH VH VH VH VH M I VH VH L-M 
Back-end of the cycle            
 Transport (of spent fuel) L H-VH VH VH VH VH M I VH VH VH 
 Storage (of spent fuel) L H-VH VH VH VH VH H I VH VH H 
Once-through:            
 Processing for direct disposal L H-VH VH VH VH H-VH H I VH H-VH H 
 Transport L H-VH VH VH VH VH M I VH VH VH 
 Pre-emplacement storage L H-VH VH VH VH VH H I VH VH H 

 Repository emplacement  L H-VH VH VH VH VH VH I <VH-
VH VH I 

VH very high L low 
H high I ineffective 
M medium NA not applicable 
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One of the strengths of the method is the qualitative interpretation of the results: 

Based on the definition of the fuzzy numbers, the result directly reflects qualitative 

effectiveness of the proliferation barrier of the system, as characterized in the TOPS 

report [Ref 3-30].  These qualitative interpretations are also given in Table 3-23.  

According to the results, the reference system, LWR-OT, presents a slightly high 

barrier against proliferation attempts.  Fuzzy numbers that represent proliferation 

resistance of the entire fuel cycle system for ten systems are shown together in 

Figure 3-9 for full cycle consideration and in Figure 3-10 for reactor system only 

consideration.  Figure 3-11 to Figure 3-30 show fuzzy numbers for each fuel cycle 

system under two different considerations.  In both two different consideration 

scenarios, the fuzzy numbers overlap to each other in a relative large range.  This 

explains that the mean values of the ten systems are very close, especially the first 7 

systems.  And the ten systems can only be classified into three levels and the first 7 

(in full cycle consideration) and the ranking 2 to 7 systems (in reactor system only 

consideration) are in the same level with the slight difference among their mean 

system PR values. 

Table 3-23 Comparison of overall proliferation resistance of different reactor systems and their fuel 

cycles (threat in a developing country, numbers are the centroid mean barrier value) 

system Full fuel cycle Barrier effective-ness Reactor system only Barrier effective-ness
PBR 0.63 High - 0.65 High 
HTGR 0.62 High - 0.64 High - 
STAR 0.61 High - 0.65 High - 
LWR-OT 0.60 High - 0.62 High - 
LWR-OT-HB 0.60 High - 0.61 High - 
LWR-OT-ThU 0.59 High - 0.60 High - 
LWR-OT-Th 0.58 High - 0.59 High - 
LWR-MOX 0.33 Low+ 0.54 Medium+ 
IRIS-MOX 0.33 Low+ 0.54 Medium+ 
IFR/BREST 0.44 Medium 0.50 Medium+ 
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System Fuzzy Number for Full Fuel Cycles Consideration
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Figure 3-9 System fuzzy numbers for full cycle consideration (ALL) 

System Fuzzy Number for Reactor Stages Consideration
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Figure 3-10 System fuzzy numbers for reactor operation only consideration (ALL) 
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System Fuzzy Number for Full Fuel Cycles Consideration (LWR-OT)
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Figure 3-11 System fuzzy number for full cuel cycles consideration (LWR-OT) 

System Fuzzy Number for Full Fuel Cycles Consideration (LWR-OT-HB)
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Figure 3-12 System fuzzy number for full cuel cycles consideration (LWR-OT-HB) 
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System Fuzzy Number for Full Fuel Cycles Consideration (LWR-OT-ThU)
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Figure 3-13 System fuzzy number for full cuel cycles consideration (LWR-OT-ThU) 

System Fuzzy Number for Full Fuel Cycles Consideration (LWR-OT-Th)
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Figure 3-14 System fuzzy number for full cuel cycles consideration (LWR-OT-Th) 
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System Fuzzy Number for Full Fuel Cycles Consideration (LWR-MOX)
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Figure 3-15 System fuzzy number for full cuel cycles consideration (LWR-MOX) 

System Fuzzy Number for Full Fuel Cycles Consideration (HTGR)
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Figure 3-16 System fuzzy number for full cuel cycles consideration (HTGR) 
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System Fuzzy Number for Full Fuel Cycles Consideration (PBR)
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Figure 3-17 System fuzzy number for full cuel cycles consideration (PBR) 

System Fuzzy Number for Full Fuel Cycles Consideration (STAR)
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Figure 3-18 System fuzzy number for full cuel cycles consideration (STAR) 
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System Fuzzy Number for Full Fuel Cycles Consideration (IRIS-MOX)
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Figure 3-19 System fuzzy number for full cuel cycles consideration (IRIS-MOX) 

System Fuzzy Number for Full Fuel Cycles Consideration (IFR)
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Figure 3-20 System fuzzy number for full cuel cycles consideration (IFR) 
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System Fuzzy Number for Reactor Stages Consideration (LWR-OT)
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Figure 3-21 System fuzzy number for reactor stages consideration (LWR-OT) 

System Fuzzy Number for Reactor Stages Consideration (LWR-OT-HB)
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Figure 3-22 System fuzzy number for reactor stages consideration (LWR-OT-HB) 
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System Fuzzy Number for Reactor Stages Consideration (LWR-OT-ThU)
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Figure 3-23 System fuzzy number for reactor stages consideration (LWR-OT-ThU) 

System Fuzzy Number for Reactor Stages Consideration (LWR-OT-Th)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Relative PR Value

M
em

be
rs

hi
p

 

Figure 3-24 System fuzzy number for reactor stages consideration (LWR-OT-Th) 
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System Fuzzy Number for Reactor Stages Consideration (LWR-MOX)
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Figure 3-25 System fuzzy number for reactor stages consideration (LWR-MOX) 
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Figure 3-26 System fuzzy number for reactor stages consideration (HTGR) 
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System Fuzzy Number for Reactor Stages Consideration (PBR)
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Figure 3-27 System fuzzy number for reactor stages consideration (PBR) 

System Fuzzy Number for Reactor Stages Consideration (STAR)
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Figure 3-28 System fuzzy number for reactor stages consideration (STAR) 
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System Fuzzy Number for Reactor Stages Consideration (IRIS-MOX)
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Figure 3-29 System fuzzy number for reactor stages consideration (IRIS-MOX) 
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Figure 3-30 System fuzzy number for reactor stages consideration (IFR) 
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3.7 Validation of the New PR Method 

Due to the abstract nature of the assessment, validation of any proliferation 

assessment method would be difficult.  In this section, validation of the newly 

developed method is attempted by comparing the results of proliferation resistance 

assessments from the new method with the relevant available information from the 

literature. 

Table 3-24 Comparison of PR values from two methods 

The Newly Developed Method 
Method from the literature 

[Ref 3-21] Stage Name 
PWR-OT MOX DUPIC PWR-OT MOX DUPIC 

Reprocessing  0.114 (L+)   0.25 0.44 

fuel 
fabrication 0.496(VH-) 0.155(M-) 0.214(M+) 0.58 0.34 0.52 
Reactor 
Operation 0.178(M) 0.239(M+) 0.137(M-) 0.9 0.9 0.78 

Dry Storage 0.213(M+) 0.245(M+) 0.223(M+) 0.64 0.78 0.58 
Disposal 0.202(M+) 0.246(M+) 0.224(M+) 0.6 0.58 0.54 

 

First comparison, the PR analysis for three fuel cycle systems (details described 

in Chapter 5) by using the new developed method is compared with results from 

other method.  The referenced method is a MAU based method that developed at 

the University of Texas in collaboration with Oak Ridge National Lab [Ref 3-20].  The 

results of proliferation assessment by using this method for the three fuel cycles as 

presented in a PNL report are used in this study [Ref 3-21].  Table 3-24 shows the 

PR values obtained by using the fuzzy logic-based barrier framework approach and 

MAU based method.  In this table, a larger number means higher proliferation 

resistance.  The fuzzy logic-based barrier framework approach also allows 

qualitative interpretation of the PR numbers as given in Table 3-24.  The PR values 
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in Table 3-24 reflect the proliferation resistance of each fuel cycle stage by 

considering all intrinsic barriers, such as isotopic barrier, chemical barrier, 

radiological barrier, etc..   

It can be observed that reprocessing & recycling of Pu in MOX fuel cycle are 

estimated to have the lowest PR values.  But fuel processing & fabrication in DUPIC 

fuel cycle shows relatively high PR values.  It can also be seen that MOX fuel 

fabrication represents relatively lower PR because of the existence of separated Pu.  

The biggest difference between two methods was for the reactor operation stage for 

all three fuel cycles where current method predicts medium PR values while the 

MAU based method predicts a very high PR value.  Since Pu is produced during 

reactor operation stage and the Pu can potentially be diverted, the numbers 

predicted by current method appear more appropriate.  The predicted PR values for 

the backend of fuel cycle seem to be in agreement between the methods.  DUPIC is 

predicted to have lower PR values than MOX in the back-end stages except the fuel 

fabrication stage; but this difference was not significant in terms of the qualitative 

interpretation from current method.  Current method and the MAU based method are 

comprehensive PR evaluation method considering the intrinsic barriers of a fuel 

cycle.  The results from current method can be interpreted as high, medium, or low 

proliferation resistance as defined in the TOPS report [Ref 3-30] whereas the results 

from the MAU based method represent only relative differences.  Two methods 

showed reasonably good agreement except for the reactor operation stage, in 

particular for the PWR-OT fuel cycle. 
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Table 3-25 Barrier levels determined from barrier effectiveness functions 

Barrier ID Stage 
ID Stage Name 1 2 3 4 5 6 7 8 9 10 11 

2 Conversion VH L M VH M VH+ I M VH+ H M 

3 Enrichment VH L- M VH M I H I VH+ L H 

4 
LEU Fuel 
Fabrication VH L M VH M VH I L VH+ H VH 

5 PWR L- VH VH I VH L VH+ I VH+ M H 

6 AFR Storage I+ VH VH L VH VH H I VH+ H I 

7 
Permanent 
Disposal L+ VH VH I VH VH VH I VH+ VH I 

 

Table 3-26 Barrier levels assigned from Ref 3-37 

Barrier ID Stage 
ID Stage Name 1 2 3 4 5 6 7 8 9 10 11

1 Mining VH I M H M VH I I I VH I 

2 Conversion VH I L H M VH I I M M M 

3 
Uranium 
enrichment VH I L M M I-M M-VH I VH I H 

4 
Fuel 
fabrication VH I L M M VH I I M M H 

5 
Reactor 
irradiation L VH VH VH VH L-H VH I VH M H 

6 
Storage (of 
spent fuel) L H-VH VH VH VH VH H I VH VH H 

7 
Repository 
emplacement L H-VH VH VH VH VH VH I 

<VH-
VH VH I 

 

Second comparison is the qualitative result from current model with published 

study.  Table 3-25 show the comparison of barrier levels table generated by the PR 

model based on defined barrier effectiveness functions and input important 

quantities values for PWR-OT system.  Table 3-26 is extracted result from the study 

finished by Hassberger [Ref 3-37] for the same stages for LWR-OT system.  Both 

tables cover results for 7 selected stages.  11 barriers are included for each stage 

and a barrier level is assigned for each barrier at each stage.  For most of the 
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barriers for all 7 stages, the two tables show good match, except barrier number 4 

which is Mass and Bulk Barrier.  In the LLNL report, “VH” was assigned to this 

barrier at the later systems during/after fuel irradiation by only considering the 

consuming of 235U during reactor irradiation.  The building up of Pu which is another 

important fissile material during the reactor irradiation should be considered too.  

The effect of Pu building up is considered in the new PR model and shown in the 

Table 3-25. 
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4 Economic Analysis of Nuclear Fuel Cycle 

4.1 Introduction 

The basic cost components of a nuclear power system are capital cost, 

operation and maintenance cost, and fuel cycle cost.  Capital cost includes 

investment and associated interest to construct nuclear power plant, heavy water 

inventory (if required) and dismantling.   The operation and maintenance (O&M) cost 

includes required money to operate and decommission a nuclear power plant like 

the salaries for workers, materials, and supplies.   The fuel cost is to handle fuel 

during the fuel cycle from the beginning (mining uranium ore) to the end (disposal of 

SNF) including the purchase of the uranium ore, its conversion, enrichment (if 

required), fuel fabrication, transportation, the storage of spent fuel, reprocessing (if 

undertaken) and waste disposal.  Those costs vary for different countries, different 

economic conditions and for different geopolitical factors or decisions.  For the US, 

the distribution of these costs in July of 1996 (for a total cost of 33.28 mil/kWh for a 

new PWR using a once through fuel cycle [Ref 4-14]) was approximately as follows. 

Capital cost   55%  

O&M cost   27% 

 Fuel cycle cost              19% 

As cost is a key factor in selecting a technology, the cost of implementing 

different fuel cycle scheme will be considered in the study as part of the performance 

indicators.  The nuclear fuel cycle covers the whole lifetime of nuclear fuel from the 

beginning of uranium ore mining, to the end of SNF/HLW disposal.   The SNF/HLW 
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is treated as liability for nuclear industry.  The nuclear fuel cycle is considered as 

three stages: front-end of the fuel cycle, fuel at reactor and back end of the fuel 

cycle.  The front-end includes uranium mining and milling, conversion, enrichment 

and fuel fabrication until the reactor site.  The back end includes transport and 

interim storage of spent fuel, reprocessing if used, waste treatment/package, and 

final waste disposal.    

 

Figure 4-1 Nuclear fuel cycle example 

Figure 4-1 [Ref 4-1] shows one example nuclear fuel cycle.  Uranium ore is 

mined and milled in to yellowcake which contains U3O8.  yellow cake is further 

refined into Uranium oxide (UO2) and Uranium oxide is converted into uranium 

hexafluoride gas (UF6).   As a gas, it is easier to be enriched normally from ~0.72% 

235U to around 3-5% 235U at enrichment facility.  The enriched gas is turned back to 

solid Uranium oxide (UO2) for assembly as fuel element.  The fuel assembly is sent 



 

 120

to reactor for irradiation.  The spent fuel will be sent to either reprocessing facility or 

repository for direct disposal.   

Discounted levelized cost in constant money value terms is the basis of fuel cycle 

cost estimation which is the total cost of building and operation the station over its 

life divided by the net electrical output over the same period [Ref 4-2].  This cost 

reflects the minimum charge needed for the sale of electricity to cover all costs 

associated to generate the electricity.  All money is converted to the money at a 

selected time point; normally it is when the first fresh fuel is inserted into the reactor 

core.  First, cost at each facility/component is calculated.  And then all costs are 

discounted to a selected base date and summed up to get a total fuel cycle cost in 

present value terms.  Levelized fuel cycle cost is calculated by dividing the total 

discounted fuel cycle cost by the total discounted electricity generated.  Discrete 

discount method is commonly used (compounded 1/year) while continuous 

discounting method can be employed for both electricity discount and the cost 

discount.  The discount rate used for discounting is a matter of policy and might be 

different between countries and between government and private utilities.  It 

generally counts the effect of tax and rate of return of funds.  This method has been 

used in a series of studies by OECD to compare the projected cost of generating 

electricity from different sources including nuclear, coal, natural gas and others [Ref 

4-12 - Ref 4-16]. 

In 1994 OECD study [Ref 4-3], average levelized fuel cycle costs were studied 

for PWR fuel cycle as well as CANDU and Advanced Thermal Reactor (ATR).  

Discrete discounting was used for cost discount.  Electricity is discounted by 
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applying continuous discounting method.  The study has investigated two different 

back end options for PWR fuel cycle: direct disposal and reprocessing.  In the 

reprocessing option, Pu and U in the SNF are recycled.  Indifference method was 

adopted from 1985 OECD study [Ref 4-2] to calculate the plutonium credit.  

Indifference method is based on assumption that the back-end costs for UO2 fuel are 

the same as for MOX fuel and the value of plutonium is calculated from the 

difference of front-ends costs.  The recovered uranium value is calculated in different 

ways according the recovered form of uranium [Ref 4-4].    

During fuel irradiation, the isotopic composition in a batch changes dramatically 

with time/burnup, in turn, the value of fuel changes dramatically too.  To capture this 

economic effect during fuel irradiation for fuel/fuel loading optimization, there is 

desire to know the time/burnup dependent present worth of the fuel.  Several nuclear 

fuel cycle cost analysis codes are available for such purpose [Ref 4-8]; they are 

usually coupled with reactor simulation tools.  The neutronic data provided by the 

reactor simulation tools is used along with the other economic data to determine the 

time/burnup dependent fuel value.  CINCAS [Ref 4-7] is a nuclear fuel cycle cost 

code developed through cooperation of the Commonwealth Edison Company, Iowa-

Illinois Gas and Electric Company, Northern States Power Company, Consumers 

Power Company, Arthur Anderson and Company, and Sargent and Lundy, 

Engineers.  CINCAS calculates the fuel cost at each month of a period, normally 

from the arrival of a fuel batch at the reactor site to the withdrawal of the batch from 

the reactor.  Pre-irradiation costs for uranium and fabrication are represented as 

progress payment by the utility prior to irradiation.  The interest is counted for those 
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payments before the fuel begins to produce power.  All costs incurred by a batch are 

given to one ore more cost categories.  Six direct cost categories are used: uranium, 

plutonium credit, fabrication, shipping, reprocessing, and re-conversion.  Four 

inventory cost categories are used, uranium, plutonium, fabrication, and post-

irradiation, to cover the return on investment of the utility.  All costs are discounted 

(compounded 1/month) and levelized over electricity generated for each batch.  

Levelized fuel cycle cost for a cycle and for the planning horizon are further 

calculated.  OCEON-P [Ref 4-9] is another fuel cycle cost code developed at North 

Carolina State University, Electric Power Research Center.  It uses a carrying 

charge model based on the method used by the CINCAS code to evaluate the 

levelized fuel cycle cost.  The objective of the OCEON-P fuel cycle cost model is to 

rank alternative fuel cycling schemes instead of to predict accurate levelized fuel 

cycle cost in an absolute sense.  Other codes are available like REFCO [Ref 4-10] 

and PACTOLUS [Ref 4-11]. 

ORCA [Ref 4-5, Ref 4-6] is an economic analysis model for LWR fuel cycle 

developed at Cornell.  Levelized fuel cycle cost is obtained and the result is a linear 

function of the unit cost at each component and of the quantities obtained from the 

material balance of the fuel cycle.  Continuous discounting method is used for all 

costs involved at different components.  A sinking fund is used to pay all back end 

costs.  The sinking fund is risk-free fund and earns at a user-specifiable rate which is 

much lower than the discount rate.   

A simpler version of fuel cycle economics model was used in the MIT Future of 

Nuclear Energy study [Ref 4-17, Ref 4-18].  This simpler model uses discrete 
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discounting method (compounded 1/yr).  The back end costs were assumed to be 

paid at the end of fuel irradiation to avoid the situation that the back end costs 

become trivial because of the discounting on the long time period between fuel 

irradiation and final spent fuel disposal.   

This simple FCC model estimated the fuel cycle cost of MOX cycle as 22.4 

mills/kWh(e) under the U.S.  conditions.  This figure was approximately 4.5 times 

higher than the cost for once-through UOX cycle (5.15 mills/kWh(e)).  This result is 

significantly different from the finding of the OECD study in 1994 [Ref 4-3] where the 

cost of once-through option is about 15% lower.  The OECD model is more detailed 

and the methodology for dealing with carrying charges is more involved.  And 

difference assumptions about the workings of the fuel cycle like the credit of 

recovered uranium are used in OECD.  Also the OECD study used costs that are 

much more favorable to the reprocessing option.  When OECD assumptions were 

applied in the simpler FCC model, it generated closer costs to OECD study for both 

cycles (6.43 mills/kWh for Once-through and 6.80 mills/kWh for MOX). 

The simple model in the MIT approach is easy to use and was considered 

appropriate for comparison of different fuel cycles at system level.  Accordingly, this 

simple model is adopted in this study to represent fuel cycle economics as one of 

the system performance measures to compare fuel cycles. 

4.2 Fuel Cycle Cost Model  

 The simplified fuel cycle cost model utilized in this study is described in this 

section.  To evaluate and compare different fuel cycles in system level, it is assumed 

the system design is in best shape, that is, the configuration of the system is setup 
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and optimized.  A simple expression for the fuel cycle cost is used [Ref 4-17, Ref 

4-18]: 

FCC =∑ •
i

ii CM + i
i

ii TCM∑ ∆••• φ    [$] 

where: 

       FCC  = Fuel Cycle Cost [$] 

       iM     = mass processed at stage i [kg or kg SWU] 

        iC     = unit cost at stage i [$/kg or $/kg SWU] 

        φ       = carrying charge factor [yr-1] 

        iT∆    = delay between the investment for stage i and the midpoint of the 

irradiation of the fuel (yr) 

The assumptions of the model are as follows: 

• All batches of fuel are considered equilibrium batches, having equal in-

core residence time and equal charge and discharge enrichment (i.e., 

neglecting startup and shutdown batches). 

• The revenue and depreciation charges for each batch are represented by 

single payments at the middle of the irradiation interval. 

• Depreciation is a linear function of time (~ burnup). 

• In-core fuel cycle operation and maintenance costs are negligible. 

• The revenues received from the sale of energy generated by a batch of 

fuel exactly compensate for all the costs and credits associated with all 

steps of the fuel cycle, as well as the appreciate carrying charges for 

these steps. 
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Carrying charge factor: 

φ  =
τ−1

x  

      where:     φ       = carrying charge factor [yr-1] 

                       x       = discount rate               [yr-1] 

                       τ       = equivalent tax fraction 

Discount rate: 

x = (1-τ ) bf br + sf sr  

       where: bf  = debt fraction 

                   sf  = equity fraction = 1 – bf  

                   br  = rate of return to bond holders 

                   sr  = rate of return to stock holders 

The separative work per unit of enriched product can be obtained as: 
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where: 

          px  = product enrichment 

          fx  = feed material enrichment 

          tx  = tails assay 
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4.3 Electricity Generation Cost 

In addition to estimating fuel cycle cost, this study envisions the use of total 

electricity generation cost for fuel cycle comparisons.  Estimation of the total cost of 

electricity generation is described in this section. 

The total cost of electricity, elecc  can be expressed as:  

elecc = capc + omc +FCC 

where   capc is the capital cost 

             omc  is the operations and maintenance cost 

            FCC is the fuel cycle cost. 

Capital cost is the biggest contributor to the total cost and it can be changed by 

the investment source, payment schedule, interest rate, depreciation schedule, tax 

and insurance policy and other factors.  It includes    

         Capital cost ccap ($/kWeh) can be defined as [Ref 4-19-Ref 4-20]: 

cr
cap

cap F
C

c
η8766

=  

Where capC  is the total construction cost, in dollars per kilowatt of installed net 

electrical capacity ($/kWe), η is the capacity factor (the total amount of electricity 

produced in a year divided by the total amount that would be produced from 

continuous operation at full power), 8766 is the average number of hours in a year.  

The “fixed charge rate,” Fcr (y–1), is the fraction of the initial investment that must be 

collected each year to repay the initial costs, including interest or return on 

investment. 
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Operations and maintenance costs are continuing costs of running a plant that do 

not relate to its fuel—such as worker salaries and routine plant maintenance.  Most 

of these costs do not depend on the amount of electricity produced by the plant, and 

so most calculations, including this one, assume a fixed annual expense.  Provisions 

placed into a fund for eventual decommissioning of the plant are also included in 

most estimates of operations and maintenance costs.  O&M cost has increased its 

importance in total cost of nuclear plant in recent years while the importance of fuel 

cost has declined [Ref 4-22].  The contribution of these expenses to the cost of 

electricity is given by [Ref 4-21] 

omc =
η8766

ddddom FCC +
 

Where omc  is the annual non-fuel operations and maintenance cost ($/kWey), ddC  

is the cost to dismantle and decommission the plant at the end of its operating life 

($/kWe), and ddF (y–1) is the annual annuity factor, given by  

ddF =
1)1( −+ N

dd

dd

i
i  

Where ddi  is the annual rate of return on the funds invested and N is the length of 

time the annuity is paid (usually the same as the period over which the construction 

costs are repaid).  For example, if the rate of return is 3 percent per year and the 

annuity is paid over 30 years, ddF = 0.021; if omC  = $80/kWey, ddC = $150/kWe, and η  

= 0.85, then omc = $0.0112/kWeh. 

4.4 Examples of Fuel Cycle Estimation 

Examples of fuel cycle cost comparisons are given in Chapter 5.   
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5 Case Study 

5.1 Candidate Systems 

Three systems are chosen in the case study: PWR-OT, MOX, and DUPIC.  

PWR-OT is chosen as reference system as it represents the most common fuel 

cycle concept in the U.S.  MOX (Mixed Oxide) system is used because of its 

importance in reducing plutonium stockpile.  DUPIC is a very interesting design and 

maximizes the usage of nuclear fuel without separation of plutonium and other 

actinides (Figure 5-1) [Ref 5-1]. 

 

(PWR-OT) 

 

(MOX) 

 

(DUPIC) 

Figure 5-1 Candidate systems in case study 
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In this study, [Ref 5-1], the PWR fuels and MOX fuels were assumed to be burnt 

to 35,000 MWD/MTU.  The initial enrichment of PWR fuel was assumed to be low 

enriched uranium (LEU), is 3.5% In MOX cycle, it was assumed that LEU and MOX 

fuels are loaded in the PWR reactor, and burnt up to 35,000 MWD/MTU, and all 

plutonium are recycled and made into MOX fuel and all MOX spent fuel will go to 

repository for final disposal.  And in DUPIC cycle, LEU is firstly burnt up to 35,000 

MWD/MTU, then the PWR spent fuel is made into CANDU fuel and is burnt in 

CANDU reactor to 15,400 MWD/MTHM [Ref 5-1].  The system characteristics are 

listed in Table 5-1. 

Table 5-1 Characteristics of reference reactors [Ref 5-1] 

 Reactor parameters   PWR CANDU 
 Electric power (MWe)   950 713 
 Thermal efficiency (%)   34 33 
 Thermal power (MWt)   2,794 2,161 
 Specific power (MWt/t U)   40.2 25.5 
 Load factor   0.8 0.9 
 Cycle length (Full Power Day)   290 — 
 Number of fuel assemblies or   bundles per core   157 4,560 
 Number of batches for PWR   3 — 
 Loading per core (MTU)   69.5 84.7 

 

5.2 Fuel Cycle Mass Balance 

Isotopic mass balance of the fuel materials is the key component of fuel cycle 

systems modeling.  In this work, fuel material isotopic mass balance was estimated 

based on the characteristics of reference reactors and ORIGEN2.2 is used for 

reactor simulation. 

 Annual requirement = 
BU

CP
×

××
ε

365 , where P, C and BU are the electric power 

(MWe), the capacity factor (%) and burnup (MWd/MTHM), respectively [Ref 5-1].  
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Required fuel amount to generate 1 GWe-yr electricity =
P

1000
×Annual requirement, 

it is 24.54 MTU for PWR reactor and 64.64 MTU for CANDU reactor with DUPIC 

fuel.  The fuel characteristics are listed in Table 5-2.   

Table 5-2 Fuel characteristic parameters [Ref 5-1] 

 PWR with LEU fuel 
PWR with LEU and MOX 

fuel 
CANDU with 
DUPIC fuel 

per core (MTU) 69.5 69.5 84.7 
fuel requirement (MTU) 23.31 23.31 46.09 

Fuel Form UO2 5%Puf MOX + 95% UO2 PWR SF 
Initial enrichment 3.50% 5%Puf MOX +LEU (3.5%) PWR SF 

Number of fuel rods per 
assembly 264 264 43 

Discharge burnup 
(MWd/kgHM) 35 35 15.4 

Required fuel amount 
for 1 GWe-yr (MTU or 

MTHM) 24.54 24.54 64.64 
 

5.2.1 MOX Fuel 

Table 5-3 Pu inventory in PWR spent fuel 

Pu Inventory after discharged from PWR reactor (35,000MWD/MTHM) [gram] 
Time discharge 0.5YR 1.0YR 2.0YR 5.0YR 10.0YR 
PU236 9.95E-04 8.87E-04 7.85E-04 6.16E-04 2.97E-04 8.80E-05 
PU237 1.84E-04 1.15E-05 7.16E-07 2.78E-09 1.62E-16 1.43E-28 
PU238 1.50E+02 1.56E+02 1.58E+02 1.59E+02 1.56E+02 1.50E+02 
PU239 5.24E+03 5.34E+03 5.34E+03 5.34E+03 5.34E+03 5.34E+03 
PU240 2.21E+03 2.21E+03 2.21E+03 2.21E+03 2.21E+03 2.21E+03 
PU241 1.22E+03 1.19E+03 1.17E+03 1.11E+03 9.61E+02 7.55E+02 
PU242 4.60E+02 4.60E+02 4.60E+02 4.60E+02 4.60E+02 4.60E+02 
PU243 1.40E-01 3.68E-14 3.68E-14 3.68E-14 3.68E-14 3.68E-14 
PU244 2.61E-02 2.61E-02 2.61E-02 2.61E-02 2.61E-02 2.61E-02 
PU245 6.12E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 
PU246 5.20E-09 4.46E-14 4.98E-19 1.16E-19 1.16E-19 1.16E-19 
Total 9.28E+03 9.35E+03 9.33E+03 9.27E+03 9.12E+03 8.91E+03 
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It is assumed that PWR SF is cooled for 10 years before reprocessing or DUPIC 

fuel fabrication.  It is assumed that the loss factors are 0.5% for conversion and for 

CANDU fuel fabrication, 1% for PWR, DUPIC and MOX fuel fabrication and for 

reprocessing plant.  An equilibrium state is reached when all spent PWR fuels are 

reprocessed to make needed MOX fuels.  The inventory of Pu in PWR spent fuel is 

estimated from ORIGEN2.2 as listed in Table 5-3. 

One MTHM PWR spent fuel contains 8.91 Kg Pu after 10 years cooling.  After 

1% loss in reprocessing and MOX fuel fabrication, 8.73 Kg Pu remains in the new 

MOX fuel, which means 174.65 Kg MOX fuel (5% Pu + depleted U) can be made.  

Assume f as mass fraction of PWR fuel in the core, and the other 1-f is MOX, in 

equilibrium state: (1-f) ×Masscore = f×Masscore×174.65/1000 ⇒ f = 0.8513 

So in the annual required fuel 24.54 MTHM for 1 GWe-yr for PWR-MOX, there is 

20.89 MTHM of PWR LEU (85.13% of all in term of mass) and 3.65 MTHM MOX fuel 

(Table 5-5).  In this state, the plutonium is self-sustaining in the cycle.  Depleted U 

here means 0.3% enrichment of U235, tails from enrichment facility. 

5.2.2 DUPIC FUEL 

In DUPIC scenario, in order to use all PWR SF to make DUPIC fuel, there is a 

equilibrium core ratio between PWRs and CANDUs.  It is assumed that 1% for 

DUPIC fuel fabrication.  PWR SF is cooled for 10 years and then fabricated into 

DUPIC fuel.   For 1 GWe-yr, assume r as core ratio between PWRs and CANDUs, 

Wp is HM in the core for PWR.  Then rWp×99% is HM can be used in the core for 

the following CANDU, to make it equal to Wc which is HM in one core for CANDU: 

rWp×0.99 = Wc ⇒   
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#ofPWR/#ofCANDU = r = Wc/0.99Wp = 46.09/(0.99×23.31) = 1.997  

Electricity generation portion of PWR will be [Ref 5-1]: 

CANDUPWR

PWR

PrP
rP

+
 

where PWRP  and CANDUP are electricity powers of PWR and CANDU respectively.   

It can be calculated that the electricity generation portions of PWR and CANDU 

are 72.68% and 27.32% respectively. 

Table 5-4 DUPIC characteristics 

  PWR CANDU 
Ratio of core # 1.997 1 
Electric power per core (MWe)   950 713 
Electricity generation portion (%) 72.68 27.32 
Electricity generated (MWe) 726.8 273.2 
Thermal efficiency (%)   34 33 
Load factor   0.8 0.9 
Discharge burnup (MWd/kgHM)   35 15.4 

 

5.2.3 Loaded Fuels for All Scenarios 

Table 5-5 Required fuels for the three fuel cycle options (Based on 1GWe-yr) 

Nuclear fuel cycles (MTHM) 
Fuel types  PWR-OT    PWR-MOX    DUPIC   

 PWR   24.54 20.89 17.83 
 MOX   — 3.65 — 
 DUPIC   — — (17.66)* 
Total Input 24.54 24.54 17.83 

* made with PWR SF from previous stages 

Table 5-6 Fresh fuel characteristics 

Fuel types Description 
 PWR   UO2, 3.5% U235 

 MOX   
5%PuO2, Pu reprocessed from PWR SF with 35,000 
GWD/MTHM, 95% UO2, Depleted U with 0.3% U235 

 DUPIC   DUPIC fuel, made from 35,000 GWD/MTHM, PWR SF 
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To generate 1 GWe-yr electricity, the required fuel amounts for three cycles are 

calculated and summarized in Table 5-5.  And the fresh fuel characteristics are 

summarized in Table 5-6. 

Table 5-7, Table 5-8, and Table 5-9 list the required material flow in the three 

cycles to generate 1 GWe-yr respectively. 

Table 5-7 Material flow of PWR-OT based on 1Gwe-yr scenario 

Stage Name Product Material  

Input 
Material 
(MTHM)  

Input 
Material 
(MT) 

Mining/Milling 

(WORLD AVERAGE ORE GRADE (% 
U3O8): 0.15%) ore is processed locally, 
yellowcake is produced, which contains 
80% U3O8, enrichment 0.72% 189.75 171890.21

Conversion 

U3O8 is purified and converted into 
uranium hexafluoride through the process: 
U3O8 - UO2 - UF4 - UF6, 0.5% 
loss.0.72% 189.75 322.3

Enrichment 

U235 are enriched in the step.  Two large 
commercial scale facilities: centrifuge and 
gas diffusion techniques.  Assume tail 
0.3% and product 3.5% 188.8 279.32

LEU Fuel 
Fabrication 

UF6 is converted into UO2 and then the 
powder is pressed to form a right circular 
cylindrical pellet.  The pellet is further 
ground into required size and then 
properly cupped at the ends.  The dry fuel 
pellets are loaded into zircaloy tubes.  The 
fuel rods are assembled together  
(17×17).  pellet o.d.  7.4 mm, assembly 
length is 3.7 m.  1% loss.  3.5%  24.79 28.12

PWR 
PWR fresh fuel (3.5% UO2) is burned up 
to 35,000 GWD/MTHM.  SF with ~0.8% 24.54 27.84

AFR Storage PWR SF 24.54 27.84
Permanent 
Disposal PWR SF 24.54 27.84
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Table 5-8 Material flow of DUPIC based on 1Gwe-yr scenario 

Stage Name Product Material  

Input 
Material 
(MTHM)  

Input 
Material 
(MT) 

Mining/Milling 

(WORLD AVERAGE ORE GRADE (% 
U3O8): 0.15%) ore is processed locally, 
yellowcake is produced, which contains 
80% U3O8, enrichment 0.72% 137.91 124893.21

Conversion 

U3O8 is purified and converted into 
uranium hexafluoride through the process: 
U3O8 - UO2 - UF4 - UF6, 0.5% loss.0.72% 137.91 234.18

Enrichment 

U235 are enriched in the step.  Two large 
commercial scale facilities: centrifuge and 
gas diffusion techniques.  Assume tail 0.3% 
and product 3.5% 137.22 202.95

LEU Fuel 
Fabrication 

UF6 is converted into UO2 and then the 
powder is pressed to form a right circular 
cylindrical pellet.  The pellet is further 
ground into required size and then properly 
cupped at the ends.  The dry fuel pellets are 
loaded into zircaloy tubes.  The fuel rods 
are assembled together  (17× 17).  pellet 
o.d.  7.4 mm, assembly length is 3.7 m.  1% 
loss.  3.5% 18.01 20.43

PWR 
PWR fresh fuel (3.5% UO2) is burned up to 
35,000 GWD/MTHM.  SF with ~0.8% 17.83 20.23

Storage PWR SF 17.83 20.23

DUPIC Fuel 
Fabrication 

PWR SF is processed after 10 yr cooling.  
1% loss during DUPIC fuel fabrication, ratio 
of PWR core # to CANDU core # is 1.997  17.83 20.23

CANDU 
DUPIC fuel is burned up to 15,400 
GWD/MTHM. 17.66 20.23

AFR Storage DUPIC SF 17.66 20.23
Permanent 
Disposal DUPIC SF 17.66 20.23
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Table 5-9 Material flow of PWR-MOX based on 1Gwe-yr scenario 

Stage Name Product Material  

Input 
Material 
(MTHM)  

Input 
Material 
(MT) 

Mining/Milling 

(WORLD AVERAGE ORE GRADE (% 
U3O8): 0.15%) ore is processed locally, 
yellowcake is produced, which contains 
80% U3O8, enrichment 0.72% 141.78 128435.28

Conversion 

U3O8 is purified and converted into 
uranium hexafluoride through the process: 
U3O8 - UO2 - UF4 - UF6, 0.5% loss.  
0.72% 

161.51 
(141.78 
from milling 
+ recovered 
U 19.73) 274.33

Enrichment 

U235 are enriched in the step.  Two large 
commercial scale facilities: centrifuge and 
gas diffusion techniques.  Assume tail 0.3% 
and product 3.5% 

162.33 
(141.23 tail 
+ 21.1 
product) 237.74

LEU Fuel Fabrication 

UF6 is converted into UO2 and then the 
powder is pressed to form a right circular 
cylindrical pellet.  The pellet is further 
ground into required size and then properly 
cupped at the ends.  The dry fuel pellets are 
loaded into zircaloy tubes.  The fuel rods 
are assembled together  (17× 17).  pellet 
o.d.  7.4 mm, assembly length is 3.7 m.  1% 
loss.  3.5% 21.1 23.94

MOX Fuel 
Fabrication 

5% Pu recovered from PWR SF + 95% 
Depleted U (0.3% enrichment, tail from 
enrichment facility) 1% loss. 

3.69 (0.18 
Pu + 3.51U) 4.19

PWR-MOX 

85.13% LEU (3.5% UO2) + 14.87% MOX 
(5% Pu + 95% Depleted U) is burned up to 
35,000 GWD/MTHM. 

24.54 
(20.89 LEU 
+ 3.65 
MOX) 27.84

AFR Storage  MOX SF 3.65 4.14

PWR SF 
Reprocessing 

PWR SF is reprocessed after 10 years 
cooling.  99% Pu (0.891wt% in SF) is 
recovered to make MOX fuel.  99% U (95.4 
wt%, U235 0.85%)  is recovered and sent to 
conversion facility, the rest is treated as 
HLW 

20.89 (0.98 
HLW+0.18 
Pu + 19.73 
recovered 
U)) 23.7

Permanent Disposal MOX SF + HLW 4.63 5.23
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5.3 System Performances 

Fuel cycle system performances were investigated for the selected cases by 

using the models developed in this study.  No attempt is made in this section to 

combine the calculated performance metrics of repository impact, proliferation 

resistance, and economics.  Combining these metrics using a cost-based integration 

scheme is described in the next sections (5.4&5.5). 

5.3.1 Repository Performance 

Table 5-10 summarizes the repository performance of three scenarios.  As 

shown in Figure 5-2, decay heat from MOX spent fuel is much higher than the other 

two types of spent fuels in 100,000 years and due to the temperature limits at 

repository, very limited MOX spent fuel can be loaded in the repository.  This is 

because there are more actinides left in MOX spent fuel and they are main 

contributors for long term decay heat (Table 5-11).  In all three scenarios, the 

maximum loading is limited by the temperature limit at midway between drifts.  The 

repository can host more DUPIC spent fuel than the other two types of spent fuel.  

The projected dose rates from the full loaded repository in three scenarios are 

shown in Figure 5-3.   

Table 5-10 Repository performance of three scenarios  
(assume only one type of spent fuel filling the capacity limit) 

  DUPIC PWRMOX PWROT 
Total Area[acre] 1165.8 1165.8 1165.8 
Total Buried Waste [MTU] 113730.6 19660.6 87391 
Repository AML [MTU/acre] 97.6 16.9 75 
WP Density [MTU/WP] 12.09 2.09 9.29 
Maximum Drift-wall Temperature [°C] 166.7 113.5 139.9 
At time [yr] 69.3 162.1 77.3 
Maximum Midway Temperature [°C] 95.5 91.5 95.7 
At time_[yr] 474.2 657.5 657.5 
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The result shows more inventory results more the projected dose rate.  The 

waste package will not fail until 90,000 years. 

 

Figure 5-2 Decay heat of the nuclear waste 

 

Figure 5-3 Projected dose rate from full loaded repository 
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Table 5-11 Isotopes inventory in spent fuel 

halflife PWR-OT MOX DUPIC 
  [yr] Inventory [Ci/MTU] 

Cm246 4.73E+03 3.47E-02 4.01E-01 1.89E-01 
Cm245 8.50E+03 1.66E-01 2.24E+00 1.20E-01 
Cm244 1.81E+01 1.52E+03 2.10E+04 3.33E+03 
Cm243 2.85E+01 1.23E+01 1.26E+02 5.10E+01 
Am243 7.38E+03 1.83E+01 2.44E+02 3.04E+01 
Pu242 3.87E+05 1.76E+00 1.84E+01 3.93E+00 
Am242m 1.52E+02 1.16E+01 1.64E+02 1.38E+00 
Pu241 1.44E+01 7.80E+04 3.92E+05 4.64E+04 
Am241 4.32E+02 1.70E+03 9.32E+03 1.04E+03 
Pu240 6.54E+03 5.04E+02 1.50E+03 5.46E+02 
Pu239 2.41E+04 3.32E+02 4.96E+02 1.87E+02 
U238 4.47E+09 3.17E-01 3.14E-01 3.15E-01 
Pu238 8.77E+01 2.53E+03 1.19E+04 3.07E+03 
Np237 2.14E+06 3.69E-01 6.35E-02 2.63E-01 
U236 2.34E+07 2.82E-01 1.79E-02 3.06E-01 
U235 7.04E+08 1.75E-02 2.83E-03 7.39E-04 
U234 2.45E+05 8.34E-02 4.18E-01 1.13E-01 
U233 1.59E+05 1.88E-05 2.84E-06 1.28E-05 
U232 7.20E+01 2.11E-02 2.65E-03 4.28E-03 
Pa231 3.28E+04 4.52E-06 9.27E-07 1.13E-06 
Th230 7.70E+04 4.26E-06 2.28E-05 7.41E-06 
Th229 7.34E+03 3.42E-08 4.85E-09 4.74E-07 
Ac227 2.18E+01 7.80E-07 1.82E-07 3.41E-07 
Ra226 1.60E+03 6.99E-09 3.98E-08 1.86E-08 
Pb210 2.23E+01 9.52E-10 3.53E-09 2.82E-09 
Sm151 9.00E+01 3.71E+02 5.35E+02 9.10E+01 
Cs137 3.00E+01 8.83E+04 9.10E+04 1.08E+05 
Cs135 2.30E+06 3.81E-01 6.19E-01 8.08E-01 
I129 1.57E+07 3.30E-02 4.19E-02 4.05E-02 
Sn126 1.00E+05 7.93E-01 9.58E-01 1.05E+00 
Sn121m 5.00E+01 1.86E-01 2.86E-01 2.55E-01 
Ag108m 4.18E+02 2.76E-05 6.22E-05 1.12E-04 
Pd107 6.50E+06 1.14E-01 3.10E-01 1.85E-01 
Tc99 2.13E+05 1.40E+01 1.46E+01 1.84E+01 
Nb94 2.03E+04 1.43E-04 2.74E-04 2.26E-04 
Mo93 3.50E+03 1.00E-30 1.00E-30 1.00E-30 
Zr93 1.53E+06 1.95E+00 1.33E+00 2.69E+00 
Sr90 2.91E+01 6.28E+04 2.97E+04 6.92E+04 
Se79 1.10E+06 4.36E-01 3.30E-01 5.95E-01 
Ni63 9.20E+01 1.00E-30 1.00E-30 1.00E-30 
Ni59 8.00E+04 1.00E-30 1.00E-30 1.00E-30 
Cl36 3.01E+05 1.00E-30 1.00E-30 1.00E-30 
C14 5.73E+03 1.25E-04 1.23E-04 1.80E-04 
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5.3.2 Proliferation Resistance 

Isotopic actinides inventory is generated by using ORIGEN2.2 for spent fuels 

from three scenarios (Table 5-12 - Table 5-14).   

Table 5-12 Isotopic actinides inventory for PWROT 

PWROT 
 SF 10.0YR 50.0YR 
U235 8.09E+03 0.84% 8.09E+03 0.84% 8.10E+03 0.85% 
U238 9.41E+05 98.19% 9.41E+05 98.23% 9.41E+05 98.30% 
PU238 1.48E+02 0.02% 1.48E+02 0.02% 1.08E+02 0.01% 
PU239 5.24E+03 0.55% 5.34E+03 0.56% 5.33E+03 0.56% 
PU240 2.21E+03 0.23% 2.21E+03 0.23% 2.22E+03 0.23% 
PU241 1.22E+03 0.13% 7.57E+02 0.08% 1.10E+02 0.01% 
PU242 4.60E+02 0.05% 4.60E+02 0.05% 4.60E+02 0.05% 
Total 9.59E+05 100.00% 9.58E+05 100.00% 9.58E+05 100.00% 

 

Table 5-13 Isotopic actinides inventory for MOX 

MOX 
 SF 10.0YR 50.0YR 
U235 1.30E+03 0.14% 1.31E+03 0.14% 1.32E+03 0.14% 
U238 9.35E+05 97.16% 9.35E+05 97.38% 9.35E+05 97.71% 
PU238 6.41E+02 0.07% 6.96E+02 0.07% 5.09E+02 0.05% 
PU239 7.90E+03 0.82% 7.97E+03 0.83% 7.97E+03 0.83% 
PU240 6.49E+03 0.67% 6.60E+03 0.69% 6.77E+03 0.71% 
PU241 6.15E+03 0.64% 3.80E+03 0.40% 5.54E+02 0.06% 
PU242 4.82E+03 0.50% 4.82E+03 0.50% 4.82E+03 0.50% 
Total 9.62E+05 100.00% 9.60E+05 100.00% 9.57E+05 100.00% 

 

Table 5-14 Isotopic actinides inventory for DUPIC 

DUPIC 
 SF 10.0YR 50.0YR 
U235 3.41E+02 0.04% 3.42E+02 0.04% 3.45E+02 0.04% 
U238 9.35E+05 99.20% 9.35E+05 99.21% 9.35E+05 99.26% 
PU238 1.57E+02 0.02% 1.79E+02 0.02% 1.31E+02 0.01% 
PU239 2.92E+03 0.31% 3.01E+03 0.32% 3.00E+03 0.32% 
PU240 2.38E+03 0.25% 2.40E+03 0.25% 2.42E+03 0.26% 
PU241 7.28E+02 0.08% 4.50E+02 0.05% 6.56E+01 0.01% 
PU242 1.03E+03 0.11% 1.03E+03 0.11% 1.03E+03 0.11% 
Total 9.43E+05 100.00% 9.43E+05 100.00% 9.42E+05 100.00% 
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Table 5-15 Stages involved in three scenarios 

Stage 
Number PWR-OT PWR-MOX DUPIC-OT 

1 Mining/Milling Mining/Milling Mining/Milling
2 Conversion Conversion Conversion
3 Enrichment Enrichment Enrichment
4 LEU Fuel Fabrication LEU Fuel Fabrication LEU Fuel Fabrication
5 PWR irradiation MOX Fuel Fabrication PWR irradiation
6 AFR Storage PWR irradiation DUPIC Fuel Fabrication
7 Permanent Disposal AFR Storage CANDU irradiation
8   PWR SF Reprocessing AFR Storage
9   Permanent Disposal Permanent Disposal

 

In PWR-OT scenario, the spent fuel at AFR storage stage is treated as 10 year 

old spent fuel and Disposal stage has 50 years old spent fuel.  Similar assumption is 

applied for MOX scenario.  In DUPIC scenario, DUPIC Fuel is the same as 10 year 

old PWR-OT spent fuel and the DUPIC spent fuel at AFR storage stage is treated as 

10 year old DUPIC spent fuel and Disposal stage has 50 years old DUPIC spent 

fuel. 

Use total mass at each stage (Table 5-7-Table 5-9) and the mass fraction (Table 

5-12-Table 5-14), and the basic information list in Table 3-3, 15 quantities at each 

stage are calculated (Table 5-16-Table 5-18).    

The market natural uranium metal price is around $200/kg (from internet), this 

value is assumed as the reprocessing cost for single compounds including oxides 

because the “yellow cake” is very cheap as around $15/lb, and the main cost of 

natural uranium metal should be the separation cost from oxide.  For spent fuel, it is 

assumed as 3000 $/Kg and 100 $/kg is assumed for MOX fuel since the separated 

Pu appears.   

If there is no fission products exist, the dose rate is assigned as 0.001 

mrem/hr/kg, otherwise, the value is assigned as 100 mrem/hr/kg [Ref 5-1]. 
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If there is no fission products exist, then detectability level is assigned as 3, 

otherwise, detectability level is assigned as 5 [Ref 3-30].  The other values are 

assumed by the author. 

Table 5-15 shows the stages involved in the three scenarios and Figure 5-4 

shows the proliferation resistance changes along the stages from the beginning  to 

the end of a fuel  cycle.  PWR-OT shows relative high proliferation resistance during 

the whole cycle.  And DUPIC has a low point at stage 7, which is CANDU reactor 

operation.  The low proliferation resistance at this stage is mainly due to the online 

refueling characteristic which makes the system is assessable to proliferators in 

much higher chance compared to PWR reactor operation.  In MOX system, there 

are two relative lower points in the cycle, stage 5 and stage 8 are MOX fuel 

fabrication and PWR spent fuel reprocessing respectively.  These two low points are 

due to the separated Pu.  The reprocessing technology at stage 8 may be used 

directly by the proliferator for other purpose, this makes stage 8 has even lower 

proliferation resistance.  The weighted system PRs are shown in Table 5-19.  Based 

on the mean values, PWR-OT can be ranged to HIGH proliferation resistance level 

and both MOX and DUPIC belong to HIGH-MINUS level.  But based on min stage 

mean values, PWR-OT will be grouped into M+ level, MOX into L+ level and DUPIC 

into M- level. 
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Table 5-16 Important Quantities for PWR-OT 

Stage Number 1 2 3 4 5 6 7
Weight 7.948E-04 4.239E-01 2.366E+00 3.086E+00 3.159E+00 3.206E+00 3.206E+00
Critical Mass (kg) 3.375E+05 3.375E+05 1.886E+04 1.886E+04 1.000E+01 1.000E+01 1.000E+01
Equivalent Enrichment 7.200E-01 7.200E-01 3.500E+00 3.500E+00 4.725E+01 4.875E+01 5.091E+01
SFN (neutron/sec/kg) 1.260E+01 1.260E+01 1.226E+01 1.226E+01 3.327E+03 3.333E+03 3.231E+03
Heat (W/kg) 8.877E-06 8.877E-06 1.021E-05 1.021E-05 1.227E-01 1.197E-01 9.185E-02
Gamma rate (MeV/s/kg) 1.039E-01 1.039E-01 4.482E-01 4.482E-01 2.123E+02 2.053E+02 1.536E+02
SeparationCost ($/Kg) 200 200 200 200 3000 3000 3000
DoseRate (mrem/hr/kg) 0.001 0.001 0.001 0.001 100 100 100
Concentration (1/kg) 3.271E-09 1.744E-06 3.583E-05 4.673E-05 8.815E-02 8.815E-02 8.815E-02
Detectability 3 3 3 3 5 5 5
FacilityModificationTime (week) 100 100 0.1 100 1 100 100
FrequencyofAccess (day/yr) 365 365 180 365 10 180 100
AvailableMass (# of CM) 0.56 0.56 10.01 1.31 65.00 24.54 24.54
UncertaintyofMeasurement (#ofCM/yr) 0.01 0.01 0.01 0.01 0 0 0
Knowledge (yr) 10 10 0.1 10 2 10 10
Time (yr) 2 2 1 0.5 3 10 50
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Table 5-17 Important quantities for MOX 

Stage Number 1 2 3 4 5 6 7 8 9
Weight 7.95E-04 4.24E-01 2.39E+00 3.08E+00 2.46E+00 3.74E+00 3.78E+00 9.00E-01 8.85E-01
Critical Mass (kg) 3.37E+05 3.37E+05 1.89E+04 1.89E+04 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Equivalent Enrichment 7.20E-01 7.20E-01 3.50E+00 3.50E+00 4.72E+01 3.58E+01 3.71E+01 4.72E+01 3.94E+01
SFN (neutron/sec/kg) 1.26E+01 1.26E+01 1.23E+01 1.23E+01 3.31E+03 1.64E+04 1.67E+04 3.31E+03 1.64E+04
Heat (W/kg) 8.88E-06 8.88E-06 1.02E-05 1.02E-05 1.23E-01 4.83E-01 5.02E-01 1.23E-01 3.73E-01
Gamma rate (MeV/s/kg) 1.04E-01 1.04E-01 4.48E-01 4.48E-01 2.12E+02 8.66E+02 8.91E+02 2.12E+02 6.51E+02
SeparationCost ($/Kg) 200 200 200 200 100 3000 3000 100 3000
DoseRate (mrem/hr/kg) 0.001 0.001 0.001 0.001 100 100 100 100 100
Concentration (1/kg) 3.27E-09 1.74E-06 3.62E-05 4.67E-05 9.00E-02 8.81E-02 8.82E-02 9.00E-02 8.85E-02
Detectability 3 3 3 3 3 5 5 1 5
FacilityModificationTime (week) 100 100 0.1 100 100 100 100 1 100
FrequencyofAccess (day/yr) 365 365 180 365 365 10 180 365 100
AvailableMass (# of CM) 0.42 0.48 8.60 1.12 0.18 65 3.65 0.18 4.63
UncertaintyofMeasurement (#ofCM/yr) 0.01 0.01 0.01 0.01 0.01 0 0 0.01 0
Knowledge (yr) 10 10 0.1 10 10 10 10 0.1 10
Time (yr) 2 2 1 0.5 1 3 10 2 50
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Table 5-18 Important quantities for DUPIC 

Stage Number 1 2 3 4 5 6 7 8 9
Weight 7.95E-04 4.24E-01 2.37E+00 3.09E+00 3.16E+00 3.16E+00 1.38E+00 1.42E+00 1.42E+00
Critical Mass (kg) 3.37E+05 3.37E+05 1.89E+04 1.89E+04 1.00E+01 1.00E+01 1.00E+01 1.00E+01 1.00E+01
Equivalent Enrichment 7.20E-01 7.20E-01 3.50E+00 3.50E+00 4.72E+01 4.72E+01 4.02E+01 4.11E+01 4.23E+01
SFN (neutron/sec/kg) 1.26E+01 1.26E+01 1.23E+01 1.23E+01 3.33E+03 3.33E+03 4.59E+03 4.67E+03 4.56E+03
Heat (W/kg) 8.88E-06 8.88E-06 1.02E-05 1.02E-05 1.23E-01 1.23E-01 1.23E-01 1.35E-01 1.04E-01
Gamma rate (MeV/s/kg) 1.04E-01 1.04E-01 4.48E-01 4.48E-01 2.12E+02 2.12E+02 2.16E+02 2.37E+02 1.79E+02
SeparationCost ($/Kg) 200 200 200 200 3000 3000 3000 3000 3000
DoseRate (mrem/hr/kg) 0.001 0.001 0.001 0.001 100 100 100 100 100
Concentration (1/kg) 3.27E-09 1.74E-06 3.58E-05 4.67E-05 8.81E-02 8.81E-02 8.73E-02 8.73E-02 8.73E-02
Detectability 3 3 3 3 5 5 5 5 5
FacilityModificationTime (week) 100 100 0.1 100 1 100 1 100 100
FrequencyofAccess (day/yr) 365 365 180 365 10 365 365 180 100
AvailableMass (# of CM) 0.41 0.41 7.27 0.95 65 17.83 85 17.66 17.66
UncertaintyofMeasurement (#ofCM/yr) 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0 0
Knowledge (yr) 10 10 0.1 10 2 10 10 10 10
Time (yr) 2 2 1 0.5 3 0.5 3 10 50
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Figure 5-4 Stage mean proliferation of systems 

Table 5-19 System PRs 

System 
Name 

System 
Mean PR 

System Level 
indicated by 
System Mean PR

Min Stage 
Mean PR 

System Level 
indicated by Min 
Stage Mean PR  

PWR-OT 0.3285 H 0.2232 M+ 
PWR-MOX 0.2938 H- 0.1129 L+ 
DUPIC-OT 0.3033 H- 0.1533 M- 

5.3.3 Fuel Cycle Cost 

For case (private owner [Ref 5-2]): 

      τ  = 38%       bf  = 30% 

       br  = 9%        sr  = 16% 

 

 

x = 0.13 

φ  = 0.21 
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Table 5-20 Unit price used in fuel cycle cost 

Cost Component OECD Estimate* 
Ore Purchase 30± 10 $/kgHM 
Conversion 5± 2 $/kgSWU 
Enrichment 80± 30 $/kgHM 
UOX Fabrication 250± 50 $/kgHM 
SF Storage and Disposal 420± 100 $/kgHM 
Reprocessing 800± 100 $/kgHM 
HLW Storage and Disposal 46± 5.75 $/kgHM 
MOX Fabrication 1100± 200 $/kgHM 
DUPIC Fabrication[Ref 5-4] 623± 125 $/kgHM 

* In 2000 dollars, escalation rate of 3% [Ref 5-3] 

Assumptions: 

1. Fuel irradiation time: 3 yrs 

2. enrichment tails assay: 0.3% 

3. natural U enrichment: 0.72% 

4. fresh PWR fuel enrichment: 3.5% 

5. losses are neglected 

6. carrying charge factor: φ  = 0.21 per year 

7. the cost of waste storage and disposal is paid at the end of irradiation 

8. lead time or lag time (Lead time is the term referring to the date at which materials 

are obtained, services are performed and payments for front-end components occur, 

prior and relative to the date of loading fuel into the reactor.  Lag time is the date at 

which a payment for the back-end occurs, after and relative to the fuel discharge 

date): 
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Table 5-21 Lead time of all components 

Component Lead Time (yr) 
ore purchase 2 
conversion 2 
enrichment 1 
PWR fuel fabrication 0.5 
DUPIC fuel fabrication 0.5 
MOX fuel fabrication 1 
reprocessing 2 
storage of HLW from 
reprocessing 1 

 

Based on the assumptions and the material flow (Table 5-7-Table 5-9) and 

assumption that the disposal cost is charged by price per unit mass, the fuel cycle 

costs for three scenarios were calculated.  The details of the calculations are listed 

in Table 5-22, Table 5-23 and Table 5-24.  All costs are in 2000 dollars, unless 

otherwise noted.   PWR-OT provides the lowest FCC as 0.460 cents/kwhe and 

PWR-MOX provides the highest FCC as 0.764 cents/kwhe while DUPIC provides 

FCC as 0.512 cents/kwhe. 

Table 5-22 PWR-OT fuel cycle cost to generate 1GWe-yr 

            
Direct Cost 
($) 

Carrying 
Charge ($) 

  Mi Ci ∆Ti (yr) Mi.Ci Mi.Ci.φ.∆Ti 
ore purchase 189.75 MTHM 30 $/KgHM 3.5 5692500 4183987.5
conversion 189.75 MTHM 5 $/KgHM 3.5 948750 697331.25
enrichment 106.37 MT SWU 80 $/kg SWU 2.5 8509483.112 4467478.634
PWR fuel 
fabrication 24.54 MTHM 250 $/KgHM 2 6135000 2576700
storage and 
disposal 24.54 MTHM 420 $/KgHM -1.5 10306800 -3246642

  
Total 
($) 31592533.11 8678855.384

Grand Total ($) 40271388.5 

 

fuel cycle cost  (cents/kWhe) 0.460
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Table 5-23 PWR-MOX fuel cycle cost to generate 1GWe-yr 

            Direct Cost ($) 
Carrying 
Charge ($) 

  Mi Ci  
∆Ti 
(yr) Mi.Ci Mi.Ci.φ.∆Ti 

ore 
purchase 141.78 MTHM 30 $/KgHM 3.5 4253400 3126249
conversion 141.78 MTHM 5 $/KgHM 3.5 708900 521041.5

enrichment 90.54 
MT 
SWU 80 $/kg SWU 2.5 7242843.633 3802492.907

PWR fuel 
fabrication 21.1 MTHM 250 $/KgHM 2 5275000 2215500
reprocessing 20.89 MTHM 800 $/KgHM 4.5 16712000 15792840
MOX 
Fabrication 3.69 MTHM 1100 $/KgHM 2.5 4059000 2130975
storage and 
disposal of 
HLW 0.98 MTHM 46 $/KgHM 2.5 45080 23667
storage and 
disposal of 
MOX SF 3.65 MTHM 420 $/KgHM -1.5 1533000 -482895

  
Total 
($) 39829223.63 27129870.41

Grand Total ($) 66959094.04 

 

fuel cycle cost  (cents/kWhe) 0.764
For DUPIC system, it is assumed that spent fuel from PWR is storied without 

charge and ready for DUPCI fuel fabrication.  PWR and CANDU reactors are 

operated at the same time with the same irradiation time. 

Table 5-24 DUPIC-OT fuel cycle cost to generate 1GWe-yr 

            
Direct Cost 
($) 

Carrying 
Charge ($) 

  Mi Ci  
∆Ti 
(yr) Mi.Ci Mi.Ci.φ.∆Ti 

ore purchase 137.91 MTHM 30 $/KgHM 3.5 4137300 3040915.5
conversion 137.91 MTHM 5 $/KgHM 3.5 689550 506819.25
enrichment 77.28 MT SWU 80 $/kg SWU 2.5 6182161.793 3245634.941
PWR fuel 
fabrication 17.83 MTHM 250 $/KgHM 2 4457500 1872150
DUPIC fuel 
fabrication 17.66 MTHM 623 $/KgHM 2 11002180 4620915.6
storage and 
disposal of 
DUPIC SF 17.66 MTHM 420 $/KgHM -1.5 7417200 -2336418

  
Total 
($) 33885891.79 10950017.29

Grand Total ($) 44835909.08 

 

fuel cycle cost  (cents/kWhe) 0.512
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5.4 Integration of Performance Measures 

To effectively aid the decision making process for fuel cycle selections, a 

systematic integration of performance metrics is desirable.  An integrated system 

performance index which includes all important system performance measures can 

help decision maker to screening candidate systems quicker and easier.  The 

integrated system performance index also can be used easily in optimal system 

searching model. 

Table 5-25 shows the performance summary.  Due to the temperature limits, 

repository has different maximum loading for the three cycles.  Even though 

repository can host the least MOX spent fuel, the total electricity generated from the 

loaded MOX waste in repository is more than the one from the loaded PWR-OT 

spent fuel.  The repository with full loaded waste in DUPIC scenario can generate 

the most electricity which is 80% more in PWR-OT scenario.  This is because fissile 

materials from PWR-OT spent fuel are recycled partially in both MOX and DUPIC 

scenarios.  This means the same repository is maximally used in DUPIC scenarios.  

But PWR-OT has lowest system mean and stage minimum proliferation resistance.   

Table 5-25 Performance summary 

  PWR-OT MOX DUPIC 
SF generated from 1 Gwe-yr electricity (MTHM) 24.54 4.63 17.66 
Maximum loading in Yucca M.  according to temperature 
limits (MTHM) 87391 19661 113731 

total electricity generated from the max loading repository 
(Gwe-yr) 3561 4246 6440 

Fuel Cycle Cost (cents/kwhe) 0.460 0.819 0.498 
Mean Proliferation Resistance Value in all stages 0.328 0.294 0.303 
Minimum Proliferation Resistance Value in all stages 0.223 0.113 0.153 
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5.4.1 Cost Benefit of Repository Capacity Expansion 

Repository performance study shows the same repository like YUCCA Mountain 

has different capacity for different type of spent fuel, under the temperature limit at 

driftwall and midway between drifts (Table 5-10).  Assume the disposal cost 

420$/kgHM is for reference design of YUCCA Mountain for PWR-OT spent fuel.  

And the disposal cost will change with the capacity change when different spent fuel 

is loaded.   To keep the total charge of all waste unchanged, the unit price of unit 

mass waste changes inverse to the total capacity (Table 5-26).   

Table 5-26 Different disposal cost for three scenarios 

Storage and Disposal for PWR-OT 420 
Storage and Disposal of HLW for MOX 204.47 
Storage and Disposal of MOX SF 1866.89 
Storage and Disposal of DUPIC SF 322.73 

The comparison of these two different calculation methods is shown in Table 

5-27.  FCC of MOX becomes higher because the more charge for final disposal.  

DUPIC FCC decreases slightly due to the decreasing disposal cost. 

Table 5-27 FCCs of all cycles 

  PWR-OT MOX DUPIC 
Disposal Cost=420 $/kgHM 0.460 0.764 0.512 
Different disposal cost 0.460 0.808 0.498 
Disposal Charge per cask 0.460 0.819 0.498 

In this study, it is assumed that the repository will be loaded fully in all scenarios, 

so the disposal cost should be charged by unit price per cask.  The unit price per 

cask is calculated as: total disposal cost (total loading PWR waste 87391 MTHM 

multiples disposal cost 420 $/MTHM) divided by the total casks (9407 casks in this 

case), turns out to be 3.902 M$/cask.  The result is very comparable to the result 
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with adjusted disposal cost (Table 5-27).  The FCC calculated based on disposal 

charge per cask will be used in the rest of this report. 

Table 5-28, Table 5-29 and Table 5-30 shows the contribution from each stage to 

the final FCC for all three cycles.  Enrichment stage always costs a lot and even the 

most in PWR-OT cycle.  Reprocessing costs the most in MOX cycle and DUPIC fuel 

fabrication costs most in DUPIC compared with other stages. 

Table 5-28 Contribution of all stages to PWR-OT FCC 

PWR-OT FCC 
Stage cents/kwhe percentage
ore purchase 0.113 25%
conversion 0.019 4%
enrichment 0.148 32%
PWR fuel fabrication 0.099 22%
storage and disposal 0.081 18%
TOTAL 0.46 100%

Table 5-29 Contribution of all stages to MOX FCC 

MOX FCC 
Stage cents/kwhe percentage 
ore purchase 0.084 10% 
conversion 0.014 2% 
enrichment 0.126 15% 
PWR fuel fabrication 0.086 10% 
reprocessing 0.371 45% 
MOX Fabrication 0.071 9% 
storage and disposal of MOX SF 0.068 8% 
TOTAL 0.819 100% 

Table 5-30 Contribution of all stages to DUPIC FCC 

DUPIC FCC 
Stage cents/kwhe percentage 
ore purchase 0.082 16% 
conversion 0.014 3% 
enrichment 0.108 22% 
PWR fuel fabrication 0.072 14% 
DUPIC fuel fabrication 0.178 36% 
storage and disposal of DUPIC SF 0.045 9% 
TOTAL 0.498 100% 
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5.4.2 Cost Benefit of Proliferation Resistance 

Based on FCC with benefit of repository capacity expansion, further consider 

penalty to the different proliferation resistance performance, PWR-OT is used as 

reference.   A nonproliferation resistance charge is assumed to be 15% of the FCC.  

If the system mean proliferation resistance of a system is lower than that of PWR-

OT, then a higher nonproliferation resistance charge will be incurred.   Table 5-31 

shows the comparison of FCC with nonproliferation charge for all scenarios in this 

study.  PWR-OT still behaviors best in term of FCC and DUPIC is very close (8.9% 

more).  FCC of MOX is highest one which is 70% more than that of PWR-OT.  This 

adjusted FCC is the result of considering benefit/penalty from both repository 

capacity change and proliferation resistance difference. 

Table 5-31 FCC with non proliferation charge 

 fuel cycle cost (cents/kWhe)  
  PWR-OT MOX DUPIC 
FCC (Table 5-27) 0.460 0.819 0.498 
Mean PR 0.328 0.294 0.303 
NonProliferation Charge 0.069 0.077 0.075 
Adjusted FCC* 0.529 0.896 0.573 

* Proliferation resistance cost assumes to be 15% of base FCC for PWR-OT  
 

5.5 Comparisons of Fuel Cycles Based on Electricity Generation 

Cost 

Comparison of fuel cycles can be made by comparing the total electricity 

generation cost of the same amount of electricity under the condition with one 

repository.  With the same one repository condition, DUPIC scenario generates the 

most electricity (Table 5-25).  The electricity gap between the other scenarios to 
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DUPIC scenario is assumed to be fulfilled by other type of energy resources (coal 

and natural gas by assumption).  In this manner, for the same one repository and the 

same amount of electricity, total electricity generation cost which is from nuclear 

resource and/or other traditional resources can be obtained. 

Use the Lowest the pre-tax levelized cost of electricity (LCOE) 31$/MWh in 2003 

dollars for new design given in Table 9-7 in “The Economic Future of Nuclear 

Power”, University of Chicago, 2004 [Ref 5-10], which considers 18 $/MWh 8-year 

production tax credits and 20% investment tax credits.  Assume the same Capital 

Cost and O&M Cost for all scenarios, which is 25.56 $/MWh (31 $/MWh total cost 

minus 5.44 $/MWh FCC from the report), 23.39 $/MWh in 2000 dollars (3% 

escalation rate).  FCCs for PWR-OT, MOX, DUPIC are 5.29, 8.96, and 5.73 $/MWh 

(adjusted FCC from Table 5-31) respectively.  The electricity gap between any waste 

forms to dupic spent fuel is calculated and is assumed to be compensated by using 

energy resource coal and gas.  The reference LCOE for other energy sources 

(coal+gas) is combination of lowest LCOEs of coal and gas (Table 5-32) [Ref 5-10] 

weighted by the contribution of these two energy sources (Table 5-33) and 

converted to 2000 dollars: 30.7 $/MWh under current environmental polices and 

69.9 $/MWh under greenhouse policy. 

Table 5-32 Fossil LCOEs with and without greenhouse policies, $ per MWh, 2003 dollars 

 
Under Current Environmental  

Policies 
Under Greenhouse  

Policy 
 Coal-Fired   33 to 41 83 to 91 
 Gas-Fired   35 to 45 58 to 68 
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Table 5-33 Shares of total U.S.  electricity generation, by type of generation, 2003 

Energy Source    Net Generation, Percent   
 Coal   50.1 
 Nuclear   20.2 
 Natural Gas   17.9 
 Hydroelectric   6.6 
 Petroleum   2.5 
 Non-hydro Renewables   2.3 
 Other Sources   0.4 
 Total   100 

Under current environmental polices, to generate the same amount of electricity 

with one repository, the total cost for MOX is highest.  And DUPIC shows the lowest 

cost which is slightly lower than PWROT (1%, Table 5-34).  This is because the cost 

of combination of coal and gas is higher than both total cost in PWROT and DUPIC 

scenarios, and the benefit of lower total electricity cost in PWROT to DUPIC is 

overcome by the benefit of more electricity generated under the same one repository 

in DUPIC to PWROT.  Under greenhouse policy, due to higher total electricity cost of 

traditional resources, the benefit of more electricity generated under the same one 

repository becomes more obvious and DUPIC shows the lowest cost which is lower 

than PWROT by 60% (Table 5-35).  Even MOX becomes a better choice than 

PWROT.   

Table 5-34 Total cost comparison under current environmental policies 

 PWROT MOX DUPIC 
Total Electricity Cost ($/MWh) 28.68 32.35 29.12
total electricity generated from the max 
loading repository (Gwe-yr) 3561 4246 6440
Electricity Gap with DUPIC (Gwe-yr) 2879 2194 0
Cost for electricity from nuclear fuel cycle for 
max loading repository ($) 8.95E+11 1.20E+12 1.64E+12
Cost for electricity from other source to meet 
the gap ($) 7.74E+11 5.90E+11 0.00E+00
Total cost to generate the same amount of 
electricity with one repository ($) 1.67E+12 1.79E+12 1.64E+12
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Table 5-35 Total cost comparison under greenhouse policy 

 PWROT MOX DUPIC 
Total Electricity Cost ($/MWh) 28.68 32.35 29.12
total electricity generated from the max 
loading repository (Gwe-yr) 3561 4246 6440
Electricity Gap with DUPIC (Gwe-yr) 2879 2194 0
Cost for electricity from nuclear fuel cycle for 
max loading repository ($) 8.95E+11 1.20E+12 1.64E+12
Cost for electricity from other source to meet 
the gap ($) 1.76E+12 1.34E+12 0.00E+00
Total cost to generate the same amount of 
electricity with one repository ($) 2.66E+12 2.55E+12 1.64E+12
 
FCC is only around 20% of total electricity cost, nonproliferation defined based 

on FCC can only show limited influence to total electricity cost.  Nonproliferation 

charge can also be defined based on total electricity cost.  15% of total electricity 

cost in PWROT is assumed as the nonproliferation charge for PWROT.  For others: 

nonproliferation charge = Mean PR of PWROT ×  nonproliferation charge of PWROT 

                                                                         / Mean PR of current scenario 

Table 5-36 Nuclear electricity cost (15% Nonproliferation Charge) 

  PWROT MOX DUPIC 
FCC without Nonproliferation Charge 
($/MWh)  4.60 8.19 4.98 
Total Electricity Cost ($/MWh) 27.99 31.58 28.37 
Mean PR 0.328 0.294 0.303 
NonProliferation Charge* 4.20 4.68 4.55 
PR adjusted Total Cost 32.19 36.27 32.92 

 
Table 5-37 Total cost comparison under current policies (15% Nonproliferation Charge) 

 PWROT MOX DUPIC 
Total Electricity Cost ($/MWh) 32.19 36.27 32.92
total electricity generated from the max 
loading repository (Gwe-yr) 3561.00 4246.00 6440.00
Electricity Gap with DUPIC (Gwe-yr) 2879.00 2194.00 0.00
Cost for electricity from nuclear fuel cycle 
for max loading repository ($) 1.00E+12 1.35E+12 1.86E+12
Cost for electricity from other source to 
meet the gap ($) 8.46E+11 6.44E+11 0.00E+00
Total cost to generate the same amount 
of electricity with one repository ($) 1.85E+12 1.99E+12 1.86E+12



 

 158

Table 5-38 Total cost comparison under greenhouse policy (15% Nonproliferation Charge) 

 PWROT MOX DUPIC 
Total Electricity Cost ($/MWh) 32.19 36.27 32.92
total electricity generated from the max loading 
repository (Gwe-yr) 3561.00 4246.00 6440.00
Electricity Gap with DUPIC (Gwe-yr) 2879.00 2194.00 0.00
Cost for electricity from nuclear fuel cycle for 
max loading repository ($) 1.00E+12 1.35E+12 1.86E+12
Cost for electricity from other source to meet the 
gap ($) 1.93E+12 1.47E+12 0.00E+00
Total cost to generate the same amount of 
electricity with one repository ($) 2.93E+12 2.82E+12 1.86E+12

 

Table 5-36 shows the adjusted total cost based on PR values.  The adjusted total 

costs are used to recalculate the total cost to generate the same amount of 

electricity with one repository.  The results under two different policies are shown in  

Table 5-37 and Table 5-38.  Compare Table 5-34 and  

Table 5-37, the difference of impacts from two different nonproliferation charge 

methods appears.  When nonproliferation charge is assumed to be 15% of FCC, 

under current policies, DUPIC is cheaper than PWROT.  If nonproliferation charge is 

assumed as 15% of total electricity cost, under the same policies, PWROT becomes 

better choice because of its lower mean system PR.  Under greenhouse policies, 

DUPIC becomes better choice again because the benefit of more generated 

electricity overcomes the benefit of higher PR. 

5.6 Uncertainty and Sensitivity Study 

For repository performance, proliferation performance, economics performance 

and integrated adjusted FCC, the uncertainty and sensitivity study is executed in a 

similar procedure.  First, important parameters with uncertainty are identified and 

distributions of parameters are collected.  @Risk [Ref 5-11] is linked with 
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performance models to do Monte Carole simulation and @Risk can also give 

statistics information and sensitivity information.   

@RISK is the Risk Analysis and Simulation add-in for Microsoft Excel or Lotus 1-

2-3.  As an add-in, @RISK becomes seamlessly integrated - via a new toolbar and 

functions -- with spreadsheet, adding Risk Analysis to existing models.  @RISK uses 

a technique known as Monte Carlo simulation to take all possible outcomes into 

account.  Simply replace uncertain values in spreadsheet with @RISK functions 

which represent a range of possible values.  Select cells as outputs, and start a 

simulation.  @RISK recalculates spreadsheet hundreds or even thousands of times, 

each time selecting random numbers from the @RISK functions you entered.  The 

result: distributions of possible outcomes and the probabilities of getting those 

results.   

The probability density function (PDF) generated from @Risk is extended into a 

fuzzy number for all scenarios.  In each case, for three scenarios, three PDFs are 

obtained.  The maximum of three PDFs p(x) defined as pmax is available.  The 

associated fuzzy number is generated in this matter: 

pxpx max/)()( =µ  

PD and PSD index defined by Dubois and Prade are used to compare the ranking of 

these three fuzzy numbers.  The result is used to assistant the comparison. 

5.6.1 Uncertainty of Repository Performance 

The parameters with uncertainties are listed in Table 5-39. 
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Table 5-39 Stochastic parameters for projected dose model 

Parameter 
Distribution 
Type Distribution Statistics Reference

Bulk Density at SZ (g/ml) Normal Mean = 1.91, SD = 0.078  [Ref 5-5] 
Effective Porosity at SZ  Beta α1 = 17.76, α2 = 58.41  [Ref 5-6] 
Aquifer Flow (m/yr) Normal Mean = 0.6, SD = 0.012  [Ref 5-7] 
Longitudinal Dispersivity (m) Log Normal Mean = 100, SD = 5.66  [Ref 5-7] 
Effective Porosity (layer 1) Beta α1 = 21.14, α2 = 178.13  [Ref 5-6] 
Effective Porosity (layer 2) Beta α1 = 21.66, α2 = 228.12  [Ref 5-6] 
Effective Porosity (layer 3) Beta α1 = 18.54, α2 = 72.51  [Ref 5-6] 
Effective Porosity (layer 4) Beta α1 = 13.34, α2 = 19.64  [Ref 5-6] 
Net Water Percolation Rate (m/yr) Uniform [0.004, 0.013]  [Ref 5-9] 
Dilution Volume (m^3) Uniform [6203533.78, 17921319.82]  [Ref 5-9] 
Water Usage( l/yr ) Normal Mean = 730, SD = 36.5  [Ref 5-8] 

SZ = Saturated Zone, SD = Standard Deviation 
 

Table 5-40 shows the accumulated dose in 100,000 yrs from the repository.   The 

uncertainty is large, around 62% for PWR-OT, 56% for MOX and 58% for DUPIC.  

DUPIC projects highest dose in terms of mean value and 95% percentile and it dues 

to the highest loading.   Table 5-41 and Table 5-42 list the PDs and PSDs.  Those 

fuzzy number ranking values shows the vague ranking of the three cycles.  Figure 

5-5 shows the CDF of accumulated dose for three cycles.  This figure shows clearly 

the ranking of three cycles at any probability level the same as the ranking shown in 

Table 5-40. 

Figure 5-6-Figure 5-8 shows the correlation for accumulated dose of three 

cycles.  A significant relation is indicated by a ranking order coefficient with value 

more than 0.1 indicates.  Higher absolute ranking order coefficient shows stronger 

relationship.  In all three scenarios, the four important parameters are Aquifer Flow, 

Dilution Volume, and Effective Porosity at layer 4 and Longitudinal. 

Table 5-43 to Table 5-45 show similar ranking for peak dose rate in 100,000 yr 

compared with the accumulated dose.  Figure 5-10 to Figure 5-12 show that the 
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correlation of parameters to the peak dose rate of the three cycles is very similar to 

the correlation of parameters to the accumulated dose of the three cycles 

respectively.   

Table 5-40 Accumulated dose in 100,000 yrs statistics 

Accumulated Dose in 100,000 yrs (rem) 
  PWR-OT MOX DUPIC 
Minimum 3.66 0.69 5.82
Maximum 125.96 47.27 164.59
Mean 26.78 9.34 42.40
Std Deviation 16.56 5.20 24.61
95% Percentile 58.49 18.60 91.24

 

Table 5-41 Ranking of accumulated dose in 100,000 yrs for three scenarios 

  PWROT MOX DUPIC 
PD 0.61 0.51 0.61
PSD 0.41 0.15 0.58

Table 5-42 Ranking of accumulated dose in 100,000 yrs for PWR-OT and MOX 

  PWROT MOX 
PD 0.90 0.90
PSD 0.81 0.15
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Figure 5-5 CDF of accumulated dose in 100,000 yrs (rem) 
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 Correlations for PWR-OT Accumulated Dose
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Figure 5-6 Correlations for PWR-OT accumulated dose 
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Figure 5-7 Correlations for MOX accumulated dose 
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 Correlations for DUPIC Accumulated Dose
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Figure 5-8 Correlations for DUPIC accumulated dose 

Table 5-43 Peak dose rate statistics 

Peak Dose Rate (rem/yr) 
  PWR-OT MOX DUPIC 
Minimum 2.63E-03 5.10E-04 4.16E-03 
Maximum 6.94E-02 2.59E-02 9.06E-02 
Mean 1.63E-02 5.49E-03 2.58E-02 
Std Deviation 9.21E-03 2.84E-03 1.38E-02 
95% Percentile 3.44E-02 1.05E-02 5.26E-02 

Table 5-44 Ranking of peak dose rate for three scenarios 

  PWROT MOX DUPIC 
PD 0.57 0.50 0.57
PSD 0.45 0.12 0.55

 

Table 5-45 Ranking of peak dose rate for PWR-OT and MOX 

  PWROT MOX 
PD 0.91 0.91
PSD 0.85 0.12
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 CDF for Peak Dose Rate (rem/yr)
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Figure 5-9 CDF for peak dose rate 
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Figure 5-10 Correlations for PWR-OT peak dose rate 
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 Correlations for MOX Peak Dose
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Figure 5-11 Correlations for MOX peak dose rate 
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Figure 5-12 Correlations for DUPIC peak dose rate 
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5.6.2 Uncertainty of Proliferation Resistance 

Table 5-46 Stochastic parameters for proliferation resistance model 

Parameter Distribution Type Distribution Statistics 
Isotopic Barrier Weight Uniform [130, 200] 
Chemical  Barrier Weight Uniform [20, 55] 
Radiological  Barrier Weight Uniform [5, 9] 
Other Barrier Weight Log Normal SD/Mean = 50% 
All Measurable Variables Normal SD/Mean = 20% 

SD = Standard Deviation 
By given uncertainty in Table 5-46, the system mean proliferation resistance is 

listed in Table 5-47.  The standard deviation is small, and PWR-OT has clearly 

highest proliferation resistance in terms of mean value and 95% percentile, which 

can also be observed from Figure 5-13 and Figure 5-14.  DUPIC has very close 

proliferation resistance to MOX.  The similar relationship can be indicated by the 

ranking number PD, PSD in Table 5-48 and Table 5-49 too.  The assumed 

uncertainties from parameters hide the PR difference of MOX and DUPIC.  It 

suggests more investigation is needed to compare these two systems.   

Figure 5-15 to Figure 5-17 shows the parameters which have strong correlation 

with the system mean proliferation resistance.  Barrier weight for Available Mass 

barrier shows strongest effect to the system mean proliferation resistance in all three 

scenarios because of its relevant higher importance compared with other barrier 

weights and the large uncertainty of its value (log normal distribution with 50% 

relative SD, Table 5-46).  Same reason makes barrier weight of Facility 

Unattractiveness barrier having strong influence to system mean PR.  Stage-weight 

also plays an important role because it directly affect the importance of PR at each 
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stage to final system mean PR.  More investigation should be made to reduce the 

uncertainty from those important parameters. 

Table 5-50 to Table 5-42 and Figure 5-18 to Figure 5-22 show the statistical 

information of minimum stage mean proliferation resistance of each cycle.  The 

important parameters to minimum stage mean proliferation resistance are different 

from those to system mean proliferation resistance.  The importance of stage-weight 

decreases reasonably, since the minimum stage mean PR is PR of one stage.  

Parameters related with the lower PR stage like CANDU reactor operation in DUPCI 

scenario, reprocessing facility in PWR-MOX scenario and reactor operation in PWR-

OT scenario show strong effect. 

Table 5-47 System mean proliferation resistance statistics 

System Mean Proliferation Resistance 
  PWR-OT MOX DUPIC
Minimum 0.220 0.209 0.195
Maximum 0.389 0.350 0.352
Mean 0.320 0.284 0.284
Std Deviation 0.027 0.021 0.023
95% Percentile 0.360 0.318 0.320
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Figure 5-13 PDF for system mean proliferation resistance 

Table 5-48 Ranking of system mean proliferation resistance for three scenarios 

  PWROT MOX DUPIC 
PD 0.83 0.58 0.60
PSD 0.76 0.20 0.23

Table 5-49 Ranking of system mean proliferation resistance for MOX and DUPIC 

  MOX DUPIC 
PD 0.90 0.90
PSD 0.46 0.51
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 CDF for System Mean Proliferation Resistance
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Figure 5-14 CDF for system mean proliferation resistance 
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Figure 5-15 Correlations for PWR-OT system mean proliferation resistance 
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 Correlations for MOX System Mean Proliferation Resistance
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Figure 5-16 Correlations for MOX system mean proliferation resistance 
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Figure 5-17 Correlations for DUPIC system mean proliferation resistance 
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Table 5-50 Minimum stage mean proliferation resistance statistics 

Minimum Stage Mean Proliferation Resistance 
  PWR-OT MOX DUPIC
Minimum 0.096 0.080 0.084
Maximum 0.250 0.168 0.198
Mean 0.161 0.115 0.132
Std Deviation 0.027 0.016 0.020
95% Percentile 0.207 0.142 0.164
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Figure 5-18 PDF for minimum stage mean proliferation resistance 

Table 5-51 Ranking of minimum stage mean proliferation resistance for three scenarios 

  PWROT MOX DUPIC 
PD 0.60 0.45 0.51
PSD 0.60 0.26 0.40

Table 5-52 Ranking of minimum stage mean proliferation resistance for PWROT and MOX 

  PWROT MOX 
PD 0.60 0.45
PSD 0.60 0.40
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Figure 5-19 CDF for minimum stage mean proliferation resistance 
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Figure 5-20 Correlations for PWR-OT minimum stage mean proliferation resistance 
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 Correlations for MOX Minimum Stage Mean Proliferation Resistance
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Figure 5-21 Correlations for MOX minimum stage mean proliferation resistance 

 Correlations for DUPIC Minimum Stage Mean Proliferation Resistance
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Figure 5-22 Correlations for DUPIC minimum stage mean proliferation resistance 
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5.6.3 Uncertainty of Fuel Cycle Cost 

The distribution statistics information is from Ref 5-3 and Ref 5-4 (Table 5-53).  

Log normal distribution is assumed to avoid negative value during sampling when 

the standard deviation is large.    

Table 5-53 Stochastic parameters for fuel cycle cost model 

Parameter Distribution Type Distribution Statistics 
Ore Purchase ($/KgHM) Log Normal Mean = 30, SD = 10 
Conversion ($/KgHM) Log Normal Mean = 5, SD = 2 
Enrichment ($/kgSWU) Log Normal Mean = 80, SD = 30 
UOX Fabrication ($/KgHM) Log Normal Mean = 250, SD = 50 
Waste Disposal ($/Cask) Log Normal Mean = 3902000, SD = 929000 
Reprocessing ($/KgHM) Log Normal Mean = 800, SD = 100 
MOX Fabrication ($/KgHM) Log Normal Mean = 1100, SD = 200 
DUPIC Fabrication ($/KgHM) Log Normal Mean = 623, SD = 125 
Maximum Loading (MTHM) Log Normal SD/Mean = 10% (assumed) 

SD = Standard Deviation 
 

It can be seen from Table 5-54 that MOX has highest FCC and PWR-OT has 

lowest FCC.  FCC of DUPIC is slightly higher than FCC of PWR-OT.  The relative 

SD is around 10-15%.  Important parameters indicated in Figure 5-25-Figure 5-27 

are different for three cycles.  The two most important parameters for FCC of PWR-

OT are enrichment and ore purchase price, for FCC of MOX are enrichment and 

reprocessing price, and for FCC of DUPIC are enrichment and DUPIC fuel 

fabrication price.  The enrichment price is so important in this study because high 

contribution of enrichment facility to total cost (32% in PWR-OT scenario, 15% in 

MOX scenario and 22% in DUPIC scenario) and its high uncertainty (37.5% relative 

SD).  The uncertainty of max loading which is indicated by waste package (WP) 

density does not have significant correlation with FCC of all three cycles. 
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Table 5-54 FCC statistics (cents/kWhe) 

  PWR-OT MOX DUPIC 
Minimum 0.195 0.497 0.234
Maximum 0.750 1.146 0.776
Mean 0.461 0.820 0.499
Std Deviation 0.074 0.077 0.064
95% Percentile 0.580 0.947 0.603
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Figure 5-23 PDF for FCC 

Table 5-55 Ranking of FCC for three scenarios 

  PWROT MOX DUPIC 
PD 0.05 0.83 0.07
PSD 0.17 0.83 0.17

 

Table 5-56 Ranking of FCC for PWROT and DUPIC 

  PWROT DUPIC 
PD 0.88 0.89
PSD 0.32 0.65
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Figure 5-24 CDF for FCC 
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Figure 5-25 Correlations for PWR-OT FCC 
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 Correlations for FCC (cents/kWhe) of MOX
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Figure 5-26 Correlations for MOX FCC 
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Figure 5-27 Correlations for DUPIC FCC 
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5.6.4 Uncertainty of Adjusted Fuel Cycle Cost 

Assumed the uncertainties of parameters are listed in Table 5-46 and Table 5-53, 

the uncertainty of adjusted FCC is investigated and result is shown in Table 5-57. 

It can be seen that since the nonproliferation charge is only 15% of FCC, the 

impact from uncertainty of system mean proliferation resistance is very limit and 

important parameters for adjusted FCC are same as those for FCC (Figure 5-30-

Figure 5-32).   The relative standard deviations are almost the same as FCC of the 

three scenarios (~16% for PWR-OT, ~10% for MOX and ~13% for DUPIC). 

Table 5-57 Adjusted FCC statistics (cents/kWhe) 

Adjusted FCC 
  PWR-OT MOX DUPIC
Minimum 0.319 0.666 0.405
Maximum 0.963 1.273 0.911
Mean 0.529 0.896 0.575
Std Deviation 0.084 0.087 0.073
95% Percentile 0.688 1.049 0.701
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Figure 5-28 PDF for adjusted FCC 
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Table 5-58 Ranking of adjusted FCC for three scenarios 

  PWROT MOX DUPIC 
PD 0.10 0.83 0.11
PSD 0.17 0.83 0.17

Table 5-59 Ranking of adjusted FCC for PWROT and DUPIC 

  PWROT DUPIC 
PD 0.83 0.11
PSD 0.83 0.17
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Figure 5-29 CDF for adjusted FCC 
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 Correlations for Adjusted FCC of PWR-OT
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Figure 5-30 Correlations for PWR-OT adjusted FCC 
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Figure 5-31 Correlations for MOX adjusted FCC 
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 Correlations for Adjusted FCC of DUPIC

CANDU / FrequencyofAccess

AFR Storage / HeatRate

PWR / StageWeight

AFR Storage / Enrichment

AFR Storage / Time

Facility Unattractiveness / 
BarrierWeight

Mining/Milling / Time

LEU Fuel Fabrication / 
UncertaintyofMeasurement

Time / BarrierWeight

Mining/Milling / 
UncertaintyofMeasurement

Conversion / 
FrequencyofAccess

DISPOSAL COST 

UOX Fabrication

Ore Purchase

DUPIC Fabrication

Enrichment 

-1.00 -0.90 -0.80 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

 Spearman Rank Order Correlation coefficient
 

Figure 5-32 Correlations for DUPIC adjusted FCC 

5.6.5 Uncertainty of Total Cost 

Assumed the uncertainties of parameters are listed in Table 5-46 and Table 5-53, 

the uncertainty of total cost to generate the same amount of electricity under current 

policies and greenhouse policy are investigated and results are shown in Table 5-60 

and Table 5-61.  Compare Table 5-60 and Table 5-37, the ranking of three scenarios 

based on mean value in Table 5-60 is different as the ranking based on the total 

costs to generate the same amount electricity in Table 5-37, due to the assumed 

uncertainties from the parameters.  Figure 5-33 shows the close total cost to 

generate the same amount of electricity of DUPIC and PWROT.  Under greenhouse 

policy, the ranking of three scenarios is clearer by looking at Table 5-61 and Figure 

5-34: DUPIC provides much lower total cost than other two scenarios.  Even 
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PWROT has higher total cost than MOX to generate the same amount of electricity 

because the electricity gap that PWROT is short from other scenarios has to be 

compensated with higher cost traditional energy resources. 

Figure 5-35 to Figure 5-37 show the important parameters to the total cost to 

generate the same amount of electricity for three scenarios.  They are almost 

identical to the important parameters to adjusted fuel cycle cost and FCC. 

Table 5-60 Total cost comparison under current policies (15% nonproliferation charge) $ 

  PWR-OT MOX DUPIC 
Minimum 1.79E+12 1.91E+12 1.76E+12
Maximum 2.01E+12 2.11E+12 2.08E+12
Mean 1.85E+12 2.00E+12 1.87E+12
Std Deviation 2.63E+10 3.34E+10 4.14E+10
95% Percentile 1.90E+12 2.05E+12 1.94E+12

Table 5-61 Total cost comparison under greenhouse policies (15% nonproliferation charge) $ 

  PWR-OT MOX DUPIC 
Minimum 2.87E+12 2.73E+12 1.76E+12
Maximum 3.09E+12 2.94E+12 2.08E+12
Mean 2.93E+12 2.82E+12 1.87E+12
Std Deviation 2.63E+10 3.34E+10 4.14E+10
95% Percentile 2.98E+12 2.88E+12 1.94E+12
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Figure 5-33 PDF for total cost comparison under current policies (15% nonproliferation charge) 
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Figure 5-34 PDF for total cost comparison under greenhouse policies (15% nonproliferation 

charge) 
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 Correlations for PWR-OT Total Cost Comparison under Current Policies 
(15% Nonproliferation Charge)
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Figure 5-35 Correlations for PWROT total cost comparison under current policies (15% 

nonproliferation charge) 

 Correlations for MOX Total Cost Comparison under Current Policies (15% 
Nonproliferation Charge)
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Figure 5-36 Correlations for MOX total cost comparison under current policies (15% 

nonproliferation charge) 
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 Correlations for DUPIC Total Cost Comparison under Current Policies (15% 
Nonproliferation Charge)

AFR Storage / Time

Conversion / DoseRate

Facility Unattractiveness / 
BarrierWeight

AFR Storage / DoseRate

CANDU / SFN

PWR / Enrichment

Mining/Milling / 
AvailableMass

Permanent Disposal / 
AvailableMass

AFR Storage / 
FacilityModificationTime

Enrichment / StageWeight

Conversion 

DISPOSAL COST

UOX Fabrication

Ore Purchase

Enrichment 

DUPIC Fabrication

-1.0 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Spearman Rank Order Correlation coefficient
 

Figure 5-37 Correlations for DUPIC total cost comparison under current policies (15% 

nonproliferation charge) 
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6 Discussion 

The major observations from the previous discussions are summarized in this 

chapter. 

1. The toxicity index methods did not yield consistent results in evaluating 

repository performance for the test cases cited in chapter 2.   Also, neither 

the mass inventory nor the toxicity index considers the contribution of the 

waste package and the repository in assessing the overall performance.  If 

the waste packages could be constructed to maintain their integrity over 

the life of the repository, then the radiotoxicity of the waste would not be an 

issue.  PA methods have to be used as the performance of the repository 

and the waste package are crucial components in the evaluation of the 

health impacts from the SNF/HLW. 

2. In the three fuel cycle scenarios studied, the repository capacities are 

constrained by the required temperature limit at midway between drifts 

(96°C).   Other temperature limits might be more limiting in different 

scenarios.  The peak centerline temperature appears over fifteen hundred 

years after the drift ventilation system has been shut off and the drifts have 

been backfilled (Table 5-10).  The temperature rise is principally due to the 

decay heat from the long half-life actinides.  To increase the repository 

capacity in the MOX and DUPIC scenarios, a further reduction of the long 

half-life actinides should be considered. 

3. Due to different decay heat characteristics of the spent fuels considered in 

these scenarios, the maximum loading for each is different.  Of the three 
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fuel cycle scenarios studied, the highest loading was found for the DUPIC 

SNF, followed by the PWROT SNF and the MOX.  As MOX SNF is not 

reprocessed, it contains more Pu and other actinides (Table 5-11) than the 

other two fuel cycles considered.  MOX SNF, therefore, will produce more 

heat resulting in the lowest repository loading.  In MOX scenario, the 

reactor is loaded with mixed fuel (15% MOX fuel and 85% PWR fresh fuel).  

Because of recycling of the Pu and U in the PWROT SNF, which is 85% of 

the total SNF discharged from the reactor, to develop MOX fuel, the 

volume of the generated HLW for final disposal to get one GWe-yr is the 

least (less than 30% of the other two fuel cycle scenarios).  This benefit is 

offset by the larger actinide inventory in the MOX SNF and, 

consequentially, a hotter waste package.  If MOX SNF could be 

reprocessed and actinides were recycled further, then the benefit of 

volume reduction and an increase in repository capacity could be achieved.   

4. Even though the waste composition and the loading amounts are very 

different, it is observed that the performance of waste package/EBS is 

similiar for each of the three fuel cycles.  The failure times of about 90,000 

years and the projected peak dose rate in about 100,000 years in 100,000 

years investigation period are nearly the same in each case.  The dose 

rate is almost linear with the amount of SNF loaded for each case.  Some 

error may be introduced for the DUPIC and the MOX results as a result of 

using the currently available source term model which was developed for 

PWR and BWR SNF waste packages.  A more general source term model 
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may provide more accuracy in capturing the difference due to different 

waste forms.    

5. Large uncertainties exist in estimating peak dose rate and the accumulated 

dose in these three scenarios (Table 5-40 and Table 5-43) from the 

uncertainty study.  The geological structure and groundwater properties 

have the greatest influence on the projected dose rate and accumulated 

dose.  The life style of future down gradient residents of the repository also 

strongly influences the projected dose in terms of consumed water volume.   

Even with the large uncertainty in the projected dose rate, none of the fuel 

cycle scenarios, with the repository fully loaded, exceeded the EPA 

standard for dose to the public out to 10,000 years (15 mrem/yr).   The 

model developed in this study covers the projected dose rate from the 

repository to 100,000 years post closure.  EPA has proposed amendments 

extending the coverage to one million years; a further development to the 

model presented herein would be required to meet this extension.  The 

health risk based single number for repository performance was not used 

in the case study as part of the objective function, but it may be used as 

one constraint in the optimization of fuel cycles. 

6. The stage mean PR figure (Figure 5-4) has shown the weaker stages in 

each scenario.  More attention and effort is needed by the nuclear industry 

and research community to enhance the proliferation resistance of the 

weaker stages.  Only intrinsic barriers were investigated in the case 

studies.  Therefore, for an evaluation of the effectiveness of safeguards 
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represented by the extrinsic barriers, more studies are needed to include 

them in the current PR model. 

7. The mean system PR and minimum stage PR highlight the relative 

difference between the three fuel cycle scenarios (Table 5-19).  Qualitative 

interpretation helps the user to understand the meaning of the difference in 

the quantitative results.   The PWROT cycle has stronger PR in terms of 

both the mean system and the minimum stage PR.  The quantitative 

difference of mean system PRs of the MOX and DUPIC fuel cycles shows 

no difference in the qualitative interpretation (they can be classified into the 

same level).   Based on the minimum stage PR, however, DUPIC is clearly 

better, at least with respect to poliferation resistance, than MOX.   

8. As shown in the sensitivity study of proliferation resistance performance, 

the weighting scheme is very important in assigning proliferation resistance 

values.  The weighting scheme for all barriers was developed based on 

available information from published reports and oral communications.  

Different probabilities and analytical methods may be applied to generate 

the weighting scheme.  For example, pairwise comparison based model 

could be used for this purpose.  The PRA method may be used to obtain 

the probability to overcome each barrier, and those results can be used as 

the basis for establishing the weighting scheme for the barriers.  Input from 

experts can be used to refine or enhance the weighting scheme.   As some 

of the quantities can be difficult to measure, the input from experts is 

valuable to ensure realistic results. 
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9. In the case study, a fuzzy number is defined as a Gaussian distribution for 

ease of calculations.  For further uncertainty study, other shapes may be 

applied.  The combination of fuzzy numbers requires a more complex 

calculation accomplished in this investigation with the use of Monte Carlo 

methods. 

10. The impact on FCC from repository capacity expansion was demonstrated 

by varying the disposal cost in this study.   The disposal cost was found to 

contribute only moderately to the overall FCC: 18% for the PWROT (Table 

5-28), 8% for MOX (Table 5-29), and 9% for DUPIC (Table 5-30).    

Likewise, expanding the repository capacity does not significantly affect the 

FCC.   This result can also be demonstrated by performing an economic 

study for a potential second repository.   When the total mass of HLW 

exceeds the statutory limit for the Yucca Mountain Repository, the capacity 

will need to be expanded or a second repository will be required.   The cost 

of the additional repositories would need to be included in the FCC.   

11. When the repository capacity is represented as the total electricity that 

could be generated from the waste, the DUPIC fuel cycle becomes most 

favorable.   By comparing the total cost to generate the same amount of 

electricity with one repository (Table 5-34, Table 5-35), DUPIC shows the 

least total cost when the cost of conventional power is higher than nuclear 

power if the electricity gap between fuel cycles will be compensated by 

conventional power.   If a greenhouse policy is applied, the benefit of the 
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DUPIC system becomes even greater (62.2% less expensive than the 

PWROT cycle). 

12. Two different methods of defining nonproliferation charges were presented 

and compared in the case study.  Nonproliferation charges based on the 

FCC shows limited impact because the FCC accounts for about 20% of the 

total electricity cost.   Using 15% of the total electricity cost (Captical cost + 

O&M cost + FCC) for nonproliferation charges results in the PWROT cycle 

being a better choice than DUPIC even through the DUPIC cycle 

generates more electricity.   The value of 15% is comparable to the relative 

standard deviation of FCC in this study, which can be adjusted to reflect 

the level of concern for nonproliferation issues on the part of policy makers.    

13. This study has demonstrated two methods for combining repository 

proliferation resistance and economic performance.  Another option 

demonstrated would be with the use of health risk and proliferation 

resistance as constraints; the adjusted fuel cycle cost from the different 

repository performances could be used as one indicator to choose the fuel 

cycles with the EPA limits for projected dose rate from the nuclear waste 

disposal as the health risk constraint and the once-through LWR (PWROT) 

cycle as the standard for proliferation resistance.  One additional choice is 

to use proliferation resistance as constraints, Once-through LWR cycle as 

the standard for proliferation resistance constraint.  The projected health 

risk from the once-through LWR cycle can be used as a reference to adjust 

the charge for final waste disposal.   Currently, 1 mill per kWh is charged to 
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consumers for the final waste disposal.  For the fuel cycles other than 

PWROT, instead of charging the 1 mill per kWh for the disposal funding, a 

charge based on the ratio of the health risk projected from the alternative 

fuel cycle to the health risk projected from the once-through LWR spent 

fuel (PWROT) could be utilized. 
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7 Conclusion and Recommendation 

7.1 Conclusion 

A methodology has been developed to evaluate and compare nuclear fuel cycle 

and waste transmutation systems by considering and integrating a number of 

performance-attributes including repository performance and corresponding health 

risk, proliferation resistance performance and fuel cycle cost.   A number of sub-

models have also been developed or adapted: a simplified repository performance 

assessment model, a fuzzy logic PR barrier model to quantify the proliferation 

resistance of the various fuel cycles, and a fuel cycle cost model which integrates 

the repository and proliferation resistance performances.   

A simplified repository performance model, based on the Yucca Mountain 

Repository, has been developed.   By considering the temperature limits at different 

locations in the repository, the maximum loading was computed for given nuclear 

waste characteristics.   The peak projected dose rate in 100,000 years to the future 

down gradient (20 km) residents was computed.   The accumulated dose in 100,000 

years is also presented as a single number index to show the health risk from the 

fully loaded repository.   The single number index could be usefule to facilitate fuel 

cycle optimization calculations.  The maximum capacity of the Yucca Mountain 

Repository was also computed based on the amount of electricity that could be 

generated from the nuclear waste.    

To quantify the proliferation resistance of the various nuclear fuel cycles, a fuzzy 

logic based PR barrier model was developed by using the TOPS barrier concetps.   
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This latter model mimics the human logic process of experts who may use the TOPS 

barrier method to evaluate the proliferation resistance of a nuclear fuel cycle.   

Fifteen important quantities were chosen to determine the barrier strength against 

proliferation at each stage of a given fuel cycle.   Barrier effectiveness functions 

were defined to relate the quantitative values to barrier strength levels.   Fuzzy 

numbers were used to represent the strength of each barrier at 15 different levels.   

All barrier strength levels for each stage were weighted, then integrated to determine 

the proliferation resistance of the stage.   The barrier weighting scheme was 

determined as the cost needed to overcome each of the 11 intrinsic barriers in this 

study.   The fuzzy number was obtained by integrating the proliferation resistance 

information for all stages, thereby indicating the proliferation resistance of the 

nuclear fuel cycle.   The quantified proliferation resistance can be qualitatively 

interpreted into category according to the definition of the fuzzy number.  The plot of 

the proliferation resistance at each stage can be used as a valuable tool to observe 

(and compare) the relatively strong and weak barrier stages in terms of the overall 

proliferation resistance of nuclear fuel cycles. 

Based on the assumed nonproliferation charge, an adjusted fuel cycle cost was 

computed which includes the impact from repository performance and proliferation 

resistance performance on the fuel cycle cost. 

A case study was developed in which three fuel cycles: PWR-OT, MOX and 

DUPIC were investigated.   The PWR-OT fuel cycle was shown to behave the best 

in this study in terms of its proliferation resistance and fuel cycle cost.   But the 

DUPIC fuel cycle maximizes the capacity of the repository in terms of the amount of 
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total electricity that could be generated from the nuclear waste loaded.   The total 

electricity that could be generated from the full loaded DUPIC spent fuel is 80% 

more than what could be generated from the PWR-OT spent fuel using the same 

enrichment factor, burnup, irradiation period and post irradiation storage time.   

Meanwhile, the DUPIC fuel cycle system’s mean proliferation resistance only 

decreases by 11%; the fuel cycle cost increases by 8.3% (Table 5-25); and the 

adjusted fuel cycle cost which includes the nonproliferation charge (assumed to be 

15% of FCC) increases by 8.9% (Table 5-31).   In these analyses, the performance 

characteristics of the MOX fuel cycle showed the poorest mainly due to the 

separation of the plutonium during the MOX fuel fabrication and reprocessing stages 

and the high reprocessing cost associate with this cycle.   

The MOX fuel cycle cost was determined to be the highest followed by the 

DUPIC cycle and finally the PWR-OT fuel cycle (Table 5-54).   The fuel cycle cost of 

the DUPIC cycle, however, was only slightly higher than that for the PWR-OT fuel 

cycle.   The relative Standard Deviations of FCCs was around 10-15%.  There are a 

number of important variables indicated in Figure 5-25-27 which are different for the 

three cycles.   For example, the two most important variables for the PWR-OT fuel 

cycle cost are enrichment factor and ore purchase price;   for the MOX fuel cycle 

cost, enrichment and reprocessing cost; and for the DUPIC cycle, enrichment and 

fuel fabrication cost.  The uncertainty in maximum waste fuel loading in the 

repository, which is a function of waste package density, does not have a significant 

correlation with the fuel cycle costs for any of the three fuel cycles investigated.  

Disposal cost is generally a less important parameter but is strongly correlated with 
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the overall fuel cycle costs.   In this study, the calculation of fuel cycle cost was 

based on the assumption that there is a repository available for all of the spent fuel.   

If the cost of a potential second repository was included in the calculations, the 

impact of increasing the repository capacity would be enhanced and the disposal 

cost could be very important in computing the fuel cycle costs.   

The nonproliferation charge used in these investigations was assumed at 15% of 

the overall fuel cycle costs.   The impact from uncertainty of system mean 

proliferation resistance is very limited.   Important variables for adjusted FCC are the 

same as those for FCC (Figure 5-30-Figure 5-32).   The overall relative standard 

deviation (SD/Mean) was almost the same for each of the three fuel cycles (~16% 

for PWR-OT, ~10% for MOX and ~13% for DUPIC).   

7.2 Recommendations 

1. The repository performance model developed in this study considers that only 

one type of spent fuel is loaded into the repository.   A general source term 

model is needed to cover the case where different types of nuclear waste 

would be loaded into the repository at the same time.   The model should take 

into consideration the location of the waste from the different nuclear fuel 

cycles and the peak temperature shoud be mapped over the entire repository. 

2. The repository performance model developed can perform for time zones out 

to 100,000 yrs.   Because of the recent determinations of the time to peak 

dose, a revised model able to compute performance out to 1,000,000 years is 

needed. 
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3. The fuzzy logic based barrier method still needs development.  Additional 

work is needed to investigate the impact of fuzzy definitions and barrier 

weights on the results. 

4. Characterizing of the values of input important variables (currently they are 

calculated manually) in the fuzzy logic based barrier model needs further 

development.  Ideally, the fuel cycle simulation model would automatically 

generate the values of important variables.   

5. The repository performance and the proliferation resistance models need to 

be linked with a fuel cycle simulation model in order to allow for quick 

evaluations for optimizating the system design and loading plans. 

6. The nonproliferation charge is more of a policy than an economics issue.   

How large the nonproliferation charge should be depends on how important is 

the consideration of proliferation resistance in fuel cycle decisions.   To 

consider proliferation resistance more an economics issue, one could 

investigate the potential damage caused by proliferation.   Alternatively, one 

could determine the safeguard cost to increase the proliferation resistance to 

a consistent standard. 

7. Finally, using the adjusted fuel cycle cost is one way of integrating repository, 

proliferation resistance, and economics performance to evaluate the 

performance of the various fuel cycles.  Another possible way is to use 

repository performance and/or proliferation resistance as constraints to 

screen the potential nuclear fuel cycles and then to use fuel cycle cost to 

determine the best one.  For example, the EPA standard serves as the 



 

 200

minimum requirement for screening. For the screening of PR, consensus is 

required among the uses of the theshhold. 


