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ABSTRACT

SKUTNIK, STEVEN EUGENE. A Methodology for Enhancing Nuclear Fuel Cycle Proliferation
Resistance Assessment. (Under the direction of Man-Sung Yim.)

The comparative evaluation of nuclear fuel cycle proliferation resistance (PR) is of a

significant interest to the policymaking community, particularly in light of a recognized need

to develop a more sustainable nuclear waste management strategy.

While robust probabilistic risk assessment (PRA)-based methods for PR evaluation have

been developed by experts at the national laboratories, such methods are generally resource-

intensive and often rely upon sensitive, non-public data to perform their analyses. In as

much, there remains a strong need for open-source alternative PR models which can be

used by the academic and policymaking communities, particularly for such tasks as scoping

analysis of novel fuel cycles.

An alternative to PRA has been in attribute-based models, such as attribute analysis (AA)

and multi-attribute utility analysis (MAUA), which characterize PR through the use of multi-

ple independent “barriers” to a proliferation attempt. Using one such method developed at

NC State (the Fuzzy Logic Barrier model) as a demonstration platform, this study describes a

methodology for enhancing PR evaluation using such models. These enhancements include

the exploration of system PR dynamics via direct coupling with nuclear materials charac-

terization analysis (via nuclear fuel depletion codes such as SCALE) and methods to reduce

the inherent subjectivity of attribute weighting. In addition, improvements to the Fuzzy

Logic Barrier model are presented which are designed to draw upon verified physical data

for barrier performance evaluation as much as possible.

A wide variety of nuclear fuel cycle configurations were evaluated using this methodology.

These fuel cycles fall into three categories: “open cycles” with no actinide recycling, “modified

open cycles” which consist of limited actinide recycling (e.g., separating plutonium for

single-recycle in mixed-oxide fuels), and “fully closed” cycles consisting of the recovery

of all transuranic materials in spent nuclear fuel for use in fast-spectrum reactors. The

characteristics of system PR were explored for each of these fuel cycle classes, including

the dynamics of system PR in response to the fuel cycle parameters identified above. The

dynamics of system PR showed the strongest response for parameters which show a sustained

“cascade” throughout the fuel cycle, such as uranium fuel burnup (impacting the plutonium

composition) in partially-closed and full-closed fuel cycles, affected also by the choice of
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actinide recovery strategy.

The technique of Adversary Pathway Analysis (APA) is also developed in this study as an

additional means of enhancing AA/MAUA methods for fuel cycle PR analysis. APA involves

the characterization of fuel cycle PR as a function of assumed adversary capabilities and

final target material. This technique can be used to refine PR evaluation carried out in

AA/MAUA methods by providing an analysis of the convergent pathways evaluated in PRA-

based techniques, thus providing a “bridge” between the methodologies.

Finally, an evaluation was made as to the effect of simplifications in the nuclear fuel

depletion calculation as well as cross-section uncertainty effects upon the material attrac-

tiveness calculation used for PR analysis. Based upon a comparative evaluation of material

attractiveness based on data obtained from ORIGEN-S, a more sophisticated lattice physics

model calculated in TRITON, and experimental data, characterization of material attrac-

tiveness was carried out as function of fuel burnup for mixtures consisting both of pure

plutonium and transuranic materials. While reactor simplifications such as homogeneous

core enrichments impact factors such as the total plutonium produced, such simplifications

do not adversely affect material attractiveness evaluations compared to higher-fidelity lattice

physics calculations and experimental data. Other simplifying assumptions such as a uni-

form irradiation power history (e.g., compared to the actual non-uniform power history) do

not produce unreasonable differences in evaluated material attractiveness and thus may be

used for PR evaluation purposes.
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CHAPTER 1

Introduction

With the growing interest in the development and expansion of nuclear energy systems,

proliferation resistance (PR) assessment has become an essential tool in supporting the

development of new and more proliferation resistant nuclear fuel cycles. In particular, the

U.S. government has made PR a paramount priority in new fuel cycle development (being a

key factor in decisions regarding the future of the U.S. nuclear fuel cycle). Considerations of

the various technical options for used fuel management are inextricably tied to evaluations

of relative proliferation resistance, thus driving the need for the development of new and

more robust tools for fuel cycle PR assessment. Such a need is acutely important in light of

the fact that the intrinsic proliferation resistance can vary substantially between different

fuel cycle configurations.

The fact that different fuel cycles carry substantial differences in intrinsic PR is not

a new conclusion; this has been a key finding in many studies of the nuclear fuel cycle

dating back to the the U.S. Department of Energy (DOE)’s Nonproliferation and Alternatives

System Assessment Program (NASAP) report in 1980, which first made such an identification,

particularly among non-nuclear weapons states [58].

The IAEA defines nuclear fuel cycle proliferation resistance as follows [25]:

Proliferation resistance is that characteristic of a nuclear energy system (NES)

that impedes the diversion or undeclared production of nuclear material or
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misuse of technology by the Host State seeking to acquire nuclear weapons or

other nuclear explosive devices.

The discussion of fuel cycle proliferation resistance shall be limited to host state-level

threats (e.g., excluding actors such as sub-national groups, which fall more into the domain

of physical protection than proliferation resistance). The nature of host-state threats shall be

evaluated both by assumed host-state capability (e.g., a sophisticated state with a relatively

advanced industrial and indigenous fuel cycle infrastructure versus a less sophisticated

state lacking such facilities), which affects the relative prominence of different proliferation

barriers and adversary intent (e.g. relative sensitivity to reliable weapons yield). These

considerations shall be evaluated across a series of different fuel cycle classes (e.g., including

scenarios involving no actinide recovery to those involving complete actinide recycling) and

configurations (e.g., fuel burnup, cooling time, actinide recovery strategies, etc.)

1.1 Existing methods for fuel cycle PR analysis

Several methods for characterizing proliferation resistance in the nuclear fuel cycle have

been developed. The recognized standard for PR evaluations has been in probabilistic risk

assessment (PRA)-based methods, which evaluate potential vulnerabilities in different fuel

cycles through a detailed, scenario-based analysis of fuel cycle facilities [42, 46]. The most

prominent example of such an analysis in this category is the Proliferation Resistance and

Physical Protection (PRPP) methodology developed by the Proliferation Resistance and

Physical Protection Evaluation Methodology Working Group (PRPPWG) [46]. A variation

on PRA-based methods includes assessment of proliferation risk through use of Markov

chain analysis; i.e., evaluating proliferation risk by contingent risk of adversary success

and subsequent non-detection probabilities for different fuel cycle facilities and pathways

[65]. Such an approach explores the impact of intrinsic (e.g., physical features and facility

design) and extrinsic (e.g., safeguards) barriers to proliferation on relative risk. This focus

on intrinsic barriers to proliferation represents a common feature across many models,

although the interpretation of these barriers as well as their corresponding effectiveness can

vary substantially between models.

However, in addition to being resource-intensive and explicitly reliant upon expert evalu-

ations, PRA methods often rely upon sensitive, non-public data, thus limiting their usefulness

for preliminary evaluations of novel fuel cycles. In light of this, complementary approaches
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are warranted for such tasks as preliminary analysis of proposed fuel cycles. An alternative

to PRA-based methods is attribute-based assessment, i.e., attribute analysis (AA) and multi-

attribute utility analysis (MAUA). Examples of such include Charlton’s MAUA approach [9],

the TOPS barrier framework [22, 57], AREVA’s SAPRA methodology [20], and the Fuzzy Logic

Barrier (FLB) framework used for this study [35], as well as the IAEA’s INPRO methodology

[64].

Each of these approaches relies upon the study of proliferation resistance of fuel cycle

systems as a characteristic of intrinsic features of the fuel, such as material attractiveness

for diversion (including isotopic content, chemical form, heat, and radiological hazard),

technical features such as the frequency of access to material, along with the bulk and mass

of the material form, facility-based features such as the difficulty of modifying the facility for

misuse and the skills, expertise, and knowledge required to illicitly divert or produce weapons-

usable material at a facility), and finally detection features such as frequency of measurement

of materials [64]. The TOPS and INPRO methodologies show an explicit overlap in these

categorizations; INPRO goes further to explicitly define a series of extrinsic proliferation

barriers based on legal and institutional arrangements controlling access to material and

facilities, IAEA and host state-level safeguards, and finally mechanisms for enforcement of

violations [57, 64]. TOPS defines three “extrinsic” barriers for these categories; however their

interpretation is less explicitly defined than for that of intrinsic barriers [57].

The SAPRA methodology also makes use of the TOPS framework, however its focus is

explicitly upon PR as a function of both intrinsic and extrinsic barriers (e.g., IAEA safeguards),

rather than intrinsic barriers alone [20]. By contrast, the focus of this study shall be in the

performance of intrinsic barriers to proliferation alone. The Fuzzy Logic Barrier method [35]

used for this study makes explicit use of the intrinsic barriers defined in TOPS, using defini-

tions for barrier effectiveness based therein, with any explicit alternative barrier effectiveness

rankings noted in this paper.

One issue identified with attribute-based methods such as TOPS has been in how to com-

bine what amounts to linguistic assessments of barrier performance for multiple barriers and

fuel cycle stages; overcoming this constraint in order to provide comparative assessments of

fuel cycle PR performance has been the basis of the design behind the Fuzzy Logic Barrier

model (as well as Charlton’s method). The Fuzzy Logic Barrier model and the MAUA method-

ology share a similar analysis framework in that different fuel properties (such as isotopic

attractiveness and radiological hazard) are assigned a utility value, using a continuous utility
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function in the former and discrete linguistic “fuzzy values” corresponding to different barrier

effectiveness levels in the latter case.

1.2 Motivation for PR dynamics analysis

Another significant issue identified in prior assessments [9, 53] has been in the problem of

how to represent the dynamic nature of the properties of nuclear materials in the system,

particularly when making comparisons between different fuel cycle configurations. Given

that nuclear fuel cycle PR is inherently related to the nuclear, radiological, and thermal

characteristics of the isotopic inventories in the system, PR assessment exercises require

ready access to the changing isotopic inventories throughout the system under consideration.

As a result, PR is an explicitly dynamic quantity, given that changes in nuclear fuel properties

permeate through the system. A method for addressing this issue has been to thus track the

material flow throughout each phase of the nuclear fuel cycle, providing an evaluation of PR

as a function of changing nuclear fuel properties [9, 35, 55].

While these methods have sought to address the fact that the evolving physical inven-

tory of nuclear materials must be considered in PR analysis, such methods still ultimately

evaluate PR as a function of fixed operational parameters between cycles. Yet given the fact

that isotopic inventories (and associated physical features, such as radiological hazard and

heat production rates) are generally a direct function of high-level system parameters (such

as enrichment, burnup, reactor type, and isotopic separation strategies), PR can logically

be evaluated as a function of such cycle parameters. As a result, not only are comparisons

between different cycle configurations warranted (e.g., open vs. closed cycles), but compar-

isons of the dynamics of PR within fixed cycle configurations can also be made, given the

effect that system operating parameters may have upon cycle PR. Furthermore, given the

“cascade effects” of varying parameters at earlier stages in the cycle, fuel cycle PR dynamics

can be expected to vary between different cycle configurations.

Part of the methodology proposed in this study extends the logic of accounting for

evolving system inventories in PR assessment exercises by directly coupling isotopic charac-

terization software such as ORIGEN-S [43]with a given PR metric. As a result, the process of

tracking changing material properties as they flow through the cycle is not only automated

but extended to the next level where the higher-order effects of cycle operational parameters

can be directly evaluated as to their impact upon overall system PR.
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From this, the specific dynamics of cycle parameters (such as burnup, reactor type,

and reprocessing strategies) can be explicitly characterized. Likewise, the dynamics of PR

behavior can also be compared between different fuel cycle categories as a means of further

characterizing PR sensitivity. The study of PR dynamics in this context can thus further serve

to inform the safeguards community as to the sensitivity of PR assessments as a function of

cycle parameters, particularly as to the conditions under which the greatest sensitivity to

PR response exists. Such a characterization would thus serve to inform as to the conditions

under which more detailed system characterizations are warranted in PR assessment, as

well as in demonstrating overall trends in system PR behavior as a function of said cycle

parameters.

While the Fuzzy Logic Barrier model shall be used as the demonstration platform for this

effort [35, 54, 55], it should be emphasized that such a technique could be applied to many

other approaches of PR assessment.

1.3 Selection of fuel cycles for PR dynamics evaluation

Three general categories of nuclear fuel cycles shall be considered for this analysis: a tradi-

tional “open” cycle, consisting of direct disposal of fuel following irradiation (i.e., no actinide

recovery); “modified open” cycles, consisting of limited/partial actinide recovery (e.g., PUREX

and advanced UREX-series treatments), followed by limited re-irradiation in the form of

mixed oxide (MOX) fuel and subsequent disposal; and finally, “closed” cycles consisting of

full actinide recovery and recycle (i.e., only fission products are disposed of) through the

use of a fast-spectrum reactor, in which all actinides are continuously recycled until they are

consumed.

Each of these fuel cycle classes represents an overall branch of fuel cycle alternatives, with

considerations extending into areas including waste management, economics and resource

utilization, as well as the focus of this analysis: proliferation resistance. Several different

configuration parameters within each fuel cycle class can be evaluated, particularly for their

impact upon fuel cycle PR. The motivation for each class of fuel cycle shall be considered

here, along with a brief overview of the types of parameters which shall be evaluated for each

fuel cycle class.
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1.3.1 Open cycles

The open cycle (“once-through”) represents the default nuclear fuel cycle configuration and

thus serves as a useful baseline for fuel cycle studies. Given that no separation of plutonium

is involved in these fuel cycles, they represent the standard for proliferation resistance against

which other fuel cycles are evaluated.

Two different types of reactors are considered for the case of open cycles: a light water

reactor (LWR), which uses ordinary water as a neutron moderator and thus requires enriched

uranium as fuel; second, the Canadian heavy water reactor (HWR): Canadian deuterium

uranium (CANDU). The CANDU uses “heavy water” (D2O, i.e. water in which hydrogen has

been replaced by the heavier stable isotope deuterium). Because of the much more favorable

scatter-to-absorption cross-section ratio for neutrons in heavy water, the CANDU reactor

can use natural uranium as fuel, and thus the CANDU cycle requires no enrichment stages.

Overall, the main parameter of interest for these types of cycles shall be the uranium

fuel burnup, which directly corresponds with the amount of plutonium produced through

neutron capture in 238U, as well as the “quality” of the plutonium vector (i.e., the fraction of

the plutonium vector consisting of 239Pu, which is desirable for weapons purposes), which

decreases through subsequent neutron capture reactions (producing higher plutonium

species). For the LWR cycles considered, this study has been limited to the evaluation of

pressurized water reactor (PWR) designs, due to the overall small differences in void fraction

(i.e., the fraction of steam to coolant in the moderator) as a function of axial position along the

fuel bundle, which can produce changes in the neutron spectrum (and thus variance in the

fuel isotopics as a function of position). While theoretically any combination of enrichments

and burnups could be considered for the LWR cycle, a fixed series of burnup/enrichment

combinations are used for this study (provided in [60]) in order to simulate the dynamics of

realistic core loadings for a civilian fuel cycle as much as possible.

1.3.2 Modified open cycles

In the so-called “modified open” fuel cycle strategy, a limited degree of actinide recovery is

employed. Generally this involves the recovery of plutonium (PUREX) for re-fabrication into

MOX fuel; however, other advanced treatments include the coextraction of uranium with

plutonium (COEX) in order to provide additional proliferation resistance to the extracted

product, as well as advanced UREX-series treatments which involve the partition and possible
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coextraction of other actinides (e.g., neptunium, americium, and curium) with plutonium

[15].

For example, neptunium can be coextracted with plutonium in order to “dope” MOX fuel

with neptunium in order to produce additional 238Pu (an intense heat generator) during

irradiation (e.g., “heat spiking”), thus reducing the latent attractiveness of the plutonium

vector [39]. Other treatments involve the coextraction of plutonium with minor actinides (e.g.,

Am, Cm, and Np) in order to increase the total heat generation rate of the stream (UREX+1a,

UREX+1b). Finally, an additional strategy considered is the coextraction of lanthanides with

transuranics, thus providing a radiological barrier with sensitive materials (UREX+1) [15].

In each of the strategies involving the production of MOX fuel, a limited degree of recycling

is assumed; e.g., it is assumed that plutonium and other actinides are recycled only once

before ultimate disposal (due to the increasing difficulty of working with multiply-recycled

plutonium).

An alternative to the MOX cycles evaluated is a fuel cycle being developed by researchers

in South Korea referred to as direct use of spent PWR fuel in CANDU (DUPIC) [30, 44]. The

DUPIC fuel cycle involves the dry processing of spent PWR fuel in order to remove volatile

fission product gases; this fuel is then re-sintered into fuel for limited re-irradiation in a

CANDU reactor, followed by subsequent disposal. Such a strategy is designed to increase the

utilization of energy resources in uranium fuel while avoiding the separation of plutonium,

thus increasing the overall proliferation resistance.

1.3.3 Closed cycles

The separation and transmutation of long-lived actinides in fast-spectrum reactors is a matter

of key interest in nuclear waste management. The partitioning and separate transmutation

of long-lived actinides can potentially result in both significant expansion of repository

capacity and mitigation of potential repository risks [34, 41]. However the full destruction of

long-lived actinides requires the use of fast-spectrum reactors, rather than thermal spectrum

reactors, which are significantly less efficient at such a task, given the much lower overall

fission-to-capture ratio of a thermal spectrum [23]. The “fully closed” fuel cycle represents

this contingency of full actinide recycle.

In the “burner” configuration evaluated in this study, there is a net consumption of fissile

materials (e.g., plutonium) input into the fast reactor system. Following irradiation, actinides

present in fast reactor fuel are reprocessed and “topped off” with actinides from LWR fuel;
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only fission products are separated for disposal (i.e., no actinides are disposed of).

While fast reactor technology currently remains in a demonstration stage, such reactors

are a likely technological alternative for long-term waste management solutions. Therefore,

an evaluation of the relative proliferation resistance of such cycles is of a particular interest

to the policymaking community.

1.4 Introducing Adversary Pathway Analysis

One of the chief advantages of attribute analysis /multi-attribute utility analysis (AA/MAUA)

approaches to proliferation resistance assessment is in the lack of requirement for specific

(often sensitive) details of nuclear fuel cycle facilities, compared to more conventional PRA

methods. Making use of general characteristics of fuel cycle facilities by characterizing

features such as mass flow, isotopic attractiveness, and specific facility characteristics such

as the relative difficulty of modifying facilities for illicit diversion or misuse, it is possible to

make a relative comparison of PR among different fuel cycle configurations, and even the

dynamics of PR as a function of operational system parameters such as fuel burnup, cooling

time, enrichment, and isotopic separation strategies. Such methods are thus often useful for

general, preliminary comparisons of relative PR between different fuel cycle configurations.

However, by employing a basic understanding of both potential adversary capabilities

and attack pathways within a generalized fuel cycle model, it is possible to provide a level of

“fine-tuning” to AA/MAUA methods. In particular, it is a working assumption in PR analysis

(both in PRA and AA/MAUA-based methods) that adversary capabilities drive potential

proliferation pathways, in addition to the relative importance of particular intrinsic barriers

to proliferation [57].

Given the varying capabilities of potential adversary states, the resulting differences

in the importance of particular barriers can result in significantly different evaluations of

intrinsic system PR for different threat profiles. An analysis of potential attack pathways thus

affords the ability to tailor the analysis of facility PR based upon the specific threat profile,

including the specific PR evaluation criteria. Examples of this would include potential

diversion scenarios both before and after fuel irradiation, which involve remarkably different

attack profiles (i.e., diversion of uranium for re-enrichment, diversion of spent fuel or failed

fuel pins for separation, or diversion of actinides from reprocessing facilities for direct use),

similar to the methodology used in traditional PRA analysis [47]. Adversary pathway analysis
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can thus be thought of as a “bridge” technique between traditional pathway-based PRA

methods and simpler attributed-focused techniques.

In Chapter 5, Adversary Pathway Analysis (APA) shall be presented as a means of aug-

menting existing AA frameworks. Using the Fuzzy Logic Barrier model as a demonstration

platform, the use of Adversary Pathway Analysis (APA) to enhance PR analysis shall be dis-

cussed. This will include an analysis of system PR behavior both as a function of adversary

characteristics (sophisticated vs. unsophisticated, yield-sensitive vs. yield-insensitive) as

well as by target material type (Pu, transuranic materials (TRU), or minor actinides).

1.4.1 Motivation for Adversary Pathway Analysis

A common premise underlying many PR models is that proliferation pathways are contin-

gent upon the capabilities of a given adversary. Differing levels of sophistication among

actors results in a varying level of proliferation capabilities. For AA/MAUA models, this can

correspond both to varying prominence of particular barriers to a proliferation attempt

[57], depending upon an adversary’s technical capabilities (e.g., physical barriers, such as

isotopic attractiveness, play a larger role for less sophisticated actors) as well as adversary

intent (e.g., an unsophisticated actor desiring a reliable weapons yield will be more con-

strained by material properties than one without such a requirement) [6]. As a result, the

evaluated proliferation resistance of a given fuel cycle can vary substantially based upon

these characterizations of the adversary threat profile. Likewise, the nature of the adversary

can impact such aspects as sensitivity to operating conditions (e.g., burnup, actinide co-

extraction strategies, etc.), with less sophisticated actors showing a greater overall sensitivity

to these factors.

An additional key feature in AA/MAUA approaches to fuel cycle PR evaluation is that

assumptions about the nature of both the adversary and the intended target are inherent to

the model (and corresponding choice of attribute performance criteria) itself. For example,

in a barrier framework approach like TOPS or INPRO [57, 64], the criteria for barrier perfor-

mance inherently relies upon an assumption of the target material form being diverted – e.g.,

whether an intact fuel assembly itself or the plutonium contained therein.

The character of the target material (e.g., intact assemblies, plutonium, etc.) can guide

how the barrier criteron themselves are applied – i.e., a varying criteria can be used for unique

pathways (e.g., diversion of plutonium from spent fuel versus re-enrichment of fresh fuel

assemblies). APA thus prompts an explicit characterization of these underlying assumptions,
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facilitating a more full exploration of the possible spaces under which a proliferation event

can occur, including how these pathways evolve with changing system conditions (e.g., fuel

enrichment, burnup, etc.).

By comparison, PRA approaches frequently involve the characterization of a series of

contingencies required for a successful diversion (or other acquisition) attempt. These types

of analysis characterize pathways to proliferation by evaluating both a target material and

its successful acquisition by a proliferator in a fuel cycle facility, including through both

abrupt and prolonged diversion scenarios [47, 65]. Such targets can then be characterized by

features such as target material attractiveness and proliferation technical difficulty and cost

[47].

In this sense, APA can be thought of as a generalization of the approach employed

in PRA assessments, grouping together common diversion pathways by target type, and

subsequently adjusting the emphasis of particular intrinsic barriers to proliferation by the

adversary type. Ultimately, APA is not intended to supplant PRA-based approaches (which

are still effectively the benchmark for PR analysis), but rather as a framework to enhance

other, less resource-intensive AA/MAUA methodologies by capitalizing on the strengths of

PRA in a more accessible context, thus enabling such models to serve a more useful role in

initial scoping evaluations using open-source data and analysis tools.

1.4.2 Cases to be considered in Adversary Pathway Analysis

For the Adversary Pathway Analysis evaluation, each of the fuel cycle classes listed above shall

be evaluated under a series of different adversary types as well as target material pathways.

The adversary types considered will include a sophisticated state (one with a well-developed

industrial infrastructure and indigenous nuclear fuel cycle) operating under an overt and

covert breakout scenario (e.g., parallel to the “abrupt” versus ”protracted” diversion scenarios

seen in other analyses [47]), as well as an unsophisticated state (i.e., a state lacking well-

developed nuclear fuel cycle facilities) under a scenario of sensitivity and insensitivity to

weapons yield. The choice of adversary type (sophisticated vs. unsophisticated, covert vs.

overt) affects the relative prominence of proliferation barriers, while yield sensitivity impacts

the evaluation of the isotopic barrier performance.

Material pathways considered include a plutonium-only pathway, a TRU-based pathway,

and finally a minor actinides-based pathway. Each of these target pathways represents the

convergence of different diversion scenarios; for example, the plutonium-based pathway
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represents the diversion of materials in whole form from any given fuel cycle stage and

subsequent separation in an undeclared reprocessing facility. As a result, while the material

attractiveness of the pathway is controlled by the final product; other barriers (such as

the amount of material required for the diversion of one significant quantity of the target

material, etc.) are determined by the gross amount of material require for the diversion of

the target stream. Alternate material target pathways, such as the TRU and minor actinides

pathways, similarly represent the convergence of different diversion scenarios. For example,

the TRU-based pathway represents the recovery of the sum of transuranic materials; for

example, diversion of intact material from a reprocessing stream or other cases involving

less effective material separation. By examining the performance of the system via the

material target pathway, such an analysis can also reveal where systems both show the

greatest vulnerability (i.e., weighting different changes in barriers such as small changes in

isotopic attractiveness versus an increase in overall available mass, etc.) as well as providing

a “baseline” for evaluation of minimum fuel cycle PR. For example, the consideration of

the plutonium-only pathway indicates what additional PR gains are achieved (if any) under

coextraction scenarios assuming an adversary which would subsequently reprocess diverted

materials to obtain a pure product, etc. Thus, such an evaluation provides an evaluation of

the greatest possible system vulnerability while accounting for changing system conditions

(e.g., the effect of varying cycle configuration parameters).
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CHAPTER 2

The Fuzzy Logic Barrier Model

2.1 Overview of the Fuzzy Logic Barrier Model

In this chapter, the FLB model used for proliferation resistance evaluation shall be discussed.

This includes both a discussion of how PR evaluation is performed using the FLB model, as

well as substantial improvements to the FLB methodology from its original development by

Dr. Jun Li [35].

2.1.1 The barrier framework

The basis for the Fuzzy Logic Barrier framework is the set of intrinsic proliferation barriers

as identified in [57]. TOPS defines 11 intrinsic barriers to proliferation in a given fuel cycle,

representing a different intrinsic feature of the nuclear fuel cycle system which must be

overcome for a successful proliferation event. These barriers are then divided into two

categories: “physical” barriers, which represent intrinsic features of the nuclear materials

themselves, and “technical” barriers, which represent characteristics of the nuclear fuel cycle

facilities, listed as Table 2.1.

Each barrier is evaluated as to its relative effectiveness, on a scale of “Ineffective” to “Very

High” effectiveness, based on an independent performance criterion for each barrier, some
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Table 2.1: Intrinsic barriers to proliferation in nuclear energy systems, as defined in [57].

Physical barriers Technical barriers

Isotopic attractiveness Facility unattractiveness
Chemical separation difficulty Facility accessibility
Radiological hazard Available mass
Material mass & bulk Facility diversion detectability
Material detectability Skills, expertise, & knowledge

Time

of which shall be discussed in this chapter.

The isotopic barrier represents the relative utility of a given material for direct weapons

use – for example, weapons-grade plutonium and highly-enriched uranium (HEU) represent

the lowest intrinsic PR, whereas natural uranium would be of the highest. The chemical

separation difficulty represents the relative difficulty in obtaining a pure, usable chemical

form of the material, with pure metals presenting the least difficulty and vitrified mixtures

representing the greatest. The radiological barrier represents the relative radiological hazard

to personnel in handling materials; the higher the radiological hazard, the greater the barrier

effectiveness. Material mass and bulk measure the relative difficulty of diverting material in

terms of the total bulk of the physical form. For example, full assemblies of fuel rods require

significantly more equipment and personnel for diversion than for example a canister of

separated plutonium. Material detectability indicates the relative ease with which material

can be detected; materials with easily identifiable signatures (which are not easily shielded)

represent a much higher intrinsic PR than those with no detectable signatures, or those

more easily shielded. Finally, the time barrier is simply a measure of residence time; it is

generally assumed that the longer a material remains in a facility, the greater opportunities

for a diversion attempt exist (hence, longer times represent lower PR).

Of the technical barriers, facility unattractiveness represents the relative difficulty (in

terms of cost and safety) of modifying a facility to produce materials suitable for diversion.

Facility accessibility is measured in terms of the relative access of personnel to a given facility;

facilities where material is handled infrequently only by remote access represent a much

higher intrinsic PR than those in which personnel have regular access (for example, online

refueling systems). The available mass represents the total number of available material for

diversion; facilities with multiple significant quantities of material (defined by the IAEA as
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8 kg of Pu and 25 kg of low-enriched uranium (LEU)) represent a lower barrier than those

with fewer. The facility diversion detectability represents the relative ability of an outside

observer to detect modifications of a facility for a diversion attempt (e.g., intrinsic signatures

of the facility). Finally, the skills, expertise, & knowledge barrier represents the relative

degree for which skills to a given process have the potential for “carry-over” to producing

weapons-usable materials. For example, the skills to operate a uranium enrichment facility

have a natural carry-over to producing higher enrichments (e.g., HEU), therefore this barrier

represents a minimal effectiveness for such a facility.

2.1.2 Advantages of the barrier framework approach

The use of a barrier framework approach to evaluating nuclear fuel cycle proliferation re-

sistance is not a novel concept; several methods, from the TOPS barrier framework [57],

AREVA’s SAPRA methodology [20], Chartlon’s MAUA framework [9] are all examples of this

type of attribute-based approach to PR evaluation. Such frameworks evaluate proliferation

resistance by composing the problem as a series of complementary “barriers” to prolifer-

ation (based both on intrinsic features of the fuel as well as characteristics of the facilities

themselves. By evaluating these characteristics at each individual fuel cycle stage, modelers

can then draw conclusions regarding the relative proliferation resistance of different fuel

cycle configurations.

The main advantage of AA/MAUA models (and the subsequent motivation for their use)

over PRA-based approaches is in that evaluations of fuel cycle PR can be made entirely

through data and methods available in the open literature; this is in marked contrast to

PRA-based methods, which can be both resource-intensive and often rely upon non-public

(often sensitive) data. However, the goal of models such as the FLB approach is not as a

replacement to traditional PRA-based approaches, but rather as a means to perform basic

scoping analysis on novel fuel cycles without the need for sensitive information.

Another advantage of attribute analysis approaches such as TOPS [57] and the FLB

approach is in that such approaches reproduce the process by which experts make decisions,

namely by assigning linguistic rankings to independent criteria which are then weighed

against one another. However, a difficulty in employing such analysis has been in the

difficulty of combining disparate linguistic quantities, a task which does not easily lend itself

to quantitative approaches.

The fuzzy logic barrier model was designed to solve this difficulty. Fuzzy logic is uniquely
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suited to handling quantities which can be linguistically defined, such as the rank assign-

ments inherent in an attribute analysis approach (e.g., “high” and “low” barrier effectiveness)

which do not readily correspond to crisp quantification or binary true-false values. Each

barrier ranking is thus assigned a fuzzy number corresponding to the linguistic rank, which

can then be operated upon using well-defined fuzzy operations to produce a quantitative

result.

Despite PRA’s scenario-based focus, fundamentally barrier framework models (such

as TOPS and the Fuzzy Logic Barrier approach) and coarse-path PRA approaches share a

similar analytical framework, particularly in the assignment of linguistic variables to similar

proliferation barriers [46, 47]

2.1.3 Challenges to attribute analysis methods

One of the main challenges in the use of attribute-based methods has been in quantitatively

analyzing the linguistic values which result from such an approach. Methods such as Charl-

ton’s [9] resolve this through the use of “utility functions” which use functions to create a 1:1

mapping of barrier performance to physical values. However, an issue identified with this

approach is in how to specifically make this mapping; i.e., while the “endpoints” are known

in terms of barrier performance, it is often difficult to distinguish barrier performance in a

granular or precise fashion. In as much, an alternative is the use of fuzzy logic to represent

the inherently linguistic nature of such evaluations, particularly the uncertainty in particular

assignments.

An additional challenge to attribute-based approaches has been the perceived subjectivity

introduced by expert judgments inherent to such a framework, such as in the choice of weight

criteria (especially compared to more traditional PRA models). This problem is twofold: the

model designer must both produce a reasonably robust system of weights for both the

contributions of individual barriers as well as stages to the system as a whole. Each of these

shall be discussed in detail in this chapter.

For the contributions of individual stages, this can be made reasonably objective through

the use of physical data such as heavy metal inventories and concentrations in order to

determine relative stage prominence.

However, the relative weights of individual barriers are somewhat more problematic. In

order to create a consistent process for barrier weight selection, an Analytical hierarchical

process (AHP) was employed based on pairwise evaluations of barrier importance, which
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shall be discussed in detail in this chapter.

Additionally, the domain of all possible barrier weight combinations can be constrained

through a calibration process, limiting the possible space of barriers by evaluating the

behavior of stage-level PR in a well-characterized system. Given the fact that the relative

stage-to-stage PR behavior is understood for well-characterized systems such as a Light water

reactor, once-through (LWR-OT) (despite the absolute performance remaining unknown),

the relative stage-to-stage PR performance evaluation can be used as a rejection criterion for

barrier weight sets. For example, barrier weight sets which produce PR vector behavior that

fails to conform to intuitive understandings of PR performance (e.g., certain stages, such as

enrichment, are well-known to be sensitive) are rejected. Thus, the space of possible barrier

weights is constrained.

By using these methods, the envelope of subjectivity of this approach can be greatly

constrained, thus largely answering this objection.

2.2 Definition and interpretation of fuzzy numbers

2.2.1 Interpretation of fuzzy numbers

Fuzzy numbers are best interpreted as “truth” functions, indicating the possibility that the

system is represented by a particular state (in this case, a particular PR ranking). Unlike

binary logic, in which there is only “false” (0) and “true” (1), fuzzy logic tolerates a truth value

in between 0 and 1, with 0 representing complete impossibility and 1 denoting absolute

possibility [50].

For this analysis, relative PR performance of particular barriers, stages, and systems is

represented on a scale of 0 to 1, with 0 representing the least possible intrinsic proliferation

resistance and 1 representing the greatest.

Each fuzzy function corresponds to a membership function (µ(x )), which ranges from 0

to 1 for any given value of the relative PR (represented as x). Thus, a PR fuzzy number (for a

barrier, fuel cycle stage, or fuel cycle system) has a “truth function” for each relative value of

PR (from 0 to 1), with a corresponding “membership value” (also from 0 to 1), where a value

of µ(x ) = 0 represents no possibility (i.e., no possibility that the PR value is “x”) and a value of

µ(x ) = 1 represents the maximum possibility (i.e., absolute possibility that the PR value is

“x”). Thus, the fuzzy number for each barrier, stage, and system represents the distribution of
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possible PR values for the given quantity.

These fuzzy number can then be reduced down to a “centroid” fuzzy number, rendering

it as a “crisp” singular value for simplified comparison [33, 62, 63] by taking the arithmetic

mean, as shown in Eq. 2.1.

F (eu ) =

∫

xµ
eu (x )d x

∫

µ
eu (x )d x

(2.1)

An example of a system fuzzy number is shown as Figure 2.1. In this example, the system

fuzzy number generally spans the space of ≈ 0.4–0.6, with all other values showing no

possibility. Likewise, the maximum possibility appears to be around x = 0.5, corresponding

to a linguistic fuzzy value of approximately “High-minus (H-)” to “High (H).”
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System fuzzy number example

Figure 2.1: An example of a system fuzzy number.

The general utility of this approach is less in the absolute quantification of a single system

in isolation, but rather in the comparison of systems across different operating conditions
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and configurations (e.g., open vs. closed, varying burnup, etc.).

2.2.2 Linguistic barrier definitions

Similar to the prior work performed by Li [33, 35], the eleven intrinsic barriers to prolifera-

tion (based on the barriers defined in [57]) are assigned a linguistic ranking of “Ineffective”

(I), “Low” (L), “Medium” (M), “High” (H), or “Very High” (VH). These fuzzy numbers are

represented by triangular membership functions, spanning the range of [0,1], as illustrated

in Figure 2.2a. The primary barriers each increase in width by 25% per primary level, thus

producing a logarithmic scale.
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(a): Base fuzzy numbers
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Fuzzy number hedge modifier definitions

(b): Fuzzy “hedge” values

Figure 2.2: Linguistic value fuzzy number definitions, with the “base” fuzzy number defini-
tions and fuzzy “hedge” values.

To increase the level of granularity in the evaluation, a series of fuzzy “hedge” modifiers

(e.g., ±) were introduced. These hedge values (illustrated as Figure 2.2b) are “skewed” in the

direction of the hedge; for example, the H– hedge value spans the space from 25% into the

adjacent “Medium” barrier to the right edge of the “High” membership function.

The ranges of each of the fuzzy functions (including hedge values) are given as Table 2.2.

18



www.manaraa.com

Table 2.2: Linguistic fuzzy value definitions used in the Fuzzy Logic Barrier model.

Level Low Peak High

I– 0.00000 0.00000 0.12185
I 0.00000 0.06093 0.12185
I+ 0.00000 0.12185 0.15993

L– 0.09139 0.12185 0.27146
L 0.12185 0.19801 0.27146
L+ 0.12185 0.27146 0.32041

M– 0.23609 0.27416 0.46455
M 0.27416 0.36936 0.46455
M+ 0.27416 0.46455 0.52405

H– 0.41696 0.46455 0.70254
H 0.46455 0.58355 0.70254
H+ 0.46455 0.70254 0.77691

VH– 0.64305 0.70254 1.00000
VH 0.70254 0.85128 1.00000
VH+ 0.70254 1.00000 1.00000

2.3 Barrier evaluation

In this section, the evaluation of the PR performance of specific individual barriers will be

discussed, including the data and criteria used to evaluate individual barrier performance.

2.3.1 Isotopic barrier evaluation

The isotopic barrier is considered to be of cardinal importance to the system PR calculation;

thus, its evaluation merits the closest scrutiny. For the purpose of the FLB model used in this

demonstration, the isotopic barrier is evaluated through an adaptation of the Figure of Merit

(FOM) approach developed by Bathke et. al. at Los Alamos National Laboratory [6]. The

FOM approach carries the virtue of being developed in consultations with weapons experts,

thus making it a highly useful metric for evaluating material attractiveness for purposes

of diversion to weapons programs. In addition to functioning as a de facto standard for

material attractiveness evaluation, the FOM approach also affords a highly granular means

of determining material attractiveness, thus making it extremely appropriate for techniques
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such as the PR dynamics approach explored in this analysis using the Fuzzy Logic Barrier

model.

FOM1 is evaluated based upon three physical parameters: the material bare sphere

critical mass (BSCM), radiological dose at one meter (from one-fifth of the critical mass), and

finally the heat generation rate of the material (in W/kg). The calculation of FOM1 is given

as Eq. 2.2, where M is the BSCM in kg, D is the dose at 1 meter from the surface of one-fifth

of the critical mass (0.2 ·M , in rad/hr), and h is the heat generation rate of the material (in

W/kg).

FOM 1 = 1− log10
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For the special case of an unsophisticated state adversary desiring a reliable weapons

yield, a second form of the Figure of Merit equation is employed (FOM2), accounting for

the spontaneous fission neutron rate, which can introduce pre-detonation (“fizzle”) into a

nuclear explosive device; this is given as Eq. 2.3, where S is the spontaneous fission neutron

(SFN) generation rate, given in n
sec·kg

.

FOM 2 = 1− log10

 

M

800
+

M h

4500
+

MS

6.8 ·106
+

M

50

�

D

500

�
1

log10 2

!

(2.3)

The material attractiveness ratings of the FOM1 range from 0 (unattractive) to 3.0 (pre-

ferred); these values were translated into linguistic values roughly corresponding to those

found in [6], given as Table 2.3.

The fuzzy correspondence for FOM2 is the same as that used for FOM1 (Table 2.3).

While the radiological dose and heat generation rate (in addition to the SNF rate, when

necessary) can be calculated directly from the material inventories themselves (as given in

ORIGEN-S), the calculation of the BSCM is not easily automated. Creating a broad space of

burnup and material mixture combinations, the BSCM was found for each configuration in a

criticality search using MCNPX [32].

From this data, a regression analysis was performed to produce a correlation for the

bare sphere critical mass. For this correlation (presented as Eq. 2.4), the mass fraction of

plutonium in the stream was found to first order to be the most significant term, showing an

inverse-power relationship with the BSCM. The 239Pu vector was found to be a second-order

scaling factor, also showing an inverse power relationship. Between these two variables, an
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Table 2.3: Fuzzy number correspondence to FOM1 [6].

FOM1 Fuzzy Rank Weapons utility[6]

> 3.00 I

Preferred
2.66 – 3.00 L–
2.33 – 2.66 L
2.00 – 2.33 L+

1.66 – 2.00 M–
Attractive1.33 – 1.66 M

1.00 – 1.33 M+

0.66 – 1.00 H–

Unattractive
0.33 – 0.66 H
0.00 – 0.33 H+
< 0.00 VH

extremely good fit to the BSCM values observed across the broad space of material mixtures

can be achieved.

BSCM= 11.5828 · (MFPu)−2.2238 (frPu239)−0.2731 (2.4)

The quality of fit for the BSCM correlation is shown in Figure 2.3; in general, one observes

that the correlation provides an excellent fit to the BSCM data obtained in MCNPX for a wide

range of mixture conditions, with R̄2 = 0.9940. The quality of the fit declines slightly for very

high dilution factors (i.e., lower values of the plutonium mass fraction), however overall the

fit shows a very good agreement over the space of the data, thus enabling an automated

calculation of the FOM1 value for any isotopic mixture.

Application of the isotopic attractiveness criteria

One drawback to the use of the FOM approach is in that it is generally unhelpful for intact

fuel characterization; i.e., given the fact that in intact form, the bare sphere critical mass will

be extremely large or infinite; likewise, coupled with the very high radiological and thermal

emission rates, all FOM1 values will be< 0. Therefore, using the FOM approach for intact fuel

provides little resolution in discriminating potential material attractiveness levels. However,

by estimating the potential attack pathway by a hypothetical malefactor, it is possible to make
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Figure 2.3: Regression analysis fits (lines) to bare-sphere critical mass data (points) obtained
through criticality searches upon material mixtures using MCNPX; BSCM data in kg [32].
Nuclear composition data generated using SCALE [43]. R̄2 = 0.9940.

a discrimination of the latent isotopic attractiveness within different spent fuel forms (i.e., as

a function of burnup and initial enrichment) and for different co-extraction techniques.

For this analysis, the assumed attack pathway for intact fuel forms (such as spent uranium

oxide as well as fresh and spent mixed-oxide fuels) is the diversion and direct separation of

plutonium from the fuel form. For streams of material from reprocessing, it is assumed that

an attacker would divert the intact stream for direct use (e.g., including all coextractants,

such as uranium or minor actinides). The merits of this evaluation are explored in greater

depth later; however, in all cases, the PUREX fuel cycle (involving only plutonium separation)

is a useful baseline.

2.3.2 Radiological barrier evaluation

The evaluation of the radiological barrier for intact fuel forms is a relatively straightforward

process; using gamma spectra obtained from ORIGEN-S, an exposure is calculated at 1 meter

for a line source geometry consisting of a 4 meter fuel bundle. For separated fuel forms (e.g.,

reprocessing), the dose can be estimated using dose estimations at 1 meter for actinides

calculated for a 8 kg bare sphere geometry determined in [1].

The levels of the radiological barrier performance are based upon the assumption of a
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radiological self-protection standard of 500 rem/hr [6, 10, 57] and inferred downward from

this point. Table 2.4 gives the correspondence of radiation levels in rem/hr to rated barrier

performance used in the model.

Table 2.4: Fuzzy ranking of radiological barrier performance, based on dose rate at 1 meter
(rem/hr).

Dose rate
�

rem
hr

�

Rank

> 1000 VH
> 500 H+
> 100 H
> 50 H–
> 10 M+
> 1 M
> 0.5 M–
> 0.35 L+
> 0.1 L
≤ 0.1 I

2.3.3 Chemical barrier evaluation

The chemical extraction difficulty barrier does not have a specific numeric correspondence

in the FLB model; rather, an inferred linguistic quantity is used to determine the performance

of said barrier, based upon the levels given in [57]. Given that the chemical form of materials

are generally “fixed” based upon the particular fuel cycle facility type, the chemical barrier

was thus determined largely by the facility type, with additional criteria added for material

mixtures (such as those found in reprocessing streams). The levels used for this analysis are

given as Table 2.5.

2.3.4 Mass & bulk barrier

The mass and bulk barrier described in [57] gives quantities in roughly linguistic form (e.g., in

a descriptive form based upon the relative difficulty of handling material). This was reduced

to a rough estimate based on the mass of the material required itself (in kg). To account for
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Table 2.5: Fuzzy ranking of chemical barrier performance, based on [57].

Rank Description

I Pure metals
L Separated plutonium(oxide powder)
L+ Separated plutonium with > 0.5% minor actinides (oxide powder)
M– Separated plutonium with > 5% uranium (oxide powder)

M
Intact, fresh UO2, MOX, and FBR fuel
Separated plutonium with any amount of fission products
Separated plutonium with > 5% uranium and > 0.5% minor actindies

M+ Separated TRU with > 5% uranium and > 15% fission products
VH Intact spent nuclear fuel and vitrified wastes

the additional “bulk” factor of less compact material forms (e.g., spent fuel rods, etc.), the

calculated mass is in terms of the total required mass required to be diverted in order to

acquire one significant quantity (8 kg for plutonium/TRU, 25 kg for uranium). For example, if

plutonium is 1% of a material form by mass, an attacker would be required to divert 800 kg of

material total (hence applying an overall penalty for the dilute form of plutonium). Table 2.6

gives the relative ranking levels used for the evaluation of the mass & bulk barrier.

Table 2.6: Fuzzy ranking of mass & bulk barrier performance, based on required mass for
diversion of 1 SQ [57].

Mass (kg) Rank

< 10 I–
< 15 I
< 30 I+
< 100 L–
< 250 L
< 2000 M
< 4000 H–
< 6000 H
> 10000 VH
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2.3.5 Available mass barrier

The available mass barrier is quantified based upon the calculated bare sphere critical mass

of the target material (Figure 2.3) and the mass loading of one reactor cycle (e.g., about 21.3

metric tons of uranium (MTU) fresh fuel or 21.3 metric tons of heavy metal (MTHM) MOX

fuel for a typical one-third core loading); the available mass criteria developed for barrier

rankings (based on [57]) is given as Table 2.7.

Table 2.7: Fuzzy ranking of available barrier performance, based on required mass for
diversion of 1 SQ [57].

NC M Rank

> 25 I–
> 10 I
> 1 L
> 0.1 M
> 0.01 H
≤ 0.01 VH

2.3.6 Time barrier

The residence time barrier can be directly inferred from the time in residence of materials in

a given nuclear fuel cycle facility. The correspondence used for this metric is given as Table

2.8.

2.3.7 Other barriers

Other barriers defined in the TOPS barrier framework [57], including the material detectabil-

ity, facility unattractiveness, facility accessibility, facility diversion detectability, and the skills,

expertise, & knowledge inherent to the process itself are difficult to explicitly quantify and

are generally categorized by use of expert elicitation. For the purposes of this analysis, an

evaluation using the TOPS barrier framework carried out by Hassberger shall be used as the

reference values for these barriers [22], along with the criteria outlined within TOPS [57].
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Table 2.8: Fuzzy ranking of residence time barrier performance, based on [57].

Time (years) Rank

> 50 I
> 15 L
> 5 M
> 2.5 M+
> 1.0 H–
> 0.5 H
> 0.1 H+
≤ 0.1 VH

2.4 Stage and system fuzzy number evaluation

The process of synthesizing the stage and system fuzzy numbers is essentially unchanged

from the method outlined in the original development of the Fuzzy Logic Barrier model

[33, 35]. Therefore, the process for calculating these fuzzy values shall only be presented in

brief in this section.

Given the barrier fuzzy effectiveness function µi (x ) (for i = 1. . . Nb , and Nb = 11),

the barrier fuzzy number for each barrier is defined as the ordinate-abscissa pair fA i =
��

x
eA i

, µ
eA i
(x
eA i
)
��

, where i = 1. . . Nb . Similarly, the stage fuzzy number for each stage eS j is

given as eS j =
h�

x
eS j

, µ
eS j
(x

eS j
)
�i

. The stage fuzzy number is thus calculated using a fuzzy

“AND” operation, calculated as Eq. 2.5 and Eq. 2.6 [33, 50].

x
eS j
=

Nb
∑

i=1

x
eA i

w i

Nb
∑

i=1

w i

(2.5)

µ
eS j

�

x
eS j

�

= max
x
eAi

�

min
�

µ
eA i
(x
eA i
)
��

, i = 1 . . . Nb (2.6)

In Eq. 2.5, w i represents the relative weight for each individual barrier (determined

in the following section). This calculation is implemented through the use of a Monte

Carlo calculation; for each barrier fuzzy number eA i , a value x i is generated, along with a

corresponding µ
eA i
(x i ). From this, a value x

eS j
is calculated (Eq. 2.5). Dividing the domain of
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fuzzy numbers [0,1] into individual bins for x
eS j

, the maximum value of µ
eS j

is calculated for

each bin (Eq. 2.6).

This process is then repeated for each stage j , producing a stage fuzzy number eS j for

each fuel cycle stage.

These stage fuzzy numbers are then combined into a system fuzzy number through use of

a fuzzy “OR” operation, which is implemented as Eq. 2.7 [33, 50], where Wj is the calculated

stage weight (discussed in a following section).

µs y s (x ) =

Ns
∑

j=1

Wjµj (x )

Ns
∑

j=1

Wj

(2.7)

This process is repeated over the entire domain of the fuzzy number (i.e.,µ(x ) is calculated

for each of the x bins spanning the domain on [0,1]). From this, a system fuzzy number is

constructed for the fuel cycle.

2.5 Barrier weight selection

Barrier weight selection was done through a pairwise comparison of the relative importance

of different barriers to particular types of threats, as outlined by the TOPS committee: these

include a relatively industrially advanced state in an overt breakout (sophisticated state,

overt: SSO), a sophisticated state in a covert breakout (sophisticated state, covert: SSC), and

a relatively less developed nation making a covert breakout attempt (unsophisticated state,

covert: USC) [57].

The idea that different proliferation barriers would show different levels of importance for

different adversary types, particularly on the basis of national capabilities, is well-established

in the literature [3, 42, 58]. In particular, NASAP identifies that physical barriers such as the

radiological hazard, chemical form, and isotopic attractiveness would present a much more

significant barrier to relative unsophisticated states lacking spent fuel reprocessing facilities

compared to sophisticated states with such facilities, given the substantial “out-of-system”

facilities required to recover plutonium [58]; however, barriers such as the radiological barrier

are far less effective for a sophisticated state with such facilities. Likewise, strategies such as

co-processing (e.g., affecting the isotopic and chemical barriers) are of minimal effectiveness
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for an “abrupt” diversion event (e.g., an overt breakout) [58]. Ergo, “physical” barriers such

as the isotopic, radiological, and chemical barriers play a more diminished role for the

sophisticated state, particularly in an overt breakout scenario.

In order to make an effective pairwise comparison of the individual barriers, they were

first divided into four subordinate groups, based on the groupings found in the SAPRA

methodology [20]. These groupings are given as Table 2.9.

Table 2.9: Barrier groupings used for pairwise comparisons in relative weight analysis.

Grouping Barrier

Material properties
Isotopic
Chemical
Radiological

Design features
Facility access
Mass & bulk
Material detectability

Undeclared production
Skills, expertise, & knowledge
Facility unattractiveness

Verifiability
Facility diversion detectability
Available mass
Time

Each barrier was assigned a value from 1 (low importance) to 9 (high importance) based

on the relative importance to a given adversary type given in [57]; these assignments were

then used to construct a pairwise comparison of both individual barriers within each subcat-

egory and the subcategories themselves. The pairwise comparisons were constructed using

the difference in the weight values for the pairwise comparison; a similar procedure was used

with the sums of individual barrier importances for the subordinate category comparisons

(e.g., differences in sums were used to compare relative category rankings).

Saaty’s method was used to calculate the barrier weights [48]. Five matrices were con-

structed (four for the barriers of each subcategory and one for the subcategory matrices);

the diagonal elements of these matrices were 1 and the respective upper and lower elements
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were inverses of one another. For example, given items A, B, and C, if A is assigned an outrank

difference over B of 5 and A over C of 3, and C is assigned an outrank difference of B of 7, this

would produce the following matrix:
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=











1 5 3
1
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1 1
7
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7 1





















w1
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Taking the real eigenvalues of this matrix would yield relative weights of [ 0.6018, 0.07460,

0.3236 ] for elements A, B, and C.

Thus, the relative rankings were used to populate each matrix accordingly through this

process. Weights were calculated by finding the real eigenvector for each matrix, and then

multiplying the eigenvector for each coefficient matrix by the corresponding eigenvalue term

for the subcategory ranking matrix, producing relative weight values for each barrier. The

barrier weights were then normalized to unity to produce the final weight values.

The barrier weight assignments produced using this method are given as Table 2.10.

Table 2.10: Relative barrier weights for proliferation attempts by a: sophisticated state, overt
(SSO); sophisticated state, covert (SSC); and an unsophisticated state, covert (USC), based
upon values in [57].

Barrier SSO SSC USC

Isotopic 0.1688 0.1047 0.4029
Radiological 0.06845 0.05563 0.06019
Chemical 0.02775 0.01970 0.1349
Mass & Bulk 0.01338 0.01449 0.01236
Material detectability 0.01338 0.01449 0.02471
Facility unattractiveness 0.1013 0.04140 0.01303
Facility access 0.01338 0.01449 0.02471
Available mass 0.4310 0.3304 0.1807
Facility diversion detectability 0.08620 0.3304 0.06023
Skills, expertise, & knowledge 0.01567 0.008280 0.02606
Time 0.06070 0.06608 0.06023
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2.6 Stage weight selection

Weighting of the various stages within the fuel cycle system is accomplished through a

multi-step process. First, taking the assumption that the heavy metal inventory is relatively

constant for non-reactor stages (a generally defensible assumption given the half-lives of

most actinides), the nuclear energy system can be broken up into constituent “subsystems”

based upon the heavy metal inventory. For example, for a LWR-OT system, two subsystems

exist: one of the stages before irradiation (e.g., enrichment, fuel fabrication, etc.), and the

second consisting of irradiation and post-irradiation stages (e.g., spent fuel handling and

disposal). For modified open cycles and closed cycles, additional subsystems are added

based upon the concurrent irradiation stages; for example, a MOX system would consist of

the pre-reactor subsystem, the post-LWR subsystem (including reprocessing and MOX fuel

fabrication), and then a third subsystem consisting of MOX fuel irradiation and disposal. An

example of the subsystem breakdown is shown as Figure 2.4.

SNF Storage SNF DisposalMOX Irradiation

EFMOX1-EFMOX

HM3

LEU Irradiation SNF Storage MOX Fuel FabReprocessing

HM2HM1

Mine & Mill Enrichment LEU Fuel FabConversion

Figure 2.4: Example of mass weighting calculation for a modified open cycle with MOX fuel.
HMi represents the total heavy metal inventory at each subsystem, while EFMOX represents
the relative fraction of total electricity generated from MOX fuel, based upon the actinide
inventory available for recycling.

Second, a mass balance is applied to the system in order to account for material flow,

namely by the calculation of the required fuel mass input per unit of electricity produced

(i.e., kg
TWhe

), similar to studies performed by the NEA [40]. For the modified open cycle and

closed cycle, this mass balance is used to then calculate the equilibrium share of electricity

production by calculating the amount of available TRU for MOX and Fast burner reactor

(FBR) fuel fabrication. The mass flow required (and hence available electricity fraction) is

thus a function of two parameters: the TRU inventory of LWR fuel and the burnup of fuel

in the secondary irradiation stage (dictating the amount of fuel required per unit energy).

Assumptions of reactor electrical conversion efficiency are taken as those given in [40].

30



www.manaraa.com

The weighting between subsystems is thus the ratio of heavy metal inventories scaled

by the electricity production factor; this relationship is given explicitly by Equation 2.8,

where EFreirrad. is the electricity fraction from the re-irradiation cycle (calculated from the

available mass flow), HMi is the heavy metal mass inventory in the given subsystem, and NSS

is the number of subsystems.

Wi =



























MFi · HMi
NSS
∑

i

HMi

· (1−EFreirrad.) Pre-reactor & LWR stages

MFi · HMi
NSS
∑

i

HMi

· (EFreirrad.) Re-irradiation stages (MOX & FBR)
(2.8)

A mass flow parameter, MFi , accounts for the heavy metal mass flow per unit energy

for each subsystem. This parameter, in units of mass per unit energy ( kg
TWhe

) is calculated as

Eq. 2.9.

MFi =







24 ·109

BU ·ε
i > 1

1 i = 1
(2.9)

In Eq. 2.9, ε is the reactor thermal efficiency (taken from [40] and given as Table 2.11) and

BU is the fuel burnup in units of MWd
MTHM

, producing a final mass flow in kgHM
TWhe

.

Table 2.11: Thermal and electrical power assumed for each reactor type in this study with
corresponding thermal efficiency (ε), from [40].

Reactor Thermal power (MW) Electrical power (MW) Efficiency (%)

LWR-UO2 4250 1450 34.1
LWR+MOX 4250 1450 34.1
CANDU HWR 713 2159 33.0
FR-MOX 600 1575 38.1
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The electricity fraction is used for fuel cycles involving partial or full recycling of actinides

in order to calculate the relative energy contribution from energy production achieved from

recycled fuels, and thus the relative contribution to the overall system (in terms of relative

weight). For example, if the electricity production ratio from MOX fuel is 11% (as would be

the case for equilibrium mass flow with UO2 and MOX fuel burnups of 60 GWd
MTU
/ GWd

MTHM
[40]),

the weight of each subsystem is calculated from the subsystem heavy metal inventory (based

on the equilibrium material mass flow) and then scaled accordingly by the electricity fraction.

Thus, the MOX weight would be scaled by 0.11, and the pre-reactor and post-LWR weights

would be scaled by 0.89. The subsystem weighting thus takes into account varying mass flow,

giving greater prominence to stages with a higher overall flow of fissile materials.

The electricity fraction for partially and fully closed cycles is calculated as a ratio of the

available actinides for recycle (dictating the amount of energy which can be obtained from

the recycled actinides) and the relative energy produced (in terms of mass times burnup) of

the UO2 and recycled fuel. An example application of this calculation is Eq. 2.10.

EFMOX =
PuLWR

PuMOX
·

MMOX ·BUMOX ·εMOX

MMOX ·BUMOX ·εMOX+MUO2 ·BUUO2 ·εUO2

(2.10)

In Eq. 2.10, EFMOX is the electricity fraction produced by MOX fuel, PuLWR is the total

amount of plutonium available in LWR fuel, PuMOX is the total amount of plutonium required

for a MOX core loading (i.e., the fraction of plutonium in MOX fuel multiplied by the total

mass of MOX fuel in the core), MMOX and MUO2 are the mass loadings of the MOX and UO2

cores, respectively, while BUMOX and BUUO2 are the fuel burnups of the MOX and UO2 fuel

respectively and εMOX and εUO2 are the thermal efficiencies of the MOX and UO2 reactors.

The rationale for this choice of weighting system is twofold: first, the goal of such a system

is to be able to account for differences in heavy metal mass flow between different systems.

That is, for systems with higher fuel burnups, the overall mass flow per unit electricity

( kg
TWhe

) decreases, thus shifting the overall balance of the system heavy metal inventory.

Second, it is generally valid to assume that the total heavy metal inventory in the system

(normalized to electricity production) only changes upon the transmutation of heavy metal

in the reactor, thus creating a neat delineation between different subsystems. The electricity

fraction component (EF) accounts for the mass balance in fuel cycles with actinide recycle

under equilibrium; i.e., given the fact that a limited actinide inventory is discharged from

once-burned UO2 fuel, the mass inventory of the re-irradiation portion of the fuel cycle is

controlled by the mass balance itself (e.g., the electricity fraction).
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To adjust for the difference in critical mass requirements between 235U and Pu, the IAEA

standard of 25 kg for one significant quantity (SQ) of 235U is used with 8 kg for Pu. Given that

mixtures of Pu and minor actinides show little difference in the overall size of the BSCM, the

sum of TRU is taken from the subsystem inventory and thus scaled by 25
8

in order to compare

enriched uranium inventories to TRU inventories.

Individual constituents of the subsystems (stages) are then weighted by the fraction of

fissile material within the total mass flow (i.e., the fraction of 235U and 239Pu to the total mass

flow). The net result is that stages with higher concentrations of fissile materials (such as

post-enrichment, post-irradiation, and reprocessing) show a higher importance than those

with relatively low concentrations (e.g., pre-enrichment and reprocessing wastes).

The stage weights within each subsystem are normalized for the individual subsystem,

as are the subsystem weights themselves. Each stage weight is scaled by its corresponding

subsystem weight to produce a net stage weight; thus, the total sum of stage weights is unity.

2.7 Application of the Fuzzy Logic Barrier model

2.7.1 Comparative system analysis

One of the chief uses of the FLB model is in the comparative evaluation of different fuel

cycle systems (including both different fuel cycle configurations as well as the evolution of

system PR for a fixed system over given parameter such as burnup). An example of such a

comparison is given as Figure 2.5.

The comparative system evaluation is the primary level of analysis, affording an overview

of system PR behavior between different fuel cycle configurations, in addition to PR evolution

over parameters such as burnup. Such an analysis is particularly useful for rough rank-

ordering of fuel cycle configurations. For example, in Figure 2.5, one will observe that the

LWR-OT cycle is clearly of the highest intrinsic PR, due to the lack of plutonium separation

and self-protecting features such as the high radiological field. By contrast, a cycle with

PUREX-based recycling for MOX fuel shows the lowest intrinsic PR, due to the lack of effective

intrinsic barriers during actinide recovery stages. However, one observes an overlap between

common portions of the once-through and MOX cycles, due to the identical PR behavior of

the two systems prior to reprocessing.

Likewise, one observes that the fast reactor cycle appears to show slightly greater intrinsic
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Figure 2.5: Comparative system PR assessment for a LWR once-through cycle, a CANDU
HWR cycle using natural uranium fuel, a LWR+MOX cycle (PUREX), and a LWR+ fast reactor
cycle using advanced UREX series separation (UREX+1a).

PR than the MOX cycle, due to both the co-extraction of other actinides which slightly

diminish the attractiveness of the separated stream (such as minor actinides) as well as the

less attractive end form of the spent fast reactor fuel.

Finally, showing only slightly less intrinsic PR than the LWR once-through cycle is the

CANDU HWR cycle. Despite the lack of an enrichment stage in the CANDU cycle (which is a

more sensitive stage in LWR-based cycles), the end plutonium vector of CANDU stages is

slightly more attractive than that of LWR cycles due to lower burnup. CANDU cycles also

suffer a PR penalty due to the online refueling capabilities, affording greater overall access to

materials during a sensitive stage (e.g., reactor irradiation).

For this analysis, comparative system assessment shall be one of the primary methods

for comparing overall system PR behavior.
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2.7.2 System ranking analysis

Several methods have been proposed for the ranking of fuzzy numbers [7, 14, 16, 36] including

the possibility/necessity of strict dominance method proposed by DuBois and Prade [14]

which was used by Li [33, 35]. However, in addition to being somewhat ambiguous in terms

of producing actual rankings (relative to the barriers defined in Table 2.2 and Figure 2.2),

there are particular problems with producing consistent rankings using this approach.

Instead, the approach identified in [16] shall be used, which was found to generally deliver

more consistent fuzzy rankings. The advantages of this approach are in its relative simplicity

of implementation, consistency of rankings, and in the fact that it was explicitly designed for

the ranking of triangular fuzzy numbers (which are used for the fuzzy rankings used in the

FLB approach).

For this approach, the “pessimistic” ranking estimate described in [16] is used, namely to

give a least upper bound to the rankings. The pessimistic rank preference function is defined

as Eq. 2.12. The pessimistic estimate is described as the “worst results that could be obtained

from a fuzzy number [. . . ] suitable for a risk-averse decision maker” [16]; it thus appears to

be most appropriate for this context.

ΦP (A, B ) = max
x

�

min
�

µLow (A)(x ),µB (x )
�	

(2.11)

= min

�

max

�

a 2−b1

a 2−a 1+b2−b1
, 0

�

, 1

�

(2.12)

In Eq. 2.12, µA(x ) is defined by the triplet (a 1, a 2, a 3), which can also be expressed as

Eq. 2.13.

µA(x ) =























0 0≤ x ≤ a 1

x −a 1

a 2−a 1
a 1 ≤ x ≤ a 2

x −a 3

a 2−a 3
a 2 ≤ x ≤ a 3

0 x ≥ a 3

(2.13)

µLow (A)(x ) is defined as a characteristic function of µA(x ), given as Eq. 2.14.

µLow (A)(x ) =

(

1−µA(x ) x ≤ a 2

0 otherwise
(2.14)
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The correspondence between µA(x ) and µLow (A)(x ) is shown as Figure 2.6.
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Fuzzy outranking: Pessimistic outrank example

µ(x)

µLow(x)

Figure 2.6: Example of the relative quantities used for fuzzy outranking of triangular fuzzy
numbers (µA(x )) using the pessimistic outrank criteria (µLow (A)(x )), based on [16].

A preference function for ranking fuzzy functions A and B is defined as Eq. 2.15 [16].

A �P B ⇐⇒ ΦP (A, B )>
1

2
(2.15)

For each fuel cycle system, the system fuzzy number was ranked against each of the

triangular fuzzy numbers making up the linguistic rankings (Table 2.2 and Figure 2.2); i.e.,

the linguistic fuzzy number in this context is “A” and the system fuzzy number (e.g., µs y s (x ))

is “B.” Thus, the assigned system ranking is the highest ranking for which φP ((A, B )) > 1
2

.

This ranking can thus be used as a simple means of comparing differences in PR between

different fuel cycle configurations and parameters (e.g., burnup, enrichment, etc.).
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2.7.3 System decomposition analysis

Another useful means of characterizing the behavior of system PR behavior is through the

decomposition of the fuel cycle system into its respective stage fuzzy numbers. This can be

accomplished in two ways, each with its own purpose: first, a “cross-section” of the stage

fuzzy number centroid values can be evaluated, giving a rough indication of the relative

behavior of system PR behavior. Such a process is illustrated for a LWR + MOX cycle as

Figure 2.7.
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Figure 2.7: Example of decomposition of system PR into level fuzzy centroid values for a
LWR +MOX (PUREX) cycle.

This process is particularly useful for characterizing relative PR behavior between indi-

vidual stages; i.e., the PR vector. Such a process is particularly useful for applications such

as barrier weight calibration; given that relative PR behavior between particular stages is

well-understood for well-characterized systems (such as a LWR once-through cycle), system

PR cross-section analysis can be used as a “veto” mechanism for weight sets which produce

uncharacteristic evaluations of relative PR (e.g., increases in PR in sensitive stages such as
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enrichment).

A second process which can be employed is a decomposition of the system fuzzy number

into the relative stage fuzzy numbers. Such a process can be useful for understanding trends

in system PR behavior, particularly for bifurcated behaviors (which are often present for fuel

cycles involving plutonium separation). An example of this is shown as Figure 2.8.

0.0 0.2 0.4 0.6 0.8 1.0
x
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System PR:
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Reprocessing
MOX fuel fab.
MOX irradiation
Final emplacement

Figure 2.8: Decomposition of system PR fuzzy number into weighted respective stage fuzzy
numbers for a LWR +MOX (PUREX) cycle. System fuzzy number shown as black, dashed.

As one observes in Figure 2.8, reprocessing-related stages contribute to the lower PR peak

observed in a PUREX-based MOX system, due to the general lack of intrinsic PR barriers for

separated plutonium. Given the material concentrations in these stages, these stages thus

contribute significantly to the overall shape of the system PR. A second peak is composed

of stages consisting of intact fuel, both pre-irradiation (where LEU must be subsequently

re-enriched for weapons utility) and intact fuel post-irradiation (where radiological and

chemical barriers are most effective).
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2.7.4 Stage decomposition analysis

A final level of analysis can be performed through a decomposition of the stage into the

weighted constituent barrier fuzzy rankings. Such an approach is useful for characterizing

the behavior of intrinsic barriers at a particular fuel cycle stage, especially as a function of fuel

cycle parameters of interest (e.g., burnup, enrichment, etc.). Such an analysis likewise has

utility for evaluating safeguards effectiveness, namely by characterizing the driving behavior

behind stage (and subsequently system) PR at the individual barrier level.

An example of this process is given as Figure 2.9. Three barriers are examined as a

function of burnup in this breakdown: isotopic attractiveness (solid line), available mass

(dashed line), and time (dot-dashed line); all other barriers are constant.
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LWR-OT: irradiation stage barrier breakdown
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Figure 2.9: Example of barrier decomposition analysis, as applied to the irradiation stage
of a LWR fuel cycle for varying burnup. (Blue): 10 GWd

MTU
, (Green) 40 GWd

MTU
, (Red) 70 GWd

MTU
; (Solid)

Isotopic barrier, (Dashed) Time barrier, (Dot-dashed) Available mass barrier.

For increasing burnup, the isotopic attractiveness slowly increases; however, the available

mass barrier decreases (as more plutonium is produced) and the time barrier decreases
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slightly (due to the longer residence time). The chief advantage of decomposition analysis

is that it allows for a direct comparison of trends in barrier performance as a function of

input parameters. Such an evaluation can be thus used for targeting safeguards by type and

efficacy.

As evident in this case, the evolution of barriers is often not in concert (and in fact can

be at cross-purposes). For example, given that burnup is both directly associated with time

and less directly so with isotopic attractiveness (i.e., due to the ingrowth of higher plutonium

species, etc.), in irradiation stages the isotopic and time barriers will often move oppositely

with respect to burnup. Likewise, the production of greater plutonium inventories can cause

a small drop in the available mass barrier with increasing burnup (although this barrier

saturates much more quickly in this context).
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CHAPTER 3

Coupling isotopic characterization with PR analysis

3.1 Introduction

One particular problem that arises in attempting to couple nuclear fuel analysis codes such

as SCALE directly into fuel cycle PR models is in the difficulty of constructing case inputs.

Interfaces such as the ORIGEN-ARP graphical user interface (GUI) provide an excellent means

to solve this problem, but do not easily lend themselves to automated case construction or

embedding within other analysis codes.

However, by developing and implementing a new interface module to simplify the process

of evaluating nuclear fuel depletion and decay, it is possible to construct a generalized fuel

cycle model composed of modular cycle stages. The new interface module for ORIGEN-

S (called OASIS) uses high-level keywords to construct the input files used by ORIGEN-S,

eliminating much of the difficulty of constructing case input [52]. It also allows one to

construct a series of modular fuel cycle levels which can be then chained together as one

coherent fuel cycle system.

In this chapter, a method for directly coupling nuclear fuel analysis via ORIGEN-S into a

fuel cycle model of interest (e.g., the FLB model) shall be presented. This shall include an

overview of the OASIS module created to simply ORIGEN-S input as well as the generalized

fuel cycle framework designed to represent different fuel cycle facility types, thus enabling a
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direct tracking of the evolution of nuclear materials throughout the system from within the

model.

3.2 OASIS overview

The OASIS module for SCALE1 is a new user interface for ORIGEN-S designed to radically

simplify the process of nuclear fuel depletion and decay evaluation, along with providing

greatly enhanced capabilities for chained case analysis [52]. One of the drawbacks to the

FIDO input system for ORIGEN-S is its steep learning curve with input that is far from

easily user-friendly (or human-readable). Such disadvantages are a frequent reason why

individuals continue to use older, obsolete codes such as ORIGEN2. Alternatively, many use

the ORIGEN-ARP GUI provided with SCALE; while this provides for an excellent solution for

standalone analysis, it does not easily lend itself to chained analysis cases or to automation

and embedding into other codes.

The OASIS module was designed to solve several of these problems. OASIS uses high-level

keywords to construct the traditional FIDO input files used by ORIGEN-S, thus eliminating

much of the difficulty of constructing case input. In particular, the capabilities of the OASIS

module and its vastly simplified interface allow one to construct a series of modular fuel

cycle levels which can be then chained together as one coherent fuel cycle system. Likewise,

given the streamlined nature of the OASIS input, the construction of the modular input deck

can be largely automated to allow for coupling into general fuel cycle models.

An example of OASIS input for a simple irradiation case is given as Figure 3.1. In this

particular example, OASIS can easily construct an irradiation case and subsequent decay in a

mere 13 lines, compared to the over 50 lines required for a traditional FIDO input file.

Thus, using the OASIS module, it is possible to draw upon the sophistication of ORIGEN-S

and its depletion model for direct evaluation of spent fuel characteristics as a function of

time, including such features as isotopic composition, radiation signatures (gamma and

neutron), thermal power, etc. As a result, fuel cycle PR models can automate input deck

construction for OASIS and directly draw upon SCALE data to perform analysis.

Current plans entail the public release of the OASIS module with the release of the SCALE

6.1 update.

1See Appendix B for a more detailed treatment of the functionality of the OASIS module for SCALE.
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=oasis
title= sample PWR irradiation
id=cz205
lib=w17x17_ofa
mod= 0.7332
enrich= 3.965
lightel= o 135.95 cr 5.91975 mn 0.328875 fe 12.9358

co 0.074545 ni 9.86625 nb 0.7016 sn 3.508 end
read radhist

power= 40.2 burn= 331.675 down= 54.7264 end
power= 40.2 burn= 331.675 down= 54.7264 end
power= 40.2 burn= 331.675 down= 1 end

end radhist
end

Figure 3.1: Example of a simple irradiation case in OASIS.

3.3 Implementing coupled PR evaluation

With the OASIS module, it is possible to produce a direct coupling of nuclear fuel depletion

and decay analysis with a given fuel cycle model. Using a generalized model for fuel cycle

facilities (e.g., based on specialized level “types” for individual facilities), the process of

creating a coupled analysis framework based upon generalized fuel cycle facilities shall be

presented in brief.

3.3.1 A generalized fuel cycle model

Given the streamlined nature of the OASIS input, the construction of the modular input deck

can be largely automated, allowing for direct coupling into general fuel cycle models. By

drawing upon the sophistication of ORIGEN-S and its depletion model for direct evaluation

of spent fuel characteristics as a function of time, including such features as isotopic compo-

sition, radiation signatures (gamma and neutron), thermal power, etc., the fuel cycle model

can perform PR analysis directly as a function of high-level parameter input, such as total

fuel burnup, specific power, cooling time, and isotope separation strategies.

Thus by making use of OASIS, it is possible to construct a generalized fuel cycle model
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composed of modular cycle stages. In the generalized model, stages are broken down into

generic “types” with configurable input parameters. These level types include a “generic”

level (i.e., for non-OASIS/SCALE stages, such as pre-reactor operations), fuel irradiation (UO2

and MOX), decay, reprocessing, fuel batching, and MOX fuel fabrication.

Constructing the generalized model in C++ has allowed for each generalized level type

to be instantiated as it is own class, each deriving from a generalized fuel cycle class, with

specialized functions for particular stage types. C++’s polymorphism and inheritance fea-

tures allow the user to create a logical hierarchy of related level types (i.e., inheriting related

parameters and functionality). The general inheritance structure of the level types used for

this integration work is shown as Figure 3.2.

FC_level

rad_level

MOX_rad_level CANDU_rad_level

decay_level

MOX_fab_level MOX_spec_level repro_levelbatch_level

Figure 3.2: Inheritance hierarchy of generalized fuel cycle classes used for fuel cycle evalua-
tion and analysis.

Each fuel cycle class inherits generic functions to track such features such as the position

on the binary ORIGEN-S output, handle such functions such as stage weighting (e.g., tracking

the heavy metal inventory), etc. Specialized classes handle features such as the construction

of the appropriate OASIS input for a given stage type (e.g., irradiation versus reprocessing),

processing relevant stage input, and other stage-specific features (e.g., calculation of the

radiological source term).

A particular advantage in using the inheritance-based framework is in its natural scalabil-

ity; new specialized level “types” can easily be added to expand upon the existing capabilities

of the framework. For example, a class for a fast-spectrum reactor (FBR_RAD_LEVEL) as well

as re-irradiation in CANDU (e.g., DUPIC: DUPIC_RAD_LEVEL) were added, based upon the

functions of RAD_LEVEL. Other specialized level types can also be added; for example, a

voloxidation process was added (VOLOX_LEVEL) as a special case of the reprocessing level class

(REPRO_LEVEL).
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The sum result of this integration is a model in which information from ORIGEN is directly

accessible to PR models without user intervention; this allows for a much more sensitive

means of analysis using physically verified data with a far more streamlined user interface.

This integration thus affords a great deal of automation capability within the analysis, a

particular advantage for evaluating the specific impact of cycle parameters upon system PR

in many models, as shall be demonstrated in the following chapters.

3.3.2 Generalized fuel cycle levels

Each level type in the analysis inherits from a master “generic” fuel cycle level (FC_LEVEL),

which contains a generic set of data structures and function definitions for calculating barrier

definitions, stage weights, etc.

Two specialized child classes implement basic OASIS/ORIGEN-S functionality: RAD_LEVEL

and DECAY_LEVEL, which correspond to a basic LWR irradiation and a generalized decay stage.

Each of these child classes contains respective functions to build an OASIS string for their

corresponding function (e.g., irradiation or decay of a prior case).

The irradiation level takes in parameters corresponding to enrichment, specific power,

burn time, and irradiation cross-section library (for use with ARP interpolation or user cross-

section libraries), total burnup, number of irradiation cycles, down time, and decay time

following irradiation. These parameters are then assembled to produce both input for ARP

cross-section library interpolation in addition to the OASIS string.

Further specialized levels build upon the functions created in RAD_LEVEL and DECAY_-

LEVEL to perform other tasks. For example, REPRO_LEVEL takes in parameters of separation

fractions of plutonium, minor actinides, lanthanides, and a uranium dilution fraction (i.e.,

the dilution factor of the stream with uranium from spent fuel), and finally a decay time

following separation. MOX fuel fabrication levels (MOX_BLEND_LEVEL and MOX_SPEC_LEVEL)

create a mixture of MOX fuel either from blending of prior streams (MOX_BLEND_LEVEL) or

through direct user specification of the constituent elements such as the plutonium fraction

and plutonium vector (MOX_SPEC_LEVEL).

Derivative classes of RAD_LEVEL are used to produce other types of reactor irradiation

scenarios, including the irradiation of natural uranium in a heavy-water CANDU reactor

(CANDU_RAD_LEVEL), irradiation of MOX fuel (MOX_RAD_LEVEL), and the irradiation of fast

reactor fuel (FBR_RAD_LEVEL). Each reactor class contains both the specialized functions to

create the necessary OASIS string for depletion analysis as well as built-in error checking
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based on the built-in bounds for ARP interpolation (e.g., lower and upper thresholds for

burnup, enrichment, etc.).

Each of these classes also contains general information about the chemical form of the

fuel (e.g., as a single compound, mixed oxide, or spent fuel), thus allowing the chemical

barrier to be directly evaluated as part of the fuel cycle level class. Various aliases are used

with FC_LEVEL and DECAY_LEVEL in order to simplify differentiation of various intermediate

process stages, such as material transport, disposal, and various pre-reactor stages such as

uranium enrichment and fuel fabrication.

Making use of the stream tracking capabilities of OASIS, each level has the capability of

“picking up” concentrations from a prior, user-specified stream to operate on. Thus changes

in nuclear materials as a function of time (e.g., due to transmutation and decay) can be

followed directly in PR models using this method.

3.4 Coupled PR evaluation

Once each fuel cycle level has been processed and the appropriate OASIS strings have been

constructed for each stage, the OASIS strings are combined together into a single OASIS

master input deck for the system, where the cases are then sequentially executed. Results

from analysis cases are stored upon sequential file positions within the binary SCALE output,

thus enabling chained evaluation of material properties in both ORIGEN-S and the PR model

(i.e., given that the generalized levels are designed to be able to follow the binary file positions

of preceding fuel cycle stages).

Each generalized fuel cycle level stage contains the respective file position on the ORIGEN-

S binary for the respective fuel properties data for said stage. Thus, using a data accessor

function2, the relevant physical attributes for each stage are retrieved directly from the

ORIGEN-S binary file, including isotopic inventories and gamma/neutron emission rates in

(user-configurable) energy groups (which can be used both for calculations of dose rate as

well as directly modeling detector response for specific safeguards applications). Built-in

regular expressions retrieve thermal output data (in units of W/kg) from the ORIGEN-S text

output for plutonium, minor actinides, and the total heat generation rate; thermal data can

also be directly incorporated into the PR evaluation.

Following the execution of the master OASIS deck in SCALE, the model then cycles

2See Appendix C for greater details on the retrieval of data from the ORIGEN-S binary output.
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through each level class to perform the relevant PR analysis, retrieving the corresponding

physical data from the ORIGEN binary. Figure 3.3 summarizes the process of constructing

the OASIS deck from user input and the subsequent evaluation of system PR.

3.5 Conclusion

As a result of the coupling technique proposed in this chapter, fuel cycle analysis can thus be

performed directly upon the entire inventory of physical data output from ORIGEN-S. Such

a coupling affords numerous analytical capabilities, including the evaluation of fuel cycle

performance as a function of high-level system parameters such as reactor type, fuel burnup,

enrichment, cooling time, etc. Likewise, the coupling process allows for new avenues of

analysis, including a direct evaluation of the radiological (gamma and neutron) spectrum

(from user-configurable energy bins), thus allowing for a direct evaluation of aspects such as

detector response. Such an evaluation has several useful potential applications, including the

evaluation of safeguards performance of non-destructive analysis (NDA) systems and other

measures for material control & accountability (MC&A) in fuel cycle facilities (particularly

for reprocessing facilities) [18].

Likewise, such a coupling technique has obvious applications beyond the metric of fuel

cycle PR considered in this study; e.g., the technique could conceivably be applied to such

applications as overall fuel cycle analysis (similar to models such as VISION [28, 61]) and

models for fuel cycle mass loading and overall repository performance [34]. Unlike VISION

however, which tracks only 81 isotopes [28], ORIGEN-S tracks over 2000 radioisotopes [43].

While simulation frameworks such as VISION explicitly perform neutronics calculations “out-

of-model” in order to simplify the user experience, the coupling technique proposed in this

methodology demonstrates that such trade-offs of flexibility and accuracy for a streamlined

user interface need not be made.

Additionally, unlike fuel cycle models such as NFCSim [5], which uses the obsolete

ORIGEN2 package, the proposed coupling technique relies upon the more accurate and up-

to-date ORIGEN-S package, with a far greater number of interpolated cross-section libraries

to draw upon (including the option for users to create additional depletion libraries using

TRITON) [43]. In addition to a lack of updated cross-section libraries, the use of ORIGEN2 car-

ries several disadvantages with respect to the accuracy of actinide concentration calculations,

even compared to earlier versions of ORIGEN-S [45]. A particular drawback of the ORIGEN2
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Figure 3.3: Schematic of process used to couple isotopic characterization with PR analysis.
User data is used to generate fuel depletion and decay cases for analysis for each stage,
which are combined to evaluate nuclear materials properties throughout the system. Nuclear
materials data is then imported back from SCALE into the PR model at each stage for barrier
effectiveness evaluation.
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code is in the limitations on the available parameter space (such as enrichment) and the (lack

of) availability specialized cross-section libraries, such as those for MOX fuel irradiation)

[17, 45]; this can lead to noticeably less accurate results in spent fuel characterization.

The use of the OASIS module (particularly in the coupled context proposed in this work)

resolves many of the difficulties in using ORIGEN-S (prompting users to continue to use the

obsolete ORIGEN2 package). Likewise, the coupled framework developed in this methodol-

ogy allows for the flexibility of the deployment of new reactor cross-section libraries devel-

oped using TRITON and COUPLE [43], thus affording the broadest possible evaluation of

fuel cycle and proliferation resistance assessment. As a result, the coupling process proposed

in this methodology bears the capability of bringing enormous new analytical power to fuel

cycle evaluation models.
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CHAPTER 4

System PR dynamics evaluation

4.1 Introduction

In this chapter, an exploration as to the dynamics of fuel cycle PR shall be made in response

to several fuel cycle parameters of interest, including aspects such as fuel cycle type (open

vs. closed), reactor type, fuel burnup/enrichment, and actinide recovery strategy employed.

Using the coupled technique outlined prior, it is possible to evaluate the “cascade” effects

of changes in material properties due to changes such as fuel burnup, etc. As a result, PR

can be evaluated as a truly dynamic system property, in contrast with prior efforts which

have sought to characterize fuel cycle system PR solely as a static system property (with

parameters assumed to be fixed).

For all cases in this section, unless otherwise noted the assumed adversary is a yield-

insensitive, unsophisticated state adversary engaged in a covert breakout attempt; the ap-

propriate weights from Table 2.10 were used for this purpose and FOM1 is used for isotopic

attractiveness evaluation (Eq. 2.2).
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4.2 Open fuel cycles

The two open fuel cycles considered for this analysis shall be the LWR-OT cycle, fueled by

uranium enriched from 1.5–6% 235U, and the CANDU HWR, fueled by natural uranium. Each

of these fuel cycles shall be evaluated as to their relative system PR as a function of fuel

burnup.

The stages composing each generalized fuel cycle for the two cases are generally the same

as those outlined in [57]. Specific stages of interest to each process, which are examined in

the system cross-sections, are listed as Table 4.1.

Table 4.1: Selected stage numbers for CANDU and LWR–OT cycles.

CANDU LWR–OT Stage

1 1 Mining
5 5 Conversion

— 8 Enrichment
8 11 LEU fuel fabrication

13 16 Reactor irradiation
15 18 SNF wet storage
16 19 SNF dry storage
22 25 Final emplacement

4.2.1 LWR once-through cycle

The LWR once-through cycle is perhaps the simplest cycle to evaluate and is also regarded

as the standard for intrinsic proliferation resistance against which other fuel cycles are

evaluated. The once-through cycle was evaluated across a range of burnups from 10 GWd
MTU

to

70 GWd
MTU

; corresponding loading values for enrichments were obtained from [24, 60].

The system PR of the LWR-OT cycle as a function of fuel burnup is shown as Figure 4.1.

One observes that burnup has a nominal, positive effect on system PR (e.g., system PR

increases slowly with increasing burnup). A decomposition of the LWR-OT system fuzzy

number into the constituent stage fuzzy numbers is shown as Figure 4.2.

In general, the stage weights are relatively evenly distributed for the LWR-OT system; in
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Figure 4.1: Intrinsic system proliferation resistance for a LWR-OT cycle as a function of fuel
burnup. Higher abscissa values represent increasing PR.
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Figure 4.2: Decomposition of the system fuzzy PR value into the constituent stage fuzzy
numbers for the LWR-OT cycle, 60 GWd

MTU
burnup.
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as much, all stages with enriched LEU fuel or spent fuel contribute on roughly the same order

to the shape of the system PR fuzzy function. Likewise, although a noticeable drop in the

stage PR is observed for post-irradiation stages (particularly for lower burnups), the overall

separation in stage PR between pre-irradiation and post-irradiation stages is not large. Such

is evident from an analysis of the system PR cross-section (in terms of stage fuzzy centroid

values), shown as Figure 4.3.
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Figure 4.3: Cross-section view of system PR (e.g., level fuzzy number centroid values) for a
LWR-OT as a function of fuel burnup. Higher ordinate values represent increasing PR.

Overall, one observes nominal, expected drops in PR at particularly sensitive stages,

such as enrichment and irradiation (as well as a small drop at LEU fuel fabrication). Post-

irradiation, a small increase in the PR is observed, namely due to the difference in capabilities

for undeclared production (e.g., short-cycling, etc.) combined with the high radiological and

chemical barriers presented by the the spent fuel. Additionally, one observes a uniform drop

in PR at the final geologic emplacement stage, both due to the declining radiological barrier

with time and the ineffective time barrier. These barrier dynamics are illustrated as Table 4.2.

Finally, the differences in overall system PR as a function of fuel burnup are entirely
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Table 4.2: Barrier performance rankings for selected stages and burnup values of the LWR
once-through cycle.

Isotopic Radiological Time
Stage / Burnup ( GWd

MTU
) 10 40 70 10 40 70 10 40 70

Irradiation L L+ M– VH VH VH H M+ M
SNF dry storage L L+ M– M H H M M M
Final emplacement L L L+ M M M I I I

attributable to post-irradiation stages (i.e., due to changes in the plutonium attractiveness at

higher burnups). Changes to the material characteristics “cascade” through the remainder of

the system, building up the observed difference in system PR. “Cascade” effects such as that

observed in Figure 4.3 are ultimately what drive PR dynamics effects, as will be demonstrated

in the additional analysis cases presented in this chapter.

A breakdown of the system PR centroid and ranking values are given as Table 4.3.

Table 4.3: System PR centroid values and rankings as a function of uranium fuel burnup for
the LWR once-through cycle.

Burnup ( GWd
MTU

) Centroid Rank

10 0.4213 M
20 0.4245 M
30 0.4315 M
40 0.4327 M+
50 0.4339 M+
60 0.4344 M+
70 0.4489 M+

Effect of varying lattice type

An additional effect which can be considered for LWR fuels is the impact of varying lattice

geometry. Seven different lattice geometries for PWR fuel were considered, based on the

available ARP cross-section libraries provided with SCALE: a Combustion Engineering (CE)
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14x14 and 16x16 array, a Siemens 14x14 array, and a Westinghouse (W.House) 14x14, 15x15,

17x17, and 17x17 optimized fuel array (OFA) [43]. These seven geometries were evaluated

for three different burnups: 10 GWd
MTU

, 40 GWd
MTU

, and 70 GWd
MTU

. Figure 4.4 shows the results of this

study.
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Figure 4.4: Intrinsic system PR evaluation for PWR fuel as a function of varying lattice
geometry for three burnups: 10 GWd

MTU
, 40 GWd

MTU
, and 70 GWd

MTU
. Higher abscissa values represent

higher intrinsic PR.

As one observes from Figure 4.4, the choice of lattice geometry has little to no effect on
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evaluated system PR; i.e., the changes introduced by lattice geometry are generally on too

microscopic of a level to significantly impact parameters of interest to material attractiveness,

particularly across constant burnup and enrichment.

4.2.2 CANDU HWR cycle

The Canadian deuterium uranium (CANDU) reactor uses a heavy-water moderator (deu-

terium oxide; i.e., D2O) rather than “light water” (H2O) as a neutron moderator, and thus is

capable of using natural uranium fuel, rather than the enriched uranium required for light

water reactors. Several other features are unique to the CANDU design as well, including an

online refueling capability where fuel is continuously cycled through the reactor (rather than

batch loads, as is used in LWR cycles). With respect to intrinsic PR, online refueling acts as

a slight penalty for CANDU designs, given the greater facility access by individuals due to

online refueling.

The analysis of system PR for the CANDU cycle is given as Figure 4.5.
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Figure 4.5: Intrinsic system proliferation resistance for a CANDU HWR cycle fueled with
natural uranium as a function of fuel burnup. Higher abscissa values represent increasing
PR.
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While the lack of an enrichment stage is a PR benefit to the CANDU cycle, overall the

material is burned for a shorter period of time. The plutonium produced in spent CANDU

fuel is thus of a nominally higher attractiveness than that produced in LWR fuel, namely due

to the lower overall buildup of higher plutonium species (which contribute to a higher heat

generation rate and thus lower attractiveness). Additionally, the relatively narrow space of

burnup evaluated in a CANDU cycle results in a minimal change in system PR as a function

of burnup; this can be observed in Figure 4.6.
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Figure 4.6: Cross-section view of system PR (e.g., level fuzzy number centroid values) for a
CANDU HWR cycle as a function of fuel burnup. Higher ordinate values represent higher
intrinsic PR.

As one observes from Figure 4.6, the intrinsic PR of the material (and subsequently, fuel

cycle stages) changes very little over the burnup range considered.

Additionally, the careful observer will notice a small artifact: while the level PR for higher

burnups is slightly greater for higher burnups in the CANDU cycle, the system fuzzy number

(and corresponding centroid value) appears to slightly decrease. This is due to the change

in material mass flow as a function of burnup; because fuel is burned for longer at higher
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Table 4.4: Barrier performance rankings for selected stages and burnup values of the CANDU
HWR once-through cycle.

Isotopic Mass & Bulk Available Mass
Stage / Burnup ( GWd

MTU
) 1.5 5 10 1.5 5 10 1.5 5 10

Irradiation L– L L H+ H H– L I I
SNF dry storage L– L L H+ H H– L I I
Final emplacement L– L L H+ H H– L I I

burnups, greater weight is placed on the post-irradiation stages (i.e., lower mass flow from

pre-reactor to post-reactor stages). However, the overall PR is lower in post-irradiation stages

for CANDU than in pre-irradiation stages (Figure 4.6), thus explaining this minor artifact;

this is evident in Table 4.4.

As one observes in Table 4.4, while the isotopic attractiveness of material decreases with

burnup in the CANDU cycle, the amount of fissile material per unit fuel mass increases with

burnup, as well as the total available fissile mass (thus, decreasing the available mass and

mass & bulk barriers). Likewise, the decreasing mass flow with burnup increases the relative

model emphasis upon post-irradiation stages, accounting for the overall trend in decreasing

PR with burnup for CANDU.

The system PR centroid values and rankings for the CANDU system are given as a function

of uranium fuel burnup as Table 4.5.

Table 4.5: System PR centroid values and rankings as a function of uranium fuel burnup for
the CANDU HWR cycle.

Burnup ( GWd
MTU

) Centroid Rank

1.5 0.4602 M
5 0.4486 M

10 0.4462 M

An interesting contradiction is revealed in the CANDU centroid and ranking results in

Table 4.5, particularly compared to those of the LWR once-through cycle (Table 4.3). Despite

the fact that the centroid mean value of the PR is in fact notably higher for the lowest
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CANDU burnup configuration (and generally high compared to lower LWR-OT burnups), the

system ranking of the CANDU system is equivalent or lower than that of the LWR-OT system

(particularly at high LWR burnups). This contradiction appears to be attributable to the lack

of an enrichment stage in the CANDU cycle (augmenting the overall system PR), while the PR

from post-irradiation stages is lower than that from high-burnup fuel in LWR cycles (owing

to the attractiveness of the ejected material from CANDU). Thus, the CANDU cycle appears

to show a greater “spread” in PR values; this is evident from the system PR cross-section seen

in Figure 4.6, where the overall PR drops between PRe and post-irradiation stages.

4.3 “Modified open” fuel cycles

For the so-called “modified open” fuel cycle strategies, a limited degree of actinide recovery

is employed. The cases considered for this evaluation include a plutonium-only extraction

(PUREX), co-extraction of plutonium and uranium (COEX), and other advanced aqueous

processes involving the co-recovery of other minor actinides with plutonium/uranium (UREX

series).

For the MOX-based cycles, the electricity fraction produced by MOX fuel (of total nuclear

energy produced) at equilibrium is calculated by evaluating the available amount of actinides

from UO2 fuel and a corresponding mass balance based on burnup; this relation is given as

Eq. 4.1.

EFMOX =
PuLWR

PuMOX
·

MMOX ·BUMOX ·εMOX

MMOX ·BUMOX ·εMOX+MUO2 ·BUUO2 ·εUO2

(4.1)

In Eq. 4.1, EFMOX is the electricity fraction produced by MOX fuel, PuLWR is the total

amount of plutonium available in LWR fuel, PuMOX is the total amount of plutonium required

for a MOX core loading (i.e., the fraction of plutonium in MOX fuel multiplied by the total

mass of MOX fuel in the core), MMOX and MUO2 are the mass loadings of the MOX and UO2

cores, respectively, while BUMOX and BUUO2 are the fuel burnups of the MOX and UO2 fuel

respectively and εMOX and εUO2 are the thermal efficiencies of the MOX and UO2 reactors

(each taken to be 34.1%) [40].

For each recycle scenario, a fixed fuel cooling time of 15 years following discharge was

assumed (e.g., 10 years in wet storage and 5 years in dry storage); extraction efficiencies of

99% for plutonium and neptunium were assumed, with 95% efficiency for americium and

curium extraction (as appropriate) [2, 59].
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The MOX cross-section libraries used were those provided with SCALE; SCALE provides

for an automatic interpolation of cross-sections based on interpolated assembly-average

plutonium content [17].

In addition to the MOX-based modified open cycles, a DUPIC fuel cycle which involves

the re-irradiation of LWR fuel in a CANDU reactor will also be considered. The details of this

fuel cycle will be more fully explored in the corresponding subsection.

The stage structure for each of the modified open cycles considered again is based upon

those outlined in [57]; some adaptation is made to account for the differences in the DUPIC-

based cycle. Key stage numbers of interest for the modified open cycles are given as Table 4.6.

Table 4.6: Selected stage numbers for LWR +MOX and DUPIC cycles.

# MOX DUPIC

1 Mining ”
5 Conversion ”
8 Enrichment ”
11 LEU fuel fabrication ”
16 Reactor irradiation ”
18 SNF wet storage ”
19 SNF dry storage ”
20 Reprocessing Voloxidation
21 Recovered material storage ”
23 — DUPIC fuel fabrication
24 Actinide waste disposal —
25 MOX fuel fabrication —
26 — DUPIC fuel irradiation
28 MOX fuel irradiation —
32 — Final emplacement
34 Final emplacement —

4.3.1 Reprocessing with PUREX

The Plutonium-Uranium Extraction (PUREX)-based MOX cycle forms the “baseline” of the

modified open cycle strategy, both in that it is the most limited actinide recovery strategy

(plutonium-only) and that all other advanced recovery strategies essentially “default” back to
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the PUREX scenario if one assumes further material processing on the part of an adversary.

Further, given that the PUREX process is currently employed in states engaged in repro-

cessing (including France and Japan), it is a highly relevant fuel cycle alternative for policy

considerations.

Figure 4.7 gives a comparison of the overall system PR as a function of LWR fuel burnup

for a PUREX-based MOX cycle (MOX fuel burnup is held at a constant 60 GWd
MTHM

for this case).
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Figure 4.7: Intrinsic system proliferation resistance for a LWR + MOX cycle employing
PUREX for plutonium recovery as a function of UO2 fuel burnup. Higher abscissa values
represent higher intrinsic PR.

LWR fuel burnup appears to have a nominal effect upon overall system PR for the PUREX-

based cycle; increasing burnups do correlate with the production of higher plutonium species,

thus decreasing the plutonium attractiveness. However, this effect is somewhat constrained

given the limited space of burnups considered for this study. Using the burnup/enrichment

pairs from [60], a minimum burnup of 15 GWd
MTU

and a maximum burnup of 45 GWd
MTU

were

imposed as constraints due to inherent limitations of the ARP MOX cross-section libraries

and the plutonium vector [43]. Higher burnups resulted in a plutonium vector with less than
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50% 239Pu, outside the scope of the ARP interpolation range for MOX cross-section libraries.

(While adjusting the enrichment values for LWR fuel can compensate for this effect, these

enrichments were well beyond the prescribed enrichment/burnup combinations found in

[60] and [24]).

In order to compensate for this limitation (and thus evaluate a more full range of burnup

values), a minor extrapolation beyond the ARP interpolation limits was used for uranium

burnups of up to 60 GWd
MTU

; this approach is justified both in that the 239Pu vector is still very

close to 50% (around 49%) and the cross-section variance as a function of the 239Pu vector

is relatively flat at lower isotopic fractions [17]. Thus, this can be considered a reasonable

estimate of depletion performance in this limiting burnup case.

Prominent among the features of the PUREX-based cycles (and other reprocessing-based

strategies) is the “bifurcation” in the system PR fuzzy number. Two trends are apparent:

first, a peak at lower PR, consisting of reprocessing-related stages (including fuel separation

and MOX fuel fabrication), and then a larger peak at higher PR, consisting of pre-reactor

stages and stages where plutonium is kept with intact fuel (i.e., protected by greater intrinsic

barriers).

A cross-section of the level PR is given as Figure 4.8. Two significant drops in the stage PR

are observed: first, in the reprocessing stage (where intrinsic barriers are largely ineffective,

due to the separation of pure plutonium) as well as MOX fuel fabrication (where large stocks

of plutonium are found, again with little in the way of intrinsic barriers such as a significant

radiological hazard). Post-irradiation, the stage PR rises once more, slightly declining upon

disposal (similar to the once-through case, Figure 4.3).

A decomposition of the system PR fuzzy function into the constituent stage PR fuzzy

functions is shown as Figure 4.9; fuel burnup is fixed at 60 GWd
MTU
/ 60 GWd

MTHM
for this case.

As one observes in Figure 4.9, reprocessing and its associated stages both compose the

lower “peak” of the system PR function; these stages also carry a greater overall relative weight

due to the concentration of fissile materials at these stages compared to other stages (e.g.,

when fissile material is contained in intact fuel). Changes in the relative attractiveness of the

plutonium vector, particularly as it enters the reprocessing-related stages (Figure 4.8) thus

“drive” changes in the system PR function for the PUREX-based MOX cycles.

Despite the fact that some plutonium is consumed in the MOX cycle, the post-irradiation

stages do not represent a significant gain over the LWR once-through cycle. This is due both

to the fact that only about 1
3

of the total plutonium inventory of the MOX fuel is consumed
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Figure 4.8: Cross-section view of system PR (e.g., level fuzzy number centroid values) for
a LWR +MOX cycle employing PUREX for plutonium recovery as a function of UO2 fuel
burnup. Higher ordinate values represent higher intrinsic PR.

during irradiation, as well as the fact that the change in plutonium attractiveness is generally

small, as found here and in other studies [6]. This is evident in the barrier rankings as a

function of burnup, presented as Table 4.7.

The system centroid values and system rankings for the PUREX-based MOX cycle are

presented as Table 4.8.

4.3.2 Uranium coextraction: COEX

One simple alternative to PUREX-based MOX cycles is the COEX process, in which uranium

is co-extracted with plutonium. For this study, it is assumed this is at a 50% ratio with

plutonium, although this study will also consider other coextraction ratios. An example of

this process is at the design of the Rokkasho-mura reprocessing facility in Japan, which is

designed to produce an end product of a mixture of plutonium and uranium oxide1, with

1For the sake of accuracy, the process employed at Rokkassho-mura is in fact PUREX-based, however uranyl
nitrate is recombined with the plutonium feed to form MOX powder in the accessible product stream [15].
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Figure 4.9: Decomposition of the system fuzzy PR value into the constituent stage fuzzy
numbers for the LWR+MOX with a PUREX-based actinide recovery strategy; fuel burnup
fixed at 60 GWd

MTU
/ 60 GWd

MTHM
.

Table 4.7: Barrier performance rankings for selected stages and burnup values of the PUREX-
based MOC strategy.

Isotopic Radiological
Stage / Burnup ( GWd

MTU
) 15 60 15 60

UO2 fuel irradiation L L+ VH VH
SNF dry storage L L+ H H
Reprocessing L L+ L L
MOX fuel fabrication L L+ L L
MOX fuel irradiation L+ M– VH VH
Final emplacement L L+ M M
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Table 4.8: System PR centroid values and rankings as a function of LWR fuel burnup for a
LWR +MOX cycle using PUREX for plutonium recovery.

Burnup ( GWd
MTU

) Centroid Rank

15 0.3588 L+
30 0.3677 L+
45 0.3749 L+
60 0.3857 L+

no significant ability (outside of sample extraction) to obtain separated plutonium alone

[15]. The final product is nominally a mixture of 50% plutonium (balance assumed to be

uranium) [15]; this mixture ratio shall be used as the basis for all assumptions involving

uranium stream coextraction.

The COEX cycle is considered as a function of LWR fuel burnup (with a fixed MOX fuel

burnup of 60 GWd
MTHM

) as Figure 4.10.

While burnup effects are again quite small (owing to the confined space of burnups

considered, as was discussed in the previous section), one observes an overall shift in the PR

trend upwards from the PUREX case. In particular, the prominent bifurcated peak due to

reprocessing has now shifted over such that while the contribution from reprocessing-related

stages is still distinct (i.e., the lower PR “shoulder” of the system PR function), it is no longer a

separate peak in the system fuzzy number.

The system centroid values and system rankings for the COEX-based MOX cycle are

presented as Table 4.9.

Table 4.9: System PR centroid values and rankings as a function of LWR fuel burnup for a
LWR +MOX cycle using COEX for plutonium/uranium recovery.

Burnup ( GWd
MTU

) Centroid Rank

15 0.3782 L+
30 0.3854 L+
45 0.3902 L+
60 0.4069 M–
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Figure 4.10: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
COEX (50% U:Pu) for actinide recovery as a function of UO2 fuel burnup. Higher abscissa
values represent higher intrinsic PR.
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A decomposition of the system PR fuzzy function for the COEX case with a fuel burnup of

60 GWd
MTU
/ 60 GWd

MTU
is shown as Figure 4.11.
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Figure 4.11: Decomposition of the system fuzzy PR value into the constituent stage fuzzy
numbers for the LWR+MOX with a COEX-based actinide recovery strategy; fuel burnup fixed
at 60 GWd

MTU
/ 60 GWd

MTHM
.

As one observes from Figure 4.11, reprocessing-related stages once again are of primary

importance for the COEX-based cycle, similar to the PUREX-based case (Figure 4.9). Thus, the

decreasing attractiveness of the intact plutonium vector in a COEX-based scenario produces

an observable shift in the stage PR function of the reprocessing-related stages and thus the

system PR function overall.

Effect of uranium dilution fraction

The uranium coextraction fraction (relative to the plutonium concentration) can be studied

as a separate parameter, particularly given its potent impact upon material attractiveness

(by increasing the bare sphere critical mass of the plutonium-bearing stream). Figure 4.12
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evaluates the impact of uranium coextraction levels on overall system PR; the centroid PR

values and system rankings are expressed as Table 4.10. For this evaluation, the LWR fuel

burnup was fixed at 60 GWd
MTU

, with MOX fuel burnup fixed at 60 GWd
MTU

.
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Figure 4.12: Intrinsic system proliferation resistance for LWR +MOX cycle as a function
of uranium dilution factor (i.e., ratio of uranium to plutonium in the plutonium-bearing
stream). Higher abscissa values represent higher intrinsic PR.

As one observes from both Figure 4.12 and Table 4.10, uranium co-extraction has an

immediate, if moderate impact upon overall system PR by decreasing the material attractive-

ness of the plutonium stream during reprocessing and increasing the overall mass of material

required in order to acquire one significant quantity (e.g., mass & bulk). The effect of this is

evident in the cross-section view of the system PR for MOX cycles as a function of uranium

coextraction fraction, shown as Figure 4.13, as well as the breakdown of barrier performance

as a function of dilution, given as Table 4.11.

However, while an immediate gain is realized in overall system PR from even small

amounts of uranium dilution, substantial gains are not realized until very high coextraction

ratios (on the order of 75% U:Pu and above); levels which appears to be above the currently
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Table 4.10: System PR centroid values and rankings as a function of uranium co-extraction
fraction with plutonium.

U:Pu (%) Centroid Rank

0 0.3862 L+
25 0.3990 M–
50 0.4069 M–
65 0.4089 M–
75 0.4117 M
85 0.4261 M
95 0.4366 M
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Figure 4.13: Cross-section view of system PR (e.g., level fuzzy number centroid values) for a
LWR +MOX cycle as a function of uranium dilution fraction of the plutonium stream during
reprocessing. Higher ordinate values represent higher intrinsic PR.
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Table 4.11: Barrier performance rankings for selected barriers in the reprocessing stage as a
function of uranium coxtraction ratio.

U:Pu (%) Isotopic Mass & Bulk

0 L+ I
25 M– L–
50 M L
65 M M
75 M+ M
85 H– H+
95 VH VH

proposed coextraction fractions for reprocessing facilities.

4.3.3 Reprocessing with Advanced UREX series

Several advanced UREX series reprocessing scenarios shall be considered for this study.

Interest in the advanced UREX series is twofold. First, given the partition and separate

disposal of certain long-lived actinides, several benefits can be realized to the capacity and

impact of a geologic repository. Heat loading due to americium and curium (in addition to

plutonium) can be substantially reduced, greatly increasing the available repository storage

capacity and potentially obviating the need for additional repositories [34, 59]. Additionally,

neptunium is a key contributor to long-term dose projections in evaluations of a potential

geologic repository; its removal and subsequent transmutation could therefore reduce the

potential risk to future public health from a repository [41]. Finally, most relevant to this

particular analysis, the advanced UREX series treatments involve a co-extraction of actinides,

rather than a separate extraction of plutonium alone. The effect of actinide coextraction will

be evaluated for this analysis for its effect on PR, both as a function of selected coextraction

strategy and the impact of said strategy as a function of uranium fuel burnup.

Some overlap exists between different UREX processes given that the chief stream of

interest is the plutonium-bearing stream; these processes are sorted by product stream in

Table 4.12. These category groupings are similar to those performed in prior analyses such as

[3, 42]; i.e., groupings are based upon similar plutonium-bearing streams (e.g., streams with

plutonium and uranium dilution, streams with plutonium and minor actinides, etc.). The

studies performed by [3, 42] do not make a distinction between the grouping of plutonium
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streams with and without neptunium, finding no nonproliferation benefit; however, an

explicit evaluation of the impact of neptunium inclusion has been made for this analysis.

Table 4.12: List of UREX processes evaluated and their associated product streams [12, 13,
42, 59]

Product process(es)

Pu +Np UREX+2, UREX+3, UREX+4
Pu +Np +U UREX+2a, UREX+3a, UREX+4a
TRU UREX+1a
TRU +U UREX + 1b
TRU + Ln UREX + 1

UREX+2/3/4

Figure 4.14 shows the system PR as a function of LWR fuel burnup for the UREX+2/3/4

cycle(s) (MOX fuel burnup is held constant at 60 GWd
MTHM

). The coextraction of neptunium

with uranium shows only a very small change in PR over the baseline, noticeable only at 60
GWd
MTU

LWR fuel burnup (e.g., where the Np inventory is the greatest).

The inclusion of 237Np in both LWR and MOX fuel has been explored previously for the

potential for 238Pu “heat spiking” (i.e., selectively increasing the production of 238Pu, thus

substantially increasing the heat generation rate of the plutonium), illustrated as Eq. 4.2

[39]. However, the addition of neptunium itself does little to augment the intrinsic PR of

plutonium in the reprocessing stream itself; i.e., the heat and dose contribution of Np alone

does little to change material attractiveness.

237Np+ 1
0n−→ 238Np

β−

−→ 238Pu (4.2)

However, comparing the system cross-sections of the PUREX and UREX+2/3/4 processes,

one does observe a small but noticeable increase in the system in the stage centroid PR

for post-MOX irradiation stages, shown in Figure 4.15. The effect of this increase is most

pronounced for higher burnups, given the higher available neptunium inventory in spent

LWR fuel. However, the impact on overall system PR is limited due to the fact both that such
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Figure 4.14: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
UREX+2/3/4 (Pu+Np) for actinide recovery as a function of UO2 fuel burnup. Reference
PUREX scenario (Pu only) for 60 GWd

MTU
burnup shown in black, dashed. Higher abscissa values

represent higher intrinsic PR.

an increase occurs only at the tail end of the fuel cycle (i.e., a short “cascade length”) and

does little to ameliorate the most sensitive stage in the fuel cycle process involving separated

materials (e.g., reprocessing and related stages).

While the doping of fresh UO2 fuel with neptunium to produce additional 238Pu was not

considered for this study, such a process may produce a more profound overall impact on

system PR given the longer “cascade” effect as well as influencing the material attractiveness

of plutonium in separations-related stages [29, 39, 49]

The relative system rankings of the UREX+2/3/4 system as a function of burnup are

provided as Table 4.13.

UREX+2a/3a/4a

The UREX+2a/3a/4a process flows are similar to that of the UREX+2/3/4 with the addition

of uranium to the stream. For this evaluation, the uranium co-extraction ratio was assumed
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Figure 4.15: Stage PR cross-section comparison for UREX+2/3/4 (Pu +Np) versus PUREX
(Pu) as a function of burnup; UREX+2/3/4 shown as solid lines, PUREX as dashed.

Table 4.13: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
MOX cycle with UREX+2/3/4.

UO2 burnup ( GWd
MTU

) Centroid Rank

15 0.3592 L+
30 0.3725 L+
45 0.3804 L+
60 0.3872 L+
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to be 50%; MOX fuel burnup was again held to 60 GWd
MTHM

, while PR was evaluated across LWR

fuel burnup, presented as Figure 4.16.
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Figure 4.16: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
UREX+2a/3a/4a (Pu+Np+ 50% U) for actinide recovery as a function of UO2 fuel burnup.
Reference COEX scenario (50% U:Pu) for 60 GWd

MTU
burnup shown in black, dashed. Higher

abscissa values represent higher intrinsic PR.

Similar to the case of the UREX+2/3/4 process, the co-extraction of neptunium introduces

a minor decrease in the material attractiveness for the spent MOX fuel. However, in terms

of overall impact on system PR, the addition of uranium to the extraction stream appears

to have a far greater impact; this is apparent from a comparison of the UREX+2a/3a/4a/

system PR to the baseline COEX scenario (black, dashed line), where one observes the change

from the baseline COEX scenario to be small, while the difference between UREX+2/3/4 and

UREX+2a/3a/4a (due to the addition of uranium) appears to be substantial. The relative

system rankings of the UREX+2a/3a/4a system as a function of burnup are provided as

Table 4.14.
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Table 4.14: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
MOX cycle with UREX+2a/3a/4a.

UO2 burnup ( GWd
MTU

) Centroid Rank

15 0.3820 M–
30 0.3920 M–
45 0.3974 M–
60 0.4098 M–

Table 4.15: Isotopic barrier performance ranking for selected stages and burnup values of
the UREX+1a-based MOC strategy.

Stage / Burnup ( GWd
MTU

) 15 30 45 60

Reprocessing L+ M– M– M
MOX fuel fabrication L L+ L+ L+
MOX fuel irradiation M– M– M M
Final emplacement L+ M– M– M–

UREX+1a

The UREX+1a process involves the co-extraction of minor actinides (Np, Am, and Cm) with

plutonium. UREX+1a shows a higher impact on overall system PR, primarily due to the fact

that the introduction of americium and curium (particularly 244Cm) substantially increasing

the stream heat generation rate (thus lowering the material attractiveness). The assumed

extraction efficiencies for Am/Cm are assumed to be 95%, with 99% efficiency for Pu/Np.

Figure 4.17 illustrates the overall system PR as a function of LWR fuel burnup (MOX fuel

burnup is held constant at 60 GWd
MTHM

).

The impact of minor actinide co-extraction relative to the PUREX baseline (black, dashed)

is more noticeable than neptunium coextraction alone (UREX+2/3/4). This effect becomes

particularly pronounced with burnup (as the inventories of minor actinides scale markedly

with increasing burnups, thus increasing the heat generation rate). This manifests in the

isotopic barrier performance as a function of burnup, as seen in Table 4.15.

The system PR centroid values and relative system rankings of the UREX+1a system as a

function of burnup are provided as Table 4.16.
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Figure 4.17: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
UREX+1a (TRU) for actinide recovery as a function of UO2 fuel burnup. Reference PUREX sce-
nario (Pu only) for 60 GWd

MTU
burnup shown in black, dashed. Higher abscissa values represent

higher intrinsic PR.

Table 4.16: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
MOX cycle with UREX+1a.

UO2 burnup ( GWd
MTU

) Centroid Rank

15 0.3628 L+
30 0.3841 L+
45 0.3921 L+
60 0.4060 M–
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UREX+1b

Extending the logic of minor actinide co-extraction found in UREX+1a is the UREX+1b

process, in which uranium is also coextracted with transuranic elements. Uranium is again

assumed to be coextracted at a 50% ratio, while the extraction efficiency ratios for Pu/Np

and Am/Cm are again taken as 99% and 95%, respectively. Figure 4.18 gives the breakdown

of system PR as a function of LWR burnup (with a fixed MOX burnup of 60 GWd
MTHM

).
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Figure 4.18: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
UREX+1b (TRU + 50% U) for actinide recovery as a function of UO2 fuel burnup. Reference
COEX scenario (50% U:Pu) for 60 GWd

MTU
burnup shown in black, dashed. Higher abscissa values

represent higher intrinsic PR.

One observes that again the PR impact of uranium coextraction appears to be substan-

tially greater than the impact (compared to the baseline COEX scenario) of minor actinide

coextraction. However, these two effects also appear to be additive; i.e., while uranium

dilution strongly increases the bare sphere critical mass, it contributes very little to the heat

generation rate, while conversely minor actinides contribute little the bare sphere critical

mass (making up a small fraction of the mass fraction) but contribute greatly to the heat
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Table 4.17: Isotopic barrier performance rankings for selected stages and burnup values of
the UREX+1b-based MOC strategy.

Isotopic
Stage / Burnup ( GWd

MTU
) 15 60

Reprocessing M– M+
MOX fuel fabrication L L+
MOX fuel irradiation M– M
Final emplacement L+ M–

generation rate, particularly at higher burnups. This is illustrated in Table 4.17; the isotopic

barrier is the primary barrier evolving both between this fuel cycle strategy and the baseline

PUREX/COEX and as a function of fuel burnup.

The system PR centroid values and relative system rankings of the UREX+1b system as a

function of burnup are provided as Table 4.18.

Table 4.18: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
MOX cycle with UREX+1b.

UO2 burnup ( GWd
MTU

) Centroid Rank

15 0.3846 M–
30 0.4025 M–
45 0.4088 M–
60 0.4163 M

UREX+1

A final UREX series considered is UREX+1, in which transuranics are coextracted with

lanthanides, providing a radiological barrier to protect the fissile nuclides. This scenario is

evaluated across the same burnup space (with a fixed MOX burnup of 60 GWd
MTHM

) and likewise

compared against the baseline PUREX scenario (60 GWd
MTU

LWR fuel burnup; black, dashed line)

as Figure 4.19.

UREX+1 again presents a non-trivial departure from the PUREX baseline scenario, par-
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Figure 4.19: Intrinsic system proliferation resistance for a LWR +MOX cycle employing
UREX+1 (TRU + Ln) for actinide recovery as a function of UO2 fuel burnup. Reference
PUREX scenario (Pu only) for 60 GWd

MTU
burnup shown in black, dashed. Higher abscissa values

represent higher intrinsic PR.

ticularly with increasing burnup. The burnup dependence of the PR gains are tied to the

fact that both lanthanide inventories as well as TRU inventories both increase as a func-

tion of burnup; thus, the plutonium-bearing stream material attractiveness subsequently

diminishes with increasing burnup; this is evident in the isotopic and radiological barrier

performance, given as Table 4.19. The relative system rankings of the UREX+1 system as a

function of burnup are provided as Table 4.20.

4.3.4 System PR as a function of MOX fuel burnup

Evaluating the system PR as a function of MOX fuel burnup (with UO2 fuel burnup held

constant at 60 GWd
MTU

), one finds that the level of MOX fuel burnup has very little effect upon

the overall system PR, as evinced in Figure 4.20. Evaluating the effect of MOX fuel burnup

on the post-MOX irradiation level PR values (Figure 4.21), it is clear that MOX fuel burnup

has little discernible impact upon PR; i.e., while plutonium is consumed in MOX fuel, the

79



www.manaraa.com

Table 4.19: Barrier performance rankings for the isotopic and radiological barriers for se-
lected stages and burnup values of the UREX+1-based MOC strategy.

Isotopic Radiological
Stage / Burnup ( GWd

MTU
) 15 60 15 60

Reprocessing M– M+ L M
MOX fuel fabrication L L+ M M
MOX fuel irradiation M– M VH VH
Final emplacement L+ M– M M

Table 4.20: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
MOX cycle with UREX+1

UO2 burnup ( GWd
MTU

) Centroid Rank

15 0.3710 L+
30 0.3923 M–
45 0.4008 M–
60 0.4148 M–

plutonium vector changes very little, therefore the material attractiveness of the remaining

plutonium remains largely unchanged. Likewise, while some plutonium is consumed, suffi-

cient amounts of plutonium remain in spent MOX fuel rods as to produce no change in the

available mass barrier.

However, even if changes in the post-MOX irradiation PR were observed, the overall

impact upon system PR would likely be constrained. In particular, this owes to two factors:

the first being that the MOX fuel burnup occurs at the “tail end” of the fuel cycle, creating a

short “cascade” for changes in material properties to propagate, and second owing to the

relative small electricity fraction produced by MOX fuel at equilibrium (e.g., around 10–13%),

making the contribution from post-MOX irradiation stages comparatively small to the overall

system PR.

4.3.5 System PR as a function of cooling time (pre-separation)

The cooling time before actinide separation has been raised as a potential proliferation

concern, namely due to the balance of the ease of separation (which increases with time)

versus the effectiveness of the radiological barrier (which decreases with time). Fuel cycle
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Figure 4.20: Intrinsic system proliferation resistance for a LWR +MOX fuel cycle as a func-
tion of MOX fuel burnup (with a fixed UO2 burnup of 60 GWd

MTU
) for a PUREX and COEX

extraction process, respectively. Higher abscissa values represent higher intrinsic PR.
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Figure 4.21: Cross-section view of system PR for a LWR + MOX cycle using PUREX for
plutonium recovery as a function of MOX fuel burnup (UO2 fuel burnup fixed at 60 GWd

MTU
).

Higher ordinate values represent increasing PR.
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experts such as Emory Collins note that the radiological barrier becomes insufficient around

70 years cooling time [11], making spent fuel more susceptible to theft and diversion.

Thus, the cooling time before actinide separation is of relevant interest to PR considera-

tions, given the potential link between radiological barrier performance and cooling time.

This factor is thus evaluated as Figure 4.22 over the range of 1 to 100 years total cooling time

before separation.
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Figure 4.22: Intrinsic system proliferation resistance for a LWR +MOX fuel cycle as a func-
tion of cooling time before separation (with a fixed UO2 burnup of 60 GWd

MTU
), for a PUREX and

COEX cycle, respectively. Higher abscissa values represent higher intrinsic PR.

As one observes in Figure 4.22, cooling time before separation only has a small impact

upon overall system PR, where a slight decrease in overall system PR is observed between

the period of 50 and 100 years cooling time before separation for both the PUREX-based

and COEX-based scenarios. Thus, while cooling time is a direct factor in the radiological

hazard (as well as other factors such as the heat generation rate in the fuel), this is but

one of many factors in the PR calculation, the majority of which remain largely unchanged

with cooling time. While minor changes are observed in the isotopic composition of the

plutonium vector (i.e., changes in the 241Pu content, which has a half-life of 14 years), these

changes are insufficient to cause a significant difference in the latent material attractiveness

of the plutonium vector.
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4.3.6 DUPIC fuel cycle

The direct use of spent PWR fuel in CANDU (DUPIC) is a novel fuel cycle concept proposed

by researchers in South Korea [30, 44]. Normally, one constraint upon the extended use

of LWR fuel is the buildup of particular fission products which act as “neutron poisons,”

parasitically absorbing neutrons without producing additional energy through fission. One

example is the production of 135Xe, a decay product of the fission product 135I (Eq. 4.4). 135Xe

is a highly effective neutron absorber, producing 136Xe (which is stable). The buildup of

“neutron poisons” like 135Xe (which reaches an equilibrium during irradiation) produce a

gradual decline in the neutron economy of nuclear fuel until it is otherwise impractical to

continue irradiation, despite an abundance of remaining fissionable materials in the fuel.

135I
β−

−→ 135Xe (4.3)

135Xe+ 1
0n −→ 136Xe (4.4)

The DUPIC fuel cycle is designed to extract additional energy out of spent PWR fuel

through the use of “dry” processing. Through voloxidation, spent fuel is reduced to a powder

form, releasing volatile fission product gases; the specific concentrations removed are taken

as those from [30] and reproduced as Table 4.21. This powder is then re-formed into fuel

pellets and fashioned into CANDU fuel for irradiation in a CANDU reactor. No actinides are

separated during this process, and the powder remains highly radioactive, requiring the work

to be done in a hot cell. Thus, the DUPIC fuel process is designed to maximize proliferation

resistance while facilitating additional energy recovery from fuel.

Table 4.21: Volatile fission product removal fractions (RF) for voloxidation, as taken from
[30]

Element RF (%) Element RF (%)

H 100 C 100
Kr 100 Ru 100
Cd 75 Te 75
Ir 75 I 100
Xe 100 Cs 100
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The system PR of the DUPIC process is evaluated as a function of LWR fuel burnup (with

a fixed DUPIC burnup of 10 GWd
MTU

) as Figure 4.23.
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Figure 4.23: Intrinsic system proliferation resistance for a DUPIC fuel cycle as a function of
UO2 fuel burnup. Higher abscissa values represent higher intrinsic PR.

From Figure 4.23, the overall system PR of the DUPIC cycle compares favorably with the

MOC alternatives, approaching the intrinsic PR of the LWR once-through system. Likewise,

the DUPIC system shows an overall elevated response to burnup, given the consumption of

plutonium in the re-irradiation stages (e.g., further degrading the final plutonium vector).

A cross-section of the DUPIC fuel cycle is given as Figure 4.24.

As one observes in the system PR cross-section, the “dry processing” (voloxidation) carries

a higher overall intrinsic PR compared to aqueous reprocessing techniques, namely due to

the fact that the fuel remains mixed with radioactive fission products (i.e., no plutonium

is separated). However, a noticeable drop in PR is observed, due to the substantial decline

in the radiation barrier with the removal of volatile fission product gases. This barrier

remains significantly higher than that of separated TRU (which presents a negligible overall

radiological barrier), however the removal of these products does carry a small penalty to
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Figure 4.24: Cross-section view of system PR for a DUPIC as a function of UO2 fuel burnup
(DUPIC fuel burnup fixed at 10 GWd

MTHM
). Higher ordinate values represent increasing PR.

overall system PR.

A decomposition of the system PR function for the DUPIC cycle at a UO2 burnup of 60
GWd
MTU

is shown as Figure 4.25. The DUPIC cycle much more closely resembles the system PR

behavior of once-through cycles due to the lack of isolation of plutonium (i.e., voloxidation

only removes volatile fission product gases, leaving actinides with other radioactive fission

products). The voloxidation-related stages thus make up the smaller, slightly lower “shoulder”

in the system PR function, due to the fact that the materials are still relatively unattractive.

Additionally, the DUPIC re-irradiation stages show a slightly higher PR than the UO2 fuel

irradiation due to the further degradation of the isotopic vector following re-irradiation.

The breakdown of system PR centroid values and rankings is given as Table 4.22.

4.3.7 Plutonium disposition alternative: “Storage MOX”

An alternative plutonium disposition strategy which has been proposed as a means of han-

dling excess stockpiles of separated reactor-grade plutonium (RGP) has been so-called “stor-

age MOX” [37]. The storage MOX concept takes separated RGP for fabrication into MOX fuel
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Figure 4.25: Decomposition of the system fuzzy PR value into the constituent stage fuzzy
numbers for the LWR +DUPIC fuel cycle; fuel burnup fixed at 60 GWd

MTU
/ 10 GWd

MTHM
.

Table 4.22: System PR centroid values and rankings as a function of uranium fuel burnup
for the DUPIC cycle

Burnup ( GWd
MTU

) Centroid Rank

10 0.3971 M
20 0.4040 M
30 0.4075 M
40 0.4085 M
50 0.4223 M+
60 0.4231 M+
70 0.4335 M+
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rods with roughly double the amount of ordinary plutonium content (e.g., about 10-15% in

storage MOX rods), with more relaxed manufacturing tolerances. These “storage MOX” rods

are then permanently bonded with spent fuel rods (to provide for a radiological barrier) and

placed in a neutron-absorbing cask (for criticality safety) for permanent disposal. The storage

MOX concept is thus designed as an alternative to consumption of separated plutonium in

light water reactors via MOX fuel.

The “storage MOX” scenario is considered to two plausible alternatives: a PUREX-based

scenario and a COEX-based scenario (50% U:Pu), in order to simulate the plausible fuel cycles

where this alternative would be employed (e.g., in France and Japan, respectively). These

evaluations are given as Figure 4.26 and Figure 4.27, respectively. The “baseline” scenario for

each (LWR fuel burned for 60 GWd
MTU

and burned for 60 GWd
MTHM

as MOX fuel) is indicated with an

equivalent separation strategy as a black, dashed line.

For this evaluation, an equivalent fuel cycle to the MOX fuel cycles is considered through

MOX fuel fabrication. The “storage MOX” fuel is then fabricated with 15% plutonium (balance

of depleted uranium). This “storage MOX” fuel is then “batched” with an inventory of spent

LWR fuel, cooled for 10 years (in order to calculate the appropriate radiological barrier). The

remaining steps are then identical to the end stages of the MOX cycle (e.g., disposal-related

stage).

As one observes from Figures 4.26 and Figure 4.27, the “storage MOX” scenario does not

represent a viable pathway for increasing intrinsic fuel cycle PR; for all cases except for the

outermost extremes of burnup (e.g., 70 GWd
MTU

, where the plutonium vector has notably changed

in attractiveness during reprocessing-related stages), the “storage MOX” scenario fails to

achieve any higher intrinsic PR than the reference MOX fuel-based scenario. The reasons are

of course twofold: not only is plutonium not consumed (but rather simply disposed of), but

likewise the chemical form of the plutonium remains in an overall more accessible state than

in spent fuel; i.e., while processing would be required to recover the plutonium, the difficulty

of removing plutonium from mixed-oxide rods (assuming they were safely separated from

the cask) is substantially easier than separating plutonium from intact spent fuel rods. This

of course does not speak to the argument of whether “storage MOX” is a more viable means

of clearing excess separated RGP inventories as an economic or technical argument, but

simply as to the question of relative PR gains compared to the next available alternative, i.e.

the consumption of RGP in MOX fuel rods.
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Figure 4.26: Intrinsic system proliferation resistance for a “storage MOX” scenario, assuming
a PUREX-based reprocessing strategy (0% U:Pu), as a function of UO2 fuel burnup. LWR+
MOX (PUREX) scenario (60 GWd

MTU
UO2 burnup and 60 GWd

MTHM
MOX fuel burnup) shown as black,

dashed.

4.4 Closed fuel cycles

Fully closed fuel cycles represent the logical endpoint of nuclear fuel cycle technology in

that they harness the full uranium energy resources available through the multiple recycle

of actinides in nuclear fuel. Likewise, such a strategy has enormous potential for waste

management considerations by eliminating much of the longest-lived elements found in

spent fuel. These elements also represent the most significant contributors to long-term

heat projections in the repository; their partition and destruction in fast reactors would thus

enable a significant increase in overall repository capacity and minimization of overall risk

[34, 41]. The fast reactor cycle thus represents an extension of the proliferation resistance

and nuclear waste management considerations introduced in the advanced UREX series

treatments.

The relative PR of fast reactor cycles can be evaluated across several parameters: the

input burnup of the LWR fuel, the separation strategy employed for actinide recovery, and
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Figure 4.27: Intrinsic system proliferation resistance for a “storage MOX” scenario, assuming
a COEX reprocessing strategy (50% U:Pu), as a function of UO2 fuel burnup. Reference LWR+
MOX (COEX) scenario (60 GWd

MTU
UO2 burnup and 60 GWd

MTHM
MOX fuel burnup) shown as black,

dashed.

the burnup of the fast reactor fuel itself. Two separation strategies are considered to this end:

an advanced UREX series treatment (UREX+1a) as well as electro-metallurgical separation

(e.g., “pyroprocessing”).

The electricity fraction for the FR portion of the cycle is calculated in a similar fashion to

the MOX cycle (Eq. 4.1); this is given as Eq. 4.5

EFTRU =
TRULWR

TRUFR
·

MFR ·BUFR ·εFR

MFR ·BUFR ·εFR+MLWR ·BULWR ·εLWR
(4.5)

In Eq. 4.5, TRULWR and TRUFR are the TRU inventories found in LWR fuel and in an initial

FR core loading, respectively. Likewise, MLWR and MFR are the mass loadings of the light

water and fast reactors while BULWR and BUFR are the fuel burnups of the LWR and FR fuel,

respectively. Finally, εLWR and εFR are the thermal efficiencies of the thermal and fast reactors,

assumed respectively as 34.1% and 38.1% [40].

Eq. 4.5 gives the fast reactor electricity fraction for a single initial core-startup, requiring a
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significantly higher TRU inventory than subsequent top-offs. Thus, in the case of the top-off,

one would simply replace TRUFR with∆TRUFR, where this quantity represents the amount

of “top-off’ fuel required for a full core. The net effect of this change is to shift the relative

weighting of the FR stages (i.e., the relative fraction of electricity from FR increases, increasing

the relative weight of the post-FR irradiation stages).

For all FR loadings, a conversion ratio of 50% (CR=0.5) was used for the mass loading

(e.g., MFTRU = 0.330) [40].

The ORIGEN-S fast reactor library used for the calculation is based on the ABTR spectrum

[43], using a collapsed one-group energy spectrum in order to calculate reaction rates [23]; an

ARP-compatible library was provided courtesy of Ian Gauld of Oak Ridge National Laboratory.

The stage structure of the fast reactor cycles is similar to that of the modified open cycles,

also based on [57]. The exception to this is in the lack of disposal-related stages: the stage

breakdown for closed cycles is given as Table 4.23.

Table 4.23: Selected stage numbers for closed cycles.

# Stage

1 Mining
5 Conversion
8 Enrichment
11 LEU fuel fabrication
16 Reactor irradiation
18 SNF wet storage
19 SNF dry storage
20 Reprocessing
21 Recovered material storage
24 Actinide waste disposal
25 FBR fuel fabrication
28 FBR fuel irradiation
30 FBR SNF storage
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4.4.1 System PR as a function of LWR fuel burnup & separation strategy

The first realm of analysis for PR impact in the LWR+ FR cycle is in the burnup of LWR fuel

used for FR loading. For each scenario, LWR fuel was cooled for 10 years before separation;

FR fuel burnup was held fixed at 90 GWd
MTHM

.

Figure 4.28 shows the system PR dynamics of a LWR + FR system using a UREX+1a (i.e.,

TRU: Pu +MA) recovery strategy.
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Figure 4.28: Intrinsic system proliferation resistance for a LWR + FBR cycle employing
UREX+1a (TRU) for actinide recovery as a function of UO2 fuel burnup. Higher abscissa
values represent higher intrinsic PR.

Unlike the MOC strategies, one observes a far more clear UO2 burnup dependence in the

fast reactor cycle (Figure 4.28). This is due both to the higher space of burnups evaluated (up

to 70 GWd
MTU

) as well as the general dependence of minor actinide inventories (such as Am/Cm)

on burnup; these actinides contribute substantially to the heat generation rate (lowering

intrinsic material attractiveness), while their inventories are strongly burnup-dependent.

Evaluating a cross-section of the UREX-based FR cycle (Figure 4.29), one observes both
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Figure 4.29: Cross-section view of system PR for a LWR + FR cycle employing UREX+1a
(TRU) for actinide recovery as a function of UO2 fuel burnup; FR burnup fixed at 90 GWd

MTHM
.

Higher ordinate values represent higher intrinsic PR.

that the higher actinide inventory (as a function of burnup) has positive consequences for

PR both at the actinide recovery stages as well as corresponding “cascade” effects throughout

the FBR fuel fabrication and irradiation. This corresponds not only with the higher minor

actinide inventory, but in particular the degradation of the plutonium vector attractiveness as

a function of burnup, where higher burnups result in a greater ingrowth of higher plutonium

species (particularly 240Pu and 242Pu), greatly increasing the overall material heat generation

rate.

In this respect, the FR cycle is perhaps one of the best demonstrations of the utility of

the PR dynamics analysis technique and the value of coupled isotopic analysis. One clearly

observes in this case how “cascade effects” in material properties (such as the inventories

of plutonium and minor actinides) carry through to further stages of the system, thereby

influencing system PR.

The breakdown of the system centroid PR and rankings are given as Table 4.24.

From Table 4.24, one observes a relative large space of potential system rankings, from

“Low-plus” at low burnup (equivalent to a PUREX-based MOX cycle) to “Medium” at very
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Table 4.24: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
FR cycle using UREX+1a for actinide recovery

UO2 burnup ( GWd
MTU

) Centroid Rank

10 0.3640 L+
20 0.3735 L+
30 0.3852 L+
40 0.3988 M–
50 0.4011 M–
60 0.4030 M–
70 0.4157 M

high burnup (equivalent to the CANDU cycle and just under a LWR once-through cycle).

A decomposition of the FBR fuel cycle (with UREX+1a for actinide recovery) is shown

as Figure 4.30. Due to the aggregation of fissile materials at the “back end” of the cycle in

the LWR+FBR system (i.e., due to the continuous recycle of actinides), post-FBR irradiation

stages begin to show a nearly equal contribution as the reprocessing-related stages.

Additionally, given the dynamic nature of the fissile material inventories (particularly

in the fast reactor system), the relative weight of these stages (and thus contribution to the

system PR) changes as a function of burnup. This is evident in the comparison featured

as Figure 4.31; not only does one observe a progressive increase in the PR of reprocessing-

related stages with burnup, but likewise a small but observable decline in the weight of these

stages with increasing burnup.

A second scenario for fast reactors considered was in the recovery of actinides through

use of electrochemical separation, also known as “pyroprocessing” [31]. In pyrprocessing,

fuel assemblies are dismantled and individual fuel rods are chopped into short pieces and

loaded into an anode basket. This basket is then loaded into a molten salt solution. Electrical

potential is then applied across the anode and a corresponding cathode in order to facilitate

the reduction of uranium and plutonium from the solution as a solid metal, thus facilitating

their recovery. Other minor actinides, such as neptunium, americium, and curium can also

be recovered this way. Finally, a small amount of lanthanides tend to be drawn up with

the uranium and plutonium (about 5000 ppm, or 0.5%) [51]; this is accounted for in the

simulation. The relatively low level of material decontamination thus requires pyroprocessing

materials be handled in a hot cell [21, 31]; this is thus also accounted for in the barrier
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Figure 4.30: Decomposition of the system fuzzy PR value into the constituent stage fuzzy
numbers for the LWR+ FBR fuel cycle employing UREX+1a for actinide recovery; fuel burnup
fixed at 40 GWd
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Figure 4.31: Comparison of the system decomposition for the LWR + FBR cycle (using
UREX+1a for actinide recovery) as a function of UO2 fuel burnup; FBR fuel burnup fixed at
90 GWd
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performance rankings used in the Fuzzy Logic Barrier model.

Figure 4.32 gives the system PR dynamics of the pyroprocessing-based FBR cycle.
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Figure 4.32: Intrinsic system proliferation resistance for a LWR + FBR cycle employing
pyroprocessing for actinide recovery as a function of UO2 fuel burnup. Higher abscissa values
represent higher intrinsic PR.

The observed PR dynamics effects are somewhat weaker for the pyroprocessing scenario

(Figure 4.32); this appears to be due to a “saturation” effect of the relative PR during actinide

recovery stages; i.e., the addition of uranium and small amounts of lanthanides “saturate”

the FOM calculation, where the marginal impact of additional minor actinide inventories

due to burnup is thus smaller. This can be observed in the system cross-section, given as

Figure 4.33.

In Figure 4.33, the “baseline” PR of the actinide recovery stages is clearly greater than

that found in the advanced UREX scenario (save for UREX at very high burnups), as seen in

Figure 4.29. However, one still observes the “cascade” effects due to burnup as seen before

in the post-reprocessing and irradiation stages, due to the decreasing attractiveness of the

plutonium vector.
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Figure 4.33: Cross-section view of system PR for a LWR+ FR cycle employing pyroprocessing
for actinide recovery as a function of UO2 fuel burnup; FR burnup fixed at 90 GWd

MTHM
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ordinate values represent higher intrinsic PR.

The system PR centroid values and rankings for the pyroprocessing-based FR cycle are

given as Table 4.25.

As one observes from Table 4.25, the overall system PR of the fast reactor cycle employing

pyroprocessing is higher than that of one employing conventional UREX for actinide recovery,

approaching the “medium” effectiveness ranking at substantially lower burnups. Overall, this

cycle represents the highest PR of any partially closed or closed system with the exception of

the DUPIC cycle.

Likewise, similar to the UREX-based FBR cycle (Figure 4.30), the pyroprocessing-based

system PR function can also be decomposed into its respective stage fuzzy numbers for

analysis; this is presented as Figure 4.34.

Additionally, the dynamics of the system decomposition can again be evaluated as a

function of UO2 fuel burnup; this is presented as Figure 4.35. Overall, given the relative

dilution of the fissile material stream for pyroprocessing, the reprocessing-related stages

show a lower weight and a more rapid decline as a function of burnup as compared to the

corresponding UREX+1a case (Figure 4.31). Finally, PR in the reprocessing stages appears to
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Table 4.25: System PR centroid and rankings as a function of LWR fuel burnup for a LWR +
FR cycle using pyroprocessing for actinide recovery

UO2 burnup ( GWd
MTU

) Centroid Rank

10 0.3779 L+
20 0.3922 M–
30 0.3959 M–
40 0.4090 M–
50 0.4099 M
60 0.4096 M
70 0.4094 M
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Figure 4.34: Decomposition of the system PR fuzzy number into the constituent stage fuzzy
numbers for the LWR+ FBR cycle with a pyroprocessing-based actinide recovery strategy;
fuel burnup fixed at 40 GWd
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“saturate” somewhat more quickly for the pyroprocessing-based case. This owes to the behav-

ior of the isotopic barrier, which is affected both by the uranium dilution (increasing the bare

sphere critical mass) and the increasing inventory of transuranics with burnup (increasing

the heat generation rate). Given the inclusion of uranium dilution (in addition to the auxiliary

radiological factor introduced by only partial decontamination, e.g. lanthanide inclusion),

the reprocessing-related stages thus manifest a higher PR at lower burnups. (However, the

final PR value for the reprocessing-related stages of both the UREX and pyroprocessing-based

systems appears to converge upon a common value at very high burnups.)
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Figure 4.35: Comparison of the system decomposition for the LWR + FBR cycle (using
pyroprocessing for actinide recovery) as a function of UO2 fuel burnup; FBR fuel burnup
fixed at 90 GWd

MTHM
.

4.4.2 System PR as a function of FBR fuel burnup

The fast reactor cycles can also be evaluated as a function of fast reactor fuel burnup, holding

the UO2 burnup as a constant. For these scenarios, UO2 fuel burnup is held constant at 60
GWd
MTU

. Figure 4.36 gives the comparative system evaluation as a function of FBR fuel burnup

for both the UREX-based and pyroprocessing-based scenarios.

Similar to the case of MOX fuel burnup, the burnup of fast reactor fuel has little overall

impact upon system PR, as is evident from Figure 4.36. Taking the system cross-section
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Figure 4.36: Intrinsic system proliferation resistance for a LWR+ FBR fuel cycle as a function
of FBR fuel burnup (with a fixed UO2 burnup of 60 GWd

MTU
) for a UREX+1a and pyroprocessing

extraction process, respectively. Higher abscissa values represent higher intrinsic PR.

(Figure 4.37), one observes that FR fuel burnup does not appear to appreciably change

over the burnup range considered. Similar to the MOX case, while greater amounts of

fissile materials are consumed with burnup, this effect does not appear to be (sufficiently)

isotopically biased in a way to produce noticeable changes in material attractiveness or

radiological hazard and subsequently proliferation resistance.

4.5 Conclusion

Based upon the evaluations performed in this chapter, a comparative evaluation of fuel

cycles can be made as to relative proliferation resistance. This summation is presented as

Figure 4.38, and further summarized in terms of ranking and centroid behavior as Table 4.26.

An overall comparison of fuel cycles indicates that in general, the LWR once-through cycle

remains the most proliferation resistant cycle overall, with DUPIC ranking as the next-closest

alternative (although it should be clearly noted here that no cycle studied in this analysis is

“proliferation-proof”). The PUREX-based MOX cycle has the weakest proliferation resistance

overall, given the separation of pure plutonium in the reprocessing stages. Fast cycles appear

to exist as a “middle ground,” given that both a greater amount of fissionable materials are

ultimately consumed as well as the fact that plutonium is kept with other actinides, thus
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Figure 4.37: Cross-section view of system PR (e.g., level fuzzy number centroid values) for a
LWR + FR cycle employing UREX+1 for plutonium recovery as a function of FR fuel burnup.
Higher ordinate values represent higher intrinsic PR.

decreasing the overall material attractiveness. A specific comparison can also be made

with respect to the separations strategies employed for the “modified open” cycle; such a

comparison is given both as Figure 4.39 and Table 4.27.

The evaluation of MOC separation strategies can be divided roughly into three cat-

egories: pure plutonium (PUREX), plutonium and other minor actinides (UREX+2/3/4,

UREX+1a, UREX+1), and plutonium (and other actinides) diluted with uranium (COEX,

UREX+2a/3a/4a, UREX+1b). Each of these levels roughly corresponds with a 1
3

level “step”

change in attractiveness. The addition of uranium on its own during reprocessing appears to

be a far more potent means of increasing PR than in the co-extraction of minor actinides,

however advanced UREX scenarios which coextract minor actinides with plutonium do

appear to have a minor impact upon overall system PR.
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Figure 4.38: Overall comparison of intrinsic system PR for fuel cycle systems considered;
burnup fixed at 60 GWd
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/ GWd
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Table 4.26: Summary of system centroid PR and rank values for selected fuel cycle systems.

System Burnup ( GWd
MTU
/ GWd

MTHM
) Centroid Rank

LWR-OT
40 /— 0.4327 M+
70 /— 0.4489 M+

CANDU HWR 10 /— 0.4462 M

MOX: PUREX 60 / 60 0.3853 L+
MOX: COEX 60 / 60 0.4069 M–
MOX: UREX+1a 60 / 60 0.4060 M–

DUPIC
40 / 10 0.4085 M+
70 / 10 0.4335 M+

FBR: UREX+1a
40 / 90 0.3988 M–
70 / 90 0.4157 M

FBR: Pyro
40 / 90 0.4090 M
70 / 90 0.4094 M
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Table 4.27: Summary of system centroid PR and rank values for each of the separation
strategies considered for the “modified open” cycle. Burnup held fixed at 60 GWd

MTU
/ 60 GWd

MTHM
.

System Product(s) Centroid Rank

PUREX Pu 0.3853 L+
UREX+2/3/4 Pu +Np 0.3872 L+
UREX+1a TRU 0.4060 M–
UREX+1 TRU + Ln 0.4148 M–
COEX Pu +U (50%) 0.4069 M–
UREX+2a/3a/4a Pu/Np +U (50%) 0.4098 M–
UREX+1b TRU +U (50%) 0.4163 M
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CHAPTER 5

Adversary Pathway Analysis

5.1 Introduction

In this section, the development and use of Adversary Pathway Analysis (APA) shall be

presented. This process involves the concurrent evaluation of nuclear fuel cycles while

considering such aspects as the capabilities of the adversary host state (impacting the rela-

tive importance of particular barriers, such as physical barriers like isotopic attractiveness,

radiological hazard, etc.), adversary intent (e.g., sensitivity to reliable weapons yield) and

the target material pathway (e.g., plutonium, transuranics, or minor actinides). Such an

evaluation can be used as a “fine-tuning” process to AA methods such as the Fuzzy Logic

Barrier model used in this study.

The premise of APA is twofold. First, the application of particular criteria such as the

isotopic attractiveness of material (as well as other physical barriers, such as the radiological

hazard, etc.) depend upon the assumed final form of the target material being diverted. For

example, plutonium coextracted with uranium manifests a significantly different material

attractiveness under an assumed direct-use scenario compared to one in which plutonium

is subsequently re-extracted, as well as other factors (e.g., mass & bulk, radiological hazard,

etc.); a similar evaluation can be made for any facility or material stream in the nuclear

fuel cycle. PRA-based assessments such as PRPP characterize all such pathways by the
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sequence of events which result in such material diversions; APA can thus be thought of as a

“bridge” technique which evaluated convergent pathways through the evaluation of changing

attributed based upon the material diversion pathway. Second, adversary capabilities (and

intent) are assumed to impact the relative prominence of particular barriers (e.g., physical

barriers are less important to advanced industrial states with a fully developed indigenous

fuel cycle). Likewise, the “overt” versus ”covert” breakout scenarios can be taken as analogous

to “abrupt” versus ”protracted” diversion scenarios seen in other analyses [47]. Finally,

assumptions of adversary intent for the unsophisticated state actor (e.g., sensitivity to reliable

weapons yield) can impact the evaluation of factors such as the isotopic barrier.

This chapter shall thus explore the development and use of Adversary Pathway Analysis

as a means of enhancing PR analysis using attribute-based approaches such as AA and MAUA

models for nuclear fuel cycle PR assessment.

5.1.1 Application of the isotopic attractiveness criteria

A particular drawback to the use of the FOM approach is in that it is generally unhelpful for

intact fuel characterization; i.e., given the fact that in intact form, the bare sphere critical

mass will be extremely large; coupled with the very high radiological and thermal emission

rates, all FOM1 values will be< 0. Therefore, using the FOM approach for intact fuel provides

little resolution in discriminating potential material attractiveness levels. If instead however

the latent potential attractiveness is determined by assuming the intended adversary target

material (e.g., Pu, TRU, etc.), the FOM can provide an extremely useful means of discriminat-

ing on material attractiveness based on different operational parameters (such as burnup,

enrichment, and co-extraction strategies).

5.1.2 Implementation of APA in PR analysis

The assumed choice of target material by an adversary in the nuclear energy system touches

on many of the intrinsic “physical” barriers, from the isotopic attractiveness of the target

material itself to the radiological hazard of the bulk material being diverted (in order to

obtain the target material), as well as the amount of bulk material required for diversion

(affecting both the available mass as well as mass & bulk).

Thus, for a given target material, the assumption within this analysis begins with a

diversion of the total material form containing the target material (for example, a spent fuel
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pin or canister containing mixed oxide powder). The isotopic attractiveness is calculated

from the end target material itself (e.g., Pu, TRU, etc.), while the radiological hazard is

calculated from the “intact” diversion path (e.g., the radiological hazard from the spent fuel

pin, containing highly radioactive fission products). Other barriers, such as the mass and

bulk and overall available mass shall also follow a similar characterization (thus accounting

for the barrier presented by more bulky, dilute forms of target material).

For this analysis, a “nominal” scenario shall be employed where the latent attractiveness

of plutonium is considered for all intact fuel forms (i.e., the default attack pathway is assumed

to be one where the malefactor separates only plutonium from intact fuel) and the “whole

stream” for separated forms (for example, co-extraction of uranium with plutonium in

reprocessing).

However, the assumption of the adversary characteristics also factors heavily into the

model considerations. Two issues with be addressed with respect to this: the first being the

relative importance of various barriers to different adversary types. For example, isotopic

attractiveness poses a lower overall barrier to a sophisticated state capable of processing

or otherwise compensating for sub-optimal weapons utility of a material, compared to a

less sophisticated state. These differences are outlined in the TOPS report [57], which is

used as a basis for creating different barrier weight sets for four different adversary types: a

sophisticated state in an overt breakout attempt, a sophisticated state in a covert breakout,

and finally an unsophisticated state in a covert proliferation attempt (under yield-sensitive

and yield-insensitive conditions). The relative barrier weights identified in Table 2.10 are

used for the respective PR evaluation by adversary type for this analysis.

For the case of the unsophisticated state, an additional branch of analysis is introduced in

terms of reliability of yield. For such a nation desiring a high/reliable yield, FOM2 is used as a

measure of material attractiveness; for such a state unconcerned with yield (and for every

other adversary type), FOM1 will be used as the measure of material attractiveness [6].

5.2 PR assessment by target type

The following assessments evaluate PR by the target material type within the nuclear energy

system. The “nominal” case outlined in the previous sections (i.e., plutonium target for intact

fuel and whole-stream diversion for separated fuel forms). Each case uses the assumption

of an unsophisticated state in a yield-insensitive context (e.g., FOM1); this case is the most
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sensitive to isotopic changes in the fuel. (Thus, other cases will show a lower overall sensitivity

to isotopic changes as a function of burnup and enrichment).

5.2.1 Plutonium-only target pathway

The plutonium-only pathway assumes an adversary for which material is diverted and

subsequently reprocessed to obtain exclusively plutonium. The isotopic barrier is evaluated

based on the plutonium attractiveness, while other barriers (e.g., mass & bulk, radiological,

chemical, etc.) are evaluated based upon the quantity of source material required for a

diversion of 1 SQ of plutonium.

Given that the nominal case for once-through cycles exclusively relies upon a plutonium-

only pathway, this case is identical to the nominal case. The reader is directed to the previous

chapter, specifically Figures 4.1 and 4.5, for these cases.

Modified open cycles

Figure 5.1 shows a comparison of several recycle scenarios: PUREX (with plutonium-only sep-

aration), and several UREX alternatives (including the extraction of TRU, U, and lanthanides),

and finally the DUPIC scenario.

The PUREX case remains unchanged from the baseline “nominal” scenario. For the UREX

systems lacking uranium coextraction, the system PR function appears to converge to the

PUREX baseline; i.e., few differences in the isotopic barrier of the target product exists, while

other barriers (such as mass & bulk, chemical form, and radiological hazard) provide at best

a small increase in intrinsic PR over the baseline PUREX case. Likewise, for such cases, a

“bifurcation” in the system PR fuzzy number appears in the system PR function, where two

clearly distinguishable peaks exist: one peak from the common stages to the once-through

case (i.e., all stages prior to reprocessing) followed by a second peak at lower PR from the

reprocessing-related stages (such as separation, recovery, and MOX fuel fabrication) where

intrinsic barriers are least effective. Finally, uranium burnup appears to show little impact

for the plutonium-only target case (e.g., given the very small changes in attractiveness

For cases involving uranium coextraction, the difference in system PR is nominally greater

(due to the substantial increase in mass & bulk). However this change is still quite small if the

assumption that an adversary will seek to reprocess diverted material for plutonium-only

diversion. The DUPIC case appears to change only slightly from the “nominal” case scenario,
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Figure 5.1: System PR comparison for the plutonium-only target pathway for selected
“modified open” cycles, assuming an unsophisticated state, covert (yield-insensitive). Higher
abscissa values indicate higher intrinsic PR.
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Table 5.1: Summary of system centroid PR and rank values for “modified open” cycle strate-
gies, assuming a plutonium-only target pathway. Burnup held fixed at 60 GWd

MTU
/ 60 GWd

MTHM
for

MOX cycles and 60 GWd
MTU
/ 10 GWd

MTHM
for DUPIC.

System Product(s) Centroid Rank

PUREX Pu 0.3859 L+
UREX+1a TRU 0.3959 L+
UREX+1 TRU + Ln 0.3974 M–
COEX Pu +U (50%) 0.3916 L+
UREX+1b TRU +U (50%) 0.3960 L+
DUPIC — 0.4231 M+

showing only a small change due to the target pathway.

The relative system PR centroid values and rankings for each of these MOC systems is

presented as Table 5.1. In this scenario, it is clear that while actinide co-extraction provides

a nominal benefit over plutonium-only separation (PUREX) for the MOX-based cycles, the

gain from co-extraction is quite small under this set of assumptions, with no significant gains

over the simple coextraction of uranium and plutonium (COEX) achieved by other processes.

The overall system PR for the plutonium-only pathway is evaluated as a function of the

uranium co-extraction ratio as Figure 5.2.

For the plutonium-only pathway, one observes that the uranium dilution factor has

a much weaker (although still nominally observable) effect upon system PR, due to the

increase in other barriers such as the mass & bulk required for a successful diversion attempt.

Nonetheless, the intrinsic benefit introduced by uranium coextraction largely disappears

(as intuition would expect) if subsequent reprocessing of diverted material is performed,

consistent with the findings involving the coextraciton of other actinides (Figure 5.1 and

Table 5.1).

Closed cycles

Figure 5.3 shows the overall system PR comparison for the fast reactor-based closed cycles

as a function of uranium fuel burnup. Several features are apparent in the plutonium-only

pathway for the closed cycle. First, given the more extended burnup range, changes in the

system PR due to plutonium vector changes appear to be more prominent; likewise, these

changes have an impact on the post-FR irradiation stages as before. However, the plutonium-
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Figure 5.2: System PR comparison for the plutonium-only target pathway MOX cycles as a
function of uranium dilution ratio during plutonium extraction, assuming an unsophisticated
state, covert (yield-insensitive). Higher abscissa values indicate higher intrinsic PR.
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Table 5.2: Summary of system centroid PR and rank values for closed cycle strategies for
selected UO2 fuel burnups (FR fuel burnup held constant at 90 GWd

MTHM
), assuming a plutonium-

only target pathway.

System Burnup ( GWd
MTU

) Centroid Rank

LWR + FR: UREX+1a
10 0.3652 L+
40 0.3919 L+
70 0.4041 M–

LWR + FR: Pyro
10 0.3712 L+
40 0.3977 M–
70 0.4044 M–

only pathway also appears to introduce the “bifurcation” once more in system PR, where

the lower PR peak is roughly equivalent to those found in the conventional “modified open”

cycle strategies. In as much, it would appear that some of the PR gains inherent to a closed

cycle, particularly one employing advanced separation techniques such as pyroprocessing,

are eroded if the assumption of subsequent reprocessing of diverted materials to acquire

pure plutonium is made.

Table 5.2 gives a breakdown of the system PR centroid and rank for the closed cycles at

selected uranium fuel burnups.

5.2.2 TRU target pathway

Similar to the plutonium-only pathway, the TRU pathway assumes an adversary for which

material is diverted and subsequently reprocessed for all transuranic species. The isotopic

barrier is evaluated based on the attractiveness of all TRU materials in the fuel form, while

other barriers are evaluated similarly to the plutonium-only case (e.g., the amount of material

required for diversion of 1 SQ of material).

Once-through cycles

Figure 5.4 compares the two once-through cycles (LWR and CANDU) as a function of uranium

fuel burnup for a TRU-based adversary target in each stage.

For the TRU pathway, a small increase in system PR is observed for the once-through

cycles over the nominal “plutonium-only” recovery scenario. This occurs despite the increase

110



www.manaraa.com

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
LWR+FBR (0% U:Pu)

UO2  burnup

10 GWd/MTU
30 GWd/MTU
50 GWd/MTU
70 GWd/MTU

(a): LWR + FR (UREX+1a)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
LWR+FBR (50% U:Pu)

UO2  burnup

10 GWd/MTU
30 GWd/MTU
50 GWd/MTU
70 GWd/MTU

(b): LWR + FR (Pyro)

Figure 5.3: System PR comparison for the plutonium-only target pathway for closed cycles
(unsophisticated state, covert; yield-insensitive). Higher abscissa values indicate higher
intrinsic PR.
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Figure 5.4: Comparative system PR as a function of UO2 fuel burnup for the TRU diversion
target pathway for once-through systems, assuming an unsophisticated state, covert (yield-
insensitive). Higher abscissa values indicate higher intrinsic PR.
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Table 5.3: Summary of system centroid PR and rank values for open cycles (LWR-OT and
CANDU) for selected UO2 fuel burnups, assuming a TRU-based diversion target pathway.

System Burnup ( GWd
MTU

) Centroid Rank

LWR-OT
10 0.4389 M
40 0.4577 M+
70 0.4639 M+

CANDU HWR
1.5 0.4892 M+
5 0.4649 M

10 0.4658 M

in overall available material; i.e., the small increase in available mass is outweighed by the

decrease in material attractiveness.

The ranking and PR centroid behavior of the once-through systems in the TRU-based

diversion pathway scenario are given as Table 5.3.

As observed in the plutonium-based pathway, the intrinsic PR rank of the LWR-OT system

increases slowly with burnup, showing the highest PR effectiveness at very high burnups,

while the PR of the CANDU cycle slightly declines with increasing burnup (due to the increas-

ing fissile material inventories).

Modified open cycles

Figure 5.5 compares the selected partially closed cycles for a TRU-based diversion target

at each stage. The TRU target pathway shows a small overall “shift” toward higher overall

PR for each fuel cycle configuration evaluated. This shift appears to be burnup-dependent,

with a higher shift observed for higher uranium fuel burnups, given the fact that the higher

actinide inventories scale with higher burnups, leading to a higher heat generation rate and

subsequently lower material attractiveness.

Two distinct shifts are observed for the partially-closed fuel cycle cases; the first in the

“intact” peak (i.e., due to decreased attractiveness of spent UO2 and MOX fuel), and the

second in the reprocessing-related peak (including MOX fuel fabrication). As is expected,

the reprocessing peak changes little for the PUREX case (i.e., given that no other actinides

from plutonium are present), while this peak does show a burnup response for advanced

UREX series (where other actinides are part of the reprocessing stream). Following on this,
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Figure 5.5: Comparative system PR as a function of UO2 fuel burnup for the TRU diversion
target pathway for partially-closed systems, assuming an unsophisticated state, covert (yield-
insensitive). Higher abscissa values indicate higher intrinsic PR.
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Table 5.4: Summary of system centroid PR and rank values for “modified open” cycle strate-
gies, assuming a TRU target pathway. Burnup held fixed at 60 GWd

MTU
/ 60 GWd

MTHM
for MOX cycles

and 60 GWd
MTU
/ 10 GWd

MTHM
for DUPIC.

System Product(s) Centroid Rank

PUREX Pu 0.3944 L+
UREX+1a TRU 0.4164 M–
UREX+1 TRU + Ln 0.4242 M–
COEX Pu +U (50%) 0.3999 L+
UREX+1b TRU +U (50%) 0.4237 M–
DUPIC — 0.4648 M+

one observes a restored sensitivity to the coextraction of minor actinides in the UREX-based

cases, as well as a nominal burnup sensitivity (i.e., as the minor actinide inventories scale

with burnup).

The comparative rankings and system centroid PR values for fixed burnup for the modi-

fied open cycle cases under the TRU target pathway are given as Table 5.4.

One notable artifact observed in the TRU pathway case, particularly in the rank and

centroid behavior (Table 5.4), is in the comparative impact of minor actinide coextraction

versus uranium coextraction. While a PR sensitivity for co-extraction of minor actinides

appears (i.e., due to minor actinides being included in the final target pathway), the sensitivity

to uranium coextraction is again quite small, insufficient to produce a significant change

over the baseline PUREX scenario.

Additionally, with the assumption of a TRU target pathway, the DUPIC fuel cycle once

again shows a similar proliferation resistance as the LWR once-through cycle.

Closed cycles

Figure 5.6 gives a comparison of the TRU target pathway for the closed cycles, assuming an

actinide recovery strategy of UREX+1a and pyroprocessing.

For the TRU-based pathway, a clear burnup dependence appears in the closed cycles,

with the overall system PR increasing as a function of uranium fuel burnup. Likewise, for

this particular pathway, there appears to be little difference between the UREX+1a and

pyroprocessing scenarios; i.e., these scenarios appear to show parallel PR values as a function

of burnup. This is evident in Table 5.5, in which a listing of the system PR ranking and
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Figure 5.6: System PR comparison for the TRU target pathway for closed cycles, assuming
an unsophisticated state, covert (yield-insensitive). Higher abscissa values indicate higher
intrinsic PR.

116



www.manaraa.com

Table 5.5: Summary of system centroid PR and rank values for closed cycle strategies for
selected UO2 fuel burnups ( FR fuel burnup held constant at 90 GWd

MTHM
), assuming a TRU

diversion target pathway.

System Burnup ( GWd
MTU

) Centroid Rank

LWR + FR: UREX+1a
10 0.3811 L+
40 0.4203 L+
70 0.4370 M–

LWR + FR: Pyro
10 0.3882 L+
40 0.4265 M–
70 0.4370 M–

centroid values is given.

As one observes from Table 5.4, the differences between the UREX+1a and pyroprocessing

fuel cycles is quite small for the TRU diversion pathway, with the pyroprocessing-based cycle

showing a slight advantage in intrinsic system PR over the UREX+1a case; this difference

disappears at very high burnups (e.g., 70 GWd
MTU

).

5.2.3 Minor actinides-only pathway

A final target scenario considered is the diversion of minor actinides only (e.g., no plutonium).

While somewhat unorthodox, it is a useful illustration particularly for “modified open” cycles,

given the presence of actinide waste streams which frequently contain minor actinides (and

little plutonium). In general, one observes that the system PR for the minor actinide target

case is a reversal over the plutonium and TRU-based pathways; i.e., the minor actinides

(absent plutonium) do not represent an attractive proliferation target overall, showing a

lower overall attractiveness than fresh uranium fuel. What this appears to demonstrate is

that a minor actinide diversion scenario does not appear to be a main pathway of interest

compared to the Pu/TRU target pathways. This is fully explored in the following subsections.

Open cycles

Figure 5.7 compares the two once-through cycles (LWR and CANDU) with the two partially

closed cycles (PUREX and UREX+1) for a TRU-based adversary target in each stage.
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Figure 5.7: Comparative system PR as a function of UO2 fuel burnup for the minor actinides-
only diversion target pathway for once-through systems, assuming an unsophisticated state,
covert (yield-insensitive). Higher abscissa values indicate higher intrinsic PR.
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Table 5.6: Summary of system centroid PR and rank values for open cycles (LWR-OT and
CANDU) for selected UO2 fuel burnups, assuming a minor actinide-based diversion target
pathway.

System Burnup ( GWd
MTU

) Centroid Rank

LWR-OT
10 0.6209 M+
40 0.5942 M+
70 0.5730 M+

CANDU HWR
1.5 0.5562 H–
5 0.6421 H–

10 0.6925 H – VH–

For the LWR once-through case, two distinct peaks appear: the first being of the pre-

reactor stages (i.e., given that no minor actinides exist, the only plausible pathway is fresh

uranium diversion and re-enrichment), and the second being from minor actinide invento-

ries present in post-irradiation stages. The system PR for post-irradiation stages decreases

slightly, given that the minor actinide inventories build up with burnup, however the intrin-

sic attractiveness of these materials is substantially lower than that of plutonium-bearing

mixtures (e.g., plutonium and TRU).

For the CANDU case, the system PR increases with burnup; this would appear to be due to

the buildup of higher actinide species (such as curium) not present at extremely low burnups,

thus increasing the heat generation rate of the material and subsequently decreasing its

intrinsic attractiveness. The increase in the isotopic barrier appears to substantially outweigh

the increase in available mass (and thus decreasing barrier effectiveness), thus resulting in

a higher overall system PR. Again in this case the system PR for the minor actinides-based

pathway appears to be substantially higher in all cases than for plutonium-based pathways.

An analysis of the system PR centroid values and corresponding system rankings for the

once-through cycles in a minor actinides diversion scenario is given as Table 5.6.

Modified open cycles

Figure 5.8 gives a comparison of the partially closed fuel cycles for a target of minor actinides

only (i.e., no plutonium).

The resulting system PR function shapes appear to fall into three categories: plutonium-

based streams (e.g., PUREX & COEX), TRU-based streams (UREX series), and the DUPIC
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Figure 5.8: Comparative system PR as a function of UO2 fuel burnup for the minor actinides-
only diversion target pathway for partially-closed systems, assuming an unsophisticated
state, covert (yield-insensitive). Higher abscissa values indicate higher intrinsic PR.
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Table 5.7: Summary of system centroid PR and rank values for “modified open” cycle strate-
gies, assuming a minor actinides-based target pathway. Burnup held fixed at 60 GWd

MTU
/ 60

GWd
MTHM

for MOX cycles and 60 GWd
MTU
/ 10 GWd

MTHM
for DUPIC.

System Product(s) Centroid Rank

PUREX Pu 0.5118 M+
UREX+1a TRU 0.5324 M+
UREX+1 TRU + Ln 0.5392 M+
COEX Pu +U (50%) 0.5156 M+
UREX+1b TRU +U (50%) 0.5402 M+
DUPIC — 0.6096 M+

cycle, with the respective centroid values increasing respectively among these categories.

Each of these cycles again shows a substantially higher intrinsic PR than the corresponding

plutonium or transuranic-based pathways. Each system appears to only show a very weak

relationship between system PR and burnup for this case as well, particularly for MOX cycles;

i.e., the minor actinide inventory does not appear to change enough to produce significant

changes in the system PR for these cycles.

Further, no obvious low-PR peak appears (which would indicate a uniquely vulnerable

stage for the minor actinide pathway); i.e., each fuel cycle and burnup combination evaluated

appears to show uniformly higher PR for the minor actinide pathway than the plutonium-

bearing counterparts.

A breakdown of the ranking and system PR centroid behavior for the partially closed

cycles is given as Table 5.7.

Closed cycles

Figure 5.8 gives a comparison of the fully closed fuel cycles for a target of minor actinides

only, for a UREX+1a and pyroprocessing-based actinide recovery strategy.

Again one observes that the minor actinide pathway shows substantially higher PR for

the closed cycles than the plutonium-bearing pathways. A weak dependence on UO2 fuel

burnup appears, showing the most substantial (although limited) effect at very high burnups.

Overall, the minor actinide pathway does not appear to represent a viable attack pathway

for closed cycles compared to the more attractive plutonium-based routes; this is evident

in the overall system PR values and rankings given as Table 5.5. However, while the minor
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Figure 5.9: System PR comparison for the minor actinides-only target pathway for closed
cycles, assuming an unsophisticated state, covert (yield-insensitive). Higher abscissa values
indicate higher intrinsic PR.

Table 5.8: Summary of system centroid PR and rank values for closed cycle strategies for
selected UO2 fuel burnups (FR fuel burnup held constant at 90 GWd

MTHM
), assuming a minor

actinides-based diversion target pathway.

System Burnup ( GWd
MTU

) Centroid Rank

LWR + FR: UREX+1a
10 0.5659 M+
70 0.5616 M+

LWR + FR: Pyro
10 0.5692 M+
70 0.5618 M+

actinide-based pathway does show substantially elevated intrinsic PR, this evaluation of

non-viability should in no way be taken to indicate that such a pathway is “proliferation

proof,” (it is clearly not), but simply that other pathways represent a more attractive diversion

route.

5.2.4 Summary of results by target pathway type

An overall summary of rankings for selected systems studied across each of the target path-

ways along with a comparison of the ranking for the “nominal” evaluation case is given as

Table 5.9.
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Table 5.9: Summary of system rank values for selected fuel cycle systems as a function
of target pathway: “nominal” (e.g., plutonium only for intact fuel and whole stream for
separated materials), plutonium (Pu) only, transuranics (TRU) only, and minor actinides
(MA) only.

Burnup System rank
System ( GWd

MTU
/ GWd

MTHM
) Nominal Pu only TRU only MA only

LWR-OT
40 /— M+ M+ M M+
70 /— M+ M+ M+ M+

CANDU HWR 10 /— M+ M+ M H – VH–

MOX: PUREX 60 / 60 L+ L+ L+ M+
MOX: COEX 60 / 60 M– L+ L+ M+
MOX: UREX+1a 60 / 60 M– L+ L+ M+
MOX: UREX+1b 60 / 60 M L+ M– M+
MOX: UREX+1 60 / 60 M– L+ M– M+

DUPIC
40 / 10 M M+ M+ H – H+
70 / 10 M+ M+ M+ M+

FBR: UREX+1a
40 / 90 M– L+ L+ M+
70 / 90 M M– M M+

FBR: Pyro
40 / 90 M– L+ L+ M+
70 / 90 M M– M M+

Under most cases, the “nominal” target pathway rank evaluation matches closely with

that of the plutonium-only and TRU-only pathways.

This same pattern also appears to be true for the closed cycle cases; in this case, it appears

to be due to the higher overall available material in a TRU diversion scenario, necessitating

lower amounts of material to be diverted over a plutonium-only pathway.

The “minor actinides” only target pathway consistently shows the highest overall system

PR, substantially higher than the nominal, Pu-only, or TRU-only pathways. Thus, while

the general PR rankings indicate that minor actinide pathways still represent a possible

proliferation pathway, such pathways are far less attractive than pathways involving the

diversion of plutonium, TRU, or even intact reprocessing streams.
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5.3 PR assessment by adversary type

Given the fact that substantial differences exist in the capabilities of different host states for

nuclear energy facilities, it is apparent that the relative weightings for barriers to proliferation

will vary with the capabilities of the adversary state [57]. Such relative contributions to

proliferation resistance will also vary given whether the adversary is concerned with factors

such as non-detection (e.g., overt vs. covert) and for relatively unsophisticated adversaries,

sensitivity to reliable yield (which introduces a sensitivity to the spontaneous fission neutron

rate produced by the material). The relative barrier weights for each adversary type are those

identified in Table 2.10.

Each of these factors shall be explored for their relative effect upon intrinsic system

proliferation resistance in the following sections.

5.3.1 Sophisticated state, overt

In the case of the sophisticated state, it is generally assumed that the host state has a well-

developed industrial infrastructure with potentially a full compliment of indigenous fuel

cycle facilities and expertise. Thus, particular physical barriers such as the isotopic, chemical,

and radiological barriers present a lower overall barrier to such actors, given the latent ability

to overcome such factors.

Additionally, for an overt breakout attempt, issues such as detectability also play a di-

minished role; rather, the main quantities of interest for such a scenario are ultimately

the available mass at a given facility, followed secondarily by the isotopic attractiveness

and the difficulty and expense in modifying such a facility for a diversion attempt (facility

unattractiveness).

The results for this scenario evaluation for each of the three fuel cycle classes (open cycles,

modified open cycles, and closed cycles) are presented in the following subsections.

Open cycles

Figure 5.10 gives a comparison as a function of burnup of the system PR for the LWR once-

through and CANDU cycles.

For each of these cases in the sophisticated state, overt category, the physical barriers

play only a secondary role in the relative barrier weights; therefore the burnup dependence is

relatively small. An exception is the case of the CANDU cycle, in which the available material
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Figure 5.10: System PR as a function of fuel burnup for once-through cycles (LWR-OT and
CANDU) for a sophisticated state (overt).

Table 5.10: System PR centroid value and ranking for the once-through systems, assuming a
sophisticated state (overt).

System Burnup ( GWd
MTU

) Centroid Rank

LWR-OT
10 0.3585 M–
70 0.3771 M–

CANDU
1.5 0.4012 M
10 0.3719 M–

increases with burnup; given that available mass is of primary importance, an increase in

fissile material inventories thus produces a downward shift in system PR with burnup for the

CANDU cycle. Outside of this exception, the variance in system PR as a function of burnup

for these systems is relatively small.

A comparison of the relative rankings and system centroid PR values of the two systems

is given as Table 5.10.

Modified open cycles

Figure 5.11 gives a comparison of the open and partially closed fuel cycles for the assump-

tion of a nation with relatively sophisticated industrial capacity (including well-developed

indigenous nuclear fuel cycle capacities), under conditions of an overt breakout attempt.
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Figure 5.11: System PR as a function of fuel burnup for modified open cycles as a function
of uranium fuel burnup for a sophisticated state (overt).
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Table 5.11: Summary of system centroid PR and rank values for “modified open” cycle
strategies, assuming a sophisticated state (overt) adversary. Burnup held fixed at 60 GWd

MTU
/ 60

GWd
MTHM

for MOX cycles and 60 GWd
MTU
/ 10 GWd

MTHM
for DUPIC.

System Product(s) Centroid Rank

PUREX Pu 0.3234 L
UREX+1a TRU 0.3330 L
UREX+1 TRU + Ln 0.3381 L+
COEX Pu +U (50%) 0.3354 L
UREX+1b TRU +U (50%) 0.3407 L+
DUPIC — 0.3546 M–

Given the relatively low importance of the isotopic barrier for this case (i.e., assuming

the state’s ability to overcome limitations with the isotopic material itself in the design of a

potential weapon), the system PR shows minimal sensitivity to burnup. Additionally, one

observes the relative prominence of the reprocessing-related stages for this case, given the

relative ease at which materials can be obtained for diversion within these stages, particularly

if non-detection is not a concern. Coextraction of materials (e.g., uranium, minor actinides,

etc.) has only a minor impact on overall system PR relative to traditional PUREX-based

processes as well, as is evident from the centroid and ranking values presented in Table 5.11.

An evaluation of the system PR as a function of uranium dilution in reprocessing (Fig-

ure 5.12) indicates that dilution of the plutonium-bearing stream with uranium has only a

small impact on overall system PR, given the secondary importance of physical barriers to

the sophisticated state adversary. (i.e., it is assumed that the sophisticated state can easily

overcome these barriers through the use of existing industrial and fuel cycle facilities and

expertise.) Noticeable changes in the system PR do not appear to manifest until dilution

levels of 75% and above, well above the current COEX standard of 50% uranium dilution.

Closed cycles

The evaluation system PR for closed cycles (e.g., a LWR + FR cycle) is evaluated under the

UREX+1a and pyroprocessing actinide recovery strategies as a function of uranium fuel

burnup assuming a sophisticated state adversary in an overt proliferation attempt is given as

Figure 5.13.

Similar to other cycles for the sophisticated state engaged in an overt breakout, burnup
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Figure 5.12: System PR as a function of uranium dilution during reprocessing for an unso-
phisticated state (overt).
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Figure 5.13: System PR as a function of fuel burnup for LWR + FR cycle, based on UREX+1a
and pyroprocessing actinide recovery strategies, for an sophisticated state (covert).
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Table 5.12: Summary of system centroid PR and rank values for closed cycle strategies for se-
lected UO2 fuel burnups (FR fuel burnup held constant at 90 GWd

MTHM
), assuming a sophisticated

state (covert).

System Burnup ( GWd
MTU

) Centroid Rank

LWR + FR: UREX+1a
10 0.3048 L–
70 0.3420 L+

LWR + FR: Pyro
10 0.3121 L
70 0.3309 L+

shows a very small impact upon system PR, given the relatively low importance of physical

barriers. As a result, the fast reactor cycles, which do not involve the direct isolation of

plutonium, show little overall intrinsic PR gain over the modified open cycles which involve

plutonium separation through traditional aqueous processes. This is further evident in the

system centroid and ranking evaluation for the closed cycles, given as Table 5.12.

As one observes from Table 5.12, comparatively little difference exists between the

pyroprocessing-based and aqueous-based UREX+1 cycles for the sophisticated state (overt)

scenario, particularly at higher fuel burnups.

5.3.2 Sophisticated state, covert

In the case of a sophisticated state undertaking a covert proliferation attempt, it is again

assumed that the host state would have access to a relatively advanced industrial and fuel-

cycle related infrastructure. A particular change in emphasis in the covert scenario is upon

the diversion detectability within the facility; physical barriers (such as the isotopic, chemical,

and radiological barriers) play a diminished role in this case; rather, it is the available mass

and facility diversion detectability which are considered to be preeminent in this scenario.

The following sections will once again evaluate the three fuel cycle classes in terms of

relative PR using this set of assumptions to guide the barrier weight selection.

Open cycles

Figure 5.14 gives the system PR comparison for the LWR once-through and CANDU cycles

as a function of uranium fuel burnup. Given the relative low emphasis on physical barriers,

little in the way of burnup-dependence is observed in the system PR; again the exception
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Table 5.13: System PR centroid value and ranking for the once-through systems, assuming a
sophisticated state (covert).

System Burnup ( GWd
MTU

) Centroid Rank

LWR-OT
10 0.4514 M+
70 0.4627 M+

CANDU
1.5 0.4784 H–
10 0.4641 M+

is in the case of CANDU, where system PR nominally drops from the 1.5 GWd
MTU

case to higher

burnups, due to the larger available mass, similar to the overt case.
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Figure 5.14: System PR as a function of fuel burnup for open cycles as a function of uranium
fuel burnup for a sophisticated state (covert).

A comparison of the relative rankings and system centroid PR values of the two systems

is given as Table 5.13.

Modified open cycles

Figure 5.15 makes a comparison across the four featured fuel cycles for a sophisticated state

in a covert diversion attempt. For this case, the isotopic barrier is of greater importance
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Table 5.14: Summary of system centroid PR and rank values for “modified open” cycle
strategies, assuming a sophisticated state (covert) adversary. Burnup held fixed at 60 GWd

MTU
/

60 GWd
MTHM

for MOX cycles and 60 GWd
MTU
/ 10 GWd

MTHM
for DUPIC.

System Product(s) Centroid Rank

PUREX Pu 0.4057 L+
UREX+1a TRU 0.4117 L+
UREX+1 TRU + Ln 0.4143 L+
COEX Pu +U (50%) 0.4140 L+
UREX+1b TRU +U (50%) 0.4183 M–
DUPIC — 0.4474 M+

(although still not predominant), thus again one observes minimal sensitivity to burnup.

However, one does observe a nominal sensitivity to the reprocessing product stream (i.e.,

Pu vs. TRU), given the additional weight placed upon the isotopic and chemical barriers.

However, the change from the “overt” breakout case is generally small.

Overall, the intrinsic PR values of the modified open cycle systems for the covert pro-

liferation case of the sophisticated states appear to shift in relatively uniform fashion to

higher overall PR, due to the non-detection considerations introduced. This is evident in

the rankings and system PR centroid values given for these system as Table 5.14, particularly

when compared to the overt case (Table 5.11).

An evaluation of the effect of uranium dilution during reprocessing (Figure 5.16) indicates

that dilution effects are relatively limited until such dilution factors are at or over 75%; i.e.,

the COEX case of 50% dilution shows almost no change over the standard PUREX-based case

for the sophisticated state, covert, given the assumed ability to re-separate materials. This is

in concert with the findings for the overt breakout attempt by a similar state-level threat.

Closed cycles

An evaluation of the comparative system PR values for closed cycles as a function of uranium

fuel burnup for the sophisticated state (covert) adversary is given as Figure 5.17.

Similar to the modified open cycles, the closed cycles show a nominal upward shift in

intrinsic system PR in the covert scenario compared to the overt case for the sophisticated

state adversary, due to the non-detection aspects introduced. However, burnup remains a

relatively small effect, given the low importance of physical barriers for the sophisticated

131



www.manaraa.com

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
LWR+MOX (0% U:Pu)

UO2  burnup

15 GWd/MTU
30 GWd/MTU
45 GWd/MTU
60 GWd/MTU

(a): PUREX (Pu only)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
LWR+MOX (50% U:Pu)

UO2  burnup

15 GWd/MTU
30 GWd/MTU
45 GWd/MTU
60 GWd/MTU

(b): COEX (Pu + 50% U)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
MOX: UREX+1a ( TRU : 0% U )

UO2  burnup

15 GWd/MTU
30 GWd/MTU
45 GWd/MTU
60 GWd/MTU

(c): UREX+1a (TRU)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
MOX: UREX+1b ( TRU : 50% U )

UO2  burnup

15 GWd/MTU
30 GWd/MTU
45 GWd/MTU
60 GWd/MTU

(d): UREX+1b (TRU + 50% U)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
MOX: UREX+1 ( TRU+Ln : U )

UO2  burnup

15 GWd/MTU
30 GWd/MTU
45 GWd/MTU
60 GWd/MTU

(e): UREX+1 (TRU+Ln)

0.0 0.2 0.4 0.6 0.8 1.0
x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

µ
(x

)

System PR:
LWR + DUPIC

UO2  burnup

10 GWd/MTU
40 GWd/MTU
70 GWd/MTU

(f): DUPIC

Figure 5.15: System PR as a function of fuel burnup for modified open cycles as a function
of uranium fuel burnup for a sophisticated state (covert).
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Figure 5.16: System PR as a function of uranium dilution during reprocessing for an unso-
phisticated state (covert).
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Figure 5.17: System PR as a function of fuel burnup for LWR + FR cycle, based on UREX+1a
and pyroprocessing actinide recovery strategies, for an sophisticated state (covert).
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Table 5.15: Summary of system centroid PR and rank values for closed cycle strategies for se-
lected UO2 fuel burnups (FR fuel burnup held constant at 90 GWd

MTHM
), assuming a sophisticated

state (covert).

System Burnup ( GWd
MTU

) Centroid Rank

LWR + FR: UREX+1a
10 0.3899 L+
70 0.4268 M – M+

LWR + FR: Pyro
10 0.3984 L+
70 0.4242 M – M+

state adversary. As a result, the effects between the UREX+1a and pyroprocessing actinide

recovery strategies on relative system PR remain small (although still present); this again is

evident in the system PR centroid and ranking values presented in Table 5.15.

5.3.3 Unsophisticated state, covert

The analysis of the unsophisticated state assumes a still-developing nation, one lacking a

well-developed industrial infrastructure or complete indigenous civilian nuclear fuel cycle.

As a result, physical barriers play a much more prominent role in the case of a prolifer-

ant unsophisticated state, taking a primary role in the proliferation resistance evaluation.

Consequently, burnup effects are far more manifest in PR evaluations for such an adversary.

Additionally, two “branch” scenarios are considered for the unsophisticated state: a state

unconcerned with reliable weapons yield (yield-insensitive) and one desiring a reliable yield

(yield-sensitive). The assumption of yield sensitivity introduces a sensitivity to the SFN

rate; i.e., it is assumed that an unsophisticated state would lack the capability to overcome

deficiencies in the isotopic character of a target material (thus resulting in a pre-detonation or

“fizzle”) [6]. Thus, FOM2 is employed to evaluate material attractiveness for the yield-sensitive

adversary, while FOM1 is used for the yield-insensitive case [6].

Once-through cycles

Figure 5.18 gives a comparison for the case of an unsophisticated state actor (lacking sophis-

ticated indigenous fuel cycle capacities) for a once-through LWR cycle under the conditions

of a yield-sensitive (using FOM2) and a yield-insensitive adversary (using FOM1); Figure 5.19

makes a similar comparison for a CANDU cycle.
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Figure 5.18: System PR as a function of fuel burnup for once-through LWR cycle, for an
unsophisticated state (covert) under a yield-sensitive scenario (FOM2) and a yield-insensitive
scenario (FOM1).
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Figure 5.19: System PR as a function of fuel burnup for once-through CANDU HWR cycle,
for an unsophisticated state (covert) under a yield-sensitive scenario (FOM2) and a yield-
insensitive scenario (FOM1).
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Table 5.16: System PR centroid value and ranking for the once-through systems, assuming
an unsophisticated state (covert), for yield-sensitive and yield-insensitive cases.

Yield-sensitive (FOM2) Yield-insensitive (FOM1)
System Burnup ( GWd

MTU
) Centroid Rank Centroid Rank

LWR-OT
10 0.4574 M+ 0.4212 M
40 0.4696 M+ 0.4327 M
70 0.4880 M+ 0.4487 M+

CANDU
1.5 0.4928 M+ 0.4604 M
10 0.5001 M+ 0.4459 M

The LWR-OT cycle shows a significant burunup effect on PR, particularly for the yield-

sensitive case, given the production of higher plutonium species at higher burnup. Likewise,

the CANDU cycle shows a marked shift for the yield-sensitive case, given the ingrowth of

even-numbered plutonium species with burnup (e.g., dramatically enhancing the sponta-

neous fission neutron generation rate); in the yield-sensitive case, the CANDU cycle strongly

resembles the shape and PR behavior of the LWR cycle, with PR monotonically increasing

with burnup.

The comparative evaluation of system centroid PR values and rankings are shown for

these systems as Table 5.16.

One observes the effect of the ingrowth of higher plutonium species as a function of

burnup for the LWR-OT and CANDU cases both from Figures 5.18 and 5.19 and in the

centroid and rank values presented in Table 5.16; i.e., the difference in the relative PR of the

yield-sensitive and yield-insensitive cases grows as a function of comparable burnups.

Modified open cycles

A comparison of the relative system PR for the yield-sensitive and yield-insensitive cases of

the unsophisticated state (covert) are presented for the aqueous-based PUREX and UREX

processes as Figure 5.20; a similar comparison is made for the DUPIC cycle as Figure 5.21. In

Figure 5.20, a baseline plutonium extraction case (with a comparable uranium dilution ratio)

is indicated as a black, dashed line.

The effect of burnup for the aqueous-based processes (Figure 5.20) is strongest for the

yield-sensitive case, particularly with the inclusion of minor actinides (e.g., both as a heat
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Figure 5.20: System PR as a function of fuel burnup for partially closed cycles, for an unso-
phisticated state (covert) under (left) a yield-sensitive scenario (FOM2) and (right) a yield-
insensitive scenario (FOM1).
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Table 5.17: Summary of system centroid PR and rank values for “modified open” cycle
strategies, assuming an unsophisticated state (covert) adversary, for yield-sensitive and yield-
insensitive cases. Burnup held fixed at 60 GWd

MTU
/ 60 GWd

MTHM
for MOX cycles and 60 GWd

MTU
/ 10

GWd
MTHM

for DUPIC.

Yield-sensitive (FOM2) Yield-insensitive (FOM1)
System Product(s) Centroid Rank Centroid Rank

PUREX Pu 0.4379 M 0.3862 L+
UREX+1a TRU 0.4834 M+ 0.4060 M–
UREX+1 TRU + Ln 0.4937 M+ 0.4148 M–
COEX Pu +U (50%) 0.4538 M 0.4069 M–
UREX+1b TRU +U (50%) 0.4887 M+ 0.4163 M
DUPIC — 0.4888 M+ 0.4231 M+

source and a source of spontaneous fission neutrons). Burnup shows a smaller (but non-

trivial) effect for the yield-insensitive adversary; i.e., impact of higher actinide species can

change the heat generation rate of material significantly, nominally decreasing the material

attractiveness.

For the DUPIC cycle, burnup effects appear to very quickly saturate (Figure 5.21), where

the system shows an overall PR effectiveness of “medium-plus” for the yield-sensitive case

even at low LWR fuel burnups.

These cases are broken down by system PR centroid values and rankings as Table 5.17.

An evaluation of the effect of uranium coextraction on PR is also evaluated for the yield-

sensitive and yield-insensitive cases as Figure 5.22. While the introduction of uranium has

only a small impact on the spontaneous fission neutron rate, its inclusion quickly “tips the

balance” of material attractiveness (e.g., pushing it lower); the system PR values thus appear

to “saturate” at relatively lower uranium dilution fractions for the yield-sensitive adversary,

with strong effects becoming manifest at dilution ratios as low as 25%. The effect of uranium

dilution is also noticeable at this level for the yield-insensitive state as well, however the full

effect of uranium dilution is not achieved for such an adversary until much higher levels of

dilution: up to 75% and beyond.

Table 5.18 gives an overall comparison of the system centroid PR values and rankings as a

function of uranium dilution for the yield-sensitive and yield-insensitive adversary.
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Figure 5.21: System PR as a function of uranium fuel burnup for the DUPIC fuel cycle, for an
unsophisticated state (covert) under a yield-sensitive scenario (FOM2) and a yield-insensitive
scenario (FOM1).
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Figure 5.22: System PR as a function of uranium dilution during reprocessing stages for
partially closed cycles, for an unsophisticated state (covert) under a yield-sensitive scenario
(FOM2) and a yield-insensitive scenario (FOM1).
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Table 5.18: Summary of system centroid PR and rank values for as a function of uranium
dilution during reprocessing for “modified open” cycle strategies, assuming an unsophisti-
cated state (covert) adversary, for yield-sensitive (FOM2) and yield-insensitive (FOM1) cases.
Burnup held fixed at 60 GWd

MTU
/ 60 GWd

MTHM
.

Yield-sensitive (FOM2) Yield-insensitive (FOM1)
U:Pu (%) Centroid Rank Centroid Rank

0 0.4379 M 0.3862 L+
25 0.4441 M 0.3990 M–
50 0.4536 M 0.4067 M–
65 0.4565 M+ 0.4089 M–
75 0.4629 M+ 0.4117 M
85 0.4872 M+ 0.4261 M
95 0.4793 M+ 0.4366 M

Closed cycles

Figures 5.23 and 5.24 show the evolution of system PR as a function of uranium fuel burnup

for the unsophisticated state (covert) for closed cycles, assuming a yield-sensitive and yield-

insensitive adversary, for the UREX+1a and pyroprocessing actinide recovery strategies,

respectively.

Given the dominant importance of the isotopic barrier for case of the unsophisticated

state, there is a more pronounced burnup sensitivity with system PR, particularly for higher

burnups (e.g., the LWR once-through case). Thus, the sensitivity for the yield-sensitive case

appears to be due to the buildup of higher plutonium and transuranic species, each which

has a higher SFN emission rate (thus increasing the propensity for pre-detonation). Likewise,

the TRU inventory also increases the heat generation rate (hence the marked difference

between PUREX and UREX series treatments).

5.3.4 Summary of results by adversary type

An overall summary of rankings for selected systems studied across each of the adversary

types is given as Table 5.20.

Several trends in the system rankings are noteworthy. First, for the sophisticated state,

overt case, actinide coextraction shows little to no effect upon overall system PR for partially

closed cycles, given the relative low importance of the isotopic barrier; i.e., it is assumed
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Figure 5.23: System PR as a function of fuel burnup for LWR + FR cycle, based on UREX+1a
actinide recovery strategy, for an unsophisticated state (covert) under a yield-sensitive sce-
nario (FOM2) and a yield-insensitive scenario (FOM1).
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Figure 5.24: System PR as a function of fuel burnup for LWR + FR cycle, based on a pyropro-
cessing actinide recovery strategy, for an unsophisticated state (covert) under a yield-sensitive
scenario (FOM2) and a yield-insensitive scenario (FOM1).
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Table 5.19: Summary of system centroid PR and rank values for closed cycle strategies
for selected UO2 fuel burnups (FR fuel burnup held constant at 90 GWd

MTHM
), assuming an

unsophisticated state (covert) for yield-sensitive (FOM2) and yield-insensitive (FOM1) cases.

Yield-sensitive Yield-insensitive
System Burnup ( GWd

MTU
) Centroid Rank Centroid Rank

LWR+FR: UREX+1a
10 0.4225 M– 0.3640 L+
40 0.4831 M+ 0.3988 M–
70 0.4842 M+ 0.4157 M

LWR+FR: Pyro
10 0.4321 M 0.3779 L+
40 0.4808 M+ 0.4090 M–
70 0.4934 M+ 0.4094 M

to be relatively simple for such an adversary to reprocess diverted material to achieve a

more attractive isotopic form. Cycles where fuel remains intact or otherwise is not separated

(e.g., LWR-OT, CANDU, and DUPIC) show a higher overall PR, however these values are still

nominally lower for the sophisticated state in an overt breakout attempt, given the latent

presence of potentially usable materials. Finally, fully closed cycles show a nominally higher

intrinsic PR than the partially closed cycles, as material is separated in a nominally less

attractive form (i.e., TRU vs. Pu) and the material discharged from the fast reactors is overall

of a lower attractiveness. Small differences in intrinsic PR are evident between UREX+1a

strategies and pyroprocessing at lower burnups (with pyro showing a small advantage); this

difference appears to disappear at higher burnups.

For the case of the sophisticated state (covert), the same trends as before with the overt

breakout case appear to prevail, with certain notable features. First, once-through cycles (and

DUPIC) perform much better in this case, as the detectability of a breakout attempt begins to

become a more relevant concern. Material in dilute forms (e.g., with uranium coextraction)

present an overall higher PR than mixtures of TRU alone (e.g., UREX+1a). Likewise, the fully

closed cycles again show the same behavior trend, both in terms of PR relative to partially

closed cycles and in the differences between UREX-based and pyroprocessing-based actinide

recovery strategies.

In the case of the unsophisticated state, all fuel cycles with the exception of PUREX

and COEX appear to converge upon the “medium-plus” ranking, given the lower overall

material attractiveness when spontaneous fission neutron rates are accounted for. (PUREX
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Table 5.20: Summary of system rank values for selected fuel cycle systems as a function
of adversary type: sophisticated state, overt (SSO); sophisticated state, covert (SSC), and
unsophisticated state, covert, yield-sensitive (USC, YS) and yield-insensitive (USC, YI).

Burnup System rank
System ( GWd

MTU
/ GWd

MTHM
) SSO SSC USC (YS) USC (YI)

LWR-OT
40 /— M– M M+ M
70 /— M– M+ M+ M+

CANDU HWR 10 /— M– M+ M+ M

MOX: PUREX 60 / 60 L L+ M L+
MOX: COEX 60 / 60 L L+ M M–
MOX: UREX+1a 60 / 60 L L+ M+ M–
MOX: UREX+1b 60 / 60 L+ M– M+ M
MOX: UREX+1 60 / 60 L+ L+ M+ M–

DUPIC
40 / 10 M– M+ M+ M
70 / 10 M– M+ M+ M+

FBR: UREX+1a
40 / 90 L L+ M+ M–
70 / 90 L+ M – M+ M+ M

FBR: Pyro
40 / 90 L+ M– M+ M–
70 / 90 L+ M – M+ M+ M

and COEX show a slightly lower intrinsic PR, ranked as “medium” effectiveness.) For the

yield-insensitive case, factors such as burnup and coextractants appear to have the greatest

delineating effect, with COEX and UREX+1a showing a nominal advantage over COEX, and

several cycles showing a burnup dependence upon PR (e.g., LWR-OT and closed cycles).

Overall, the trend in system PR performance appears to be a near-uniform increase with

decreasing adversary sophistication and increasing concern for yield and non-detection

(e.g., overt vs. covert). Put another way, fuel cycle system PR performance appears to

generally increase moving from the sophisticated state (overt) to the corresponding covert

case; from the sophisticated state (covert) to the unsophisticated state (covert); and finally

again going from the yield-insensitive unsophisticated state (covert) to the yield-sensitive

unsophisticated state (covert). The only exceptions to this trend appear to be in the rankings

for the CANDU cycle (where the unsophisticated state, covert shows a slightly lower ranking

than the sophisticated state, covert) and in the DUPIC cycle at lower burnup (similar pattern).

This appears to be due to the relative importance of other, non-isotopic barriers (e.g., time,
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available mass, etc.) which produce this artifact in these very limited cases.

In total, the effect of actinide co-processing on overall system PR appears to be quite

limited for sophisticated states with a well-developed industrial and fuel cycle infrastructure.

Rather, any intrinsic PR benefits to these types of processes appear to be mainly concentrated

in less developed (unsophisticated states), for which physical barriers represent a greater

overall obstacle to proliferation. Such a finding agrees with the conclusions of prior studies

on this subject [3, 42]. Additionally, in comparing pyroprocessing with advanced UREX series

treatments (e.g., UREX+1a) for fast cycles, pyroprocessing appears to show a nominal advan-

tage over conventional UREX-based cycles for low fuel burnups, however these differences

largely disappear with higher fuel burnups.

5.4 Analysis and conclusion

In this analysis, the effect of both the material target type (e.g., plutonium, TRU, or minor

actinides only) as well as the adversary type (as a measure of relative barrier importance)

were evaluated for their effect upon system PR. This analysis was carried out for sevreal

different fuel cycle systems: two “open” systems, consisting of a LWR once-through cycle

and a HWR CANDU once-through cycle; several iterations of the “modified open cycle”

concept, consisting of LWRs with recycling in either a conventional PUREX process or an

advanced UREX process, in which PR was evaluated across dimensions of both burnup as

well as actinide co-processing strategies; and finally, a “closed cycle” consisting of LWRs

and advanced recycling of all actinides using either UREX+1a or pyroprocessing. In as

much, the objective has been to characterize the impact of assumptions such as adversary

characteristics (a sophisticated or unsophisticated state, sensitivity to yield, material target

type, etc.).

From the above results, it would appear that the choice of relative barrier weights (i.e.,

due to the adversary type) appears to be of primary importance to the overall calculation

of system PR, indicating that the assignment of barrier weights based on assumptions of

adversary capabilities deserve particular scrutiny.

Conversely, the study of PR by adversary target type appears to indicate that the choice of

the “nominal” pathway (e.g., plutonium for intact post-irradiation fuel forms and the “whole

stream” for separated forms) would be well-justified. In particular, alternative target path-

ways (particularly, minor actinides) do not appear to show a credible alternative pathway,
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given the substantially lower material attractiveness (and less available mass). From this

analysis, it would appear that even balanced against other barriers (e.g., mass and bulk, radi-

ological hazard), the plutonium-only pathway represents the most vulnerable target pathway

in each of the fuel cycle cases considered and thus merits the most detailed consideration.

For advanced recycle scenarios (e.g., UREX-series), the system PR appears to asymptotically

converge to the PUREX case under this scenario; i.e., additional intrinsic barriers introduced

by material co-processing are largely mooted if further post-processing is assumed.

Finally, assumptions about adversary intent (i.e., whether or not an unsophisticated state

is concerned about weapons yield) have been demonstrated to show a substantial effect upon

evaluated system PR, given the substantial differences in spontaneous fission neutron rates,

particularly for higher plutonium species and minor actinides. The combination of adversary

type and yield sensitivity are determinative to whether secondary system parameters (such

as burnup) substantially impact system PR. For cases outside of an unsophisticated state

adversary (in a covert diversion attempt), parameters such as burnup were found to have

a minimal impact upon system PR (and thus more detailed system characterization does

not appear to be warranted). However, for the unsophisticated state case (particularly for

the yield-sensitive adversary), these parameters can have a significant impact, thus meriting

more detailed system characterization under these very specific circumstances.

By making an explicit exploration of the assumptions about both adversary characteristics

and material target type, APA has been shown to be capable of making a more generalized

characterization of PR behavior within a nuclear fuel cycle, thus providing a “bridge” between

traditional PRA and AA/MAU methods.
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CHAPTER 6

Evaluation of uncertainty and simpli�cation e�ects

6.1 Introduction

The evaluation of material attractiveness for direct weapons proliferation purposes is central

to proliferation resistance (PR) analysis. It is well-known that the relative attractiveness of

candidate materials for nuclear weapons proliferation purposes degrades as a function of

fuel burnup [6, 53]. For such analysis, it is generally a standing assumption that explicit

reactor details (such as heterogeneity in neighboring lattice enrichments and other local

features such as gadolinium control rods) are of negligible concern and thus can be neglected

[4]. As a result, PR assessments generally make use of globally-averaged quantities (such

as lattice-averaged burnup) and ignoring specific reactor details (such as lattice effects at

the fuel assembly level). Simplified depletion analysis using lattice-averaged burnup (as

is the case with reactor libraries in ORIGEN-S [43]) is thus often employed to evaluate the

isotopic, thermal, and radiological properties of nuclear fuel, rather than more explicit (and

resource-intensive) 2-D lattice physics calculation methods (such as TRITON). However, an

open question remains as to whether neglecting local lattice features is a valid assumption

for materials attractiveness evaluation in such analyses.

Additionally, a second question arises as to the effect of cross-section uncertainties in

said depletion calculations as to the isotopic inventories and the resulting impact on the
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uncertainty in the attractiveness calculation, particularly for transuranic inventories.

A review of the existing literature on proliferation resistance assessment [6, 9, 35, 42,

46, 53] indicates that the effect of simplifications in depletion modeling and cross-section

uncertainty have generally not been considered with respect to their impact on PR evaluation.

This analysis attempts to resolve both of these questions through a direct benchmarking

study using the Figure of Merit (FOM) criteria for material attractiveness [6]. Using the

Figure of Merit approach, the effect of simplified reactor models (such as using a lattice-

average burnup in ORIGEN-S) on evaluated material attractiveness was explored. This was

accomplished by comparing evaluated FOM1 values of experimental data obtained from

spent fuel analysis conducted by Oak Ridge National Laboratory on samples from the Three-

Mile Island Unit 1 and Calvert Cliffs reactors along with data from the REBUS and ARIANE

programs [26, 27] to values obtained from a simplified lattice depletion model in ORIGEN-S

as well as those from a higher-fidelity 2-D lattice physics depletion analysis using TRITON

[43].

Additionally, the overall uncertainty in material attractiveness due to cross-section uncer-

tainties was evaluated through the propagation of uncertainty from isotopic inventories to

relevant parameters of interest to the FOM calculation (e.g., the bare sphere critical mass and

the heat generation rate), based upon a prior study conducted of the effect of cross-section

uncertainty on isotopic inventories in ORIGEN-S [56].

From this analysis, an assessment as to the adequacy of simplified reactor models based

on depletion analysis in ORIGEN-S (as compared to higher-fidelity 2-D lattice physics models

such as TRITON) can be made by comparing the FOM values for identical burnups and lattice

configurations. Additionally, uncertainty propagation shall indicate the relative uncertainty

in such characterizations due to cross-section uncertainties, and in particular whether a

discrimination in material attractiveness can be made between different fuel burnup values.

6.2 Methodology

6.2.1 Data used for analysis

The data used for this analysis was obtained from measurements of spent fuel samples

obtained from the TMI-1 reactor and Calvert Cliffs [26] as well as fuel data from the REBUS

and ARIANE fuel characterization programs [27]. These studies were conducted as a valida-
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tion study of the predictions of the SCALE analysis system; the inventory results from these

studies can thus also be used to directly characterize the material properties (such as the

bare sphere critical mass, dose at 1 meter, and heat generation rate).

The data from these four reactors covers a wide span of burnups, ranging from around 22

to 60 GWd
MTU

.

In addition, TRITON input for particular samples tested was made available in the above

studies [26, 27]; these TRITON input decks were thus used as a basis of comparison for a 2-D

lattice calculation to the simplified lattice depletion model carried out using ORIGEN-S [43].

Likewise, the calculation in ORIGEN-S was carried out using provided power history data for

the experimental samples [26, 27] in order to provide a reasonable fidelity in the simplified

calculation.

Examples of the TRITON lattices for the TMI-1, Calvert Cliffs, ARIANE, and REBUS fuels

are shown as Figures 6.1–6.4.

Dose data for plutonium and TRU masses was obtained using estimates obtained from [1],

while BSCM data was calculated from the correlation shown in Figure 2.3. Heat generation

rate data was obtained from ORIGEN-S output and from calculations based on the standard

heat generation rates per isotope.

6.2.2 Uncertainty analysis

For the experimental data, experimental uncertainty was reported on a per-isotope basis for

each of the actinides measured in the benchmark studies [26, 27].

For the corresponding depletion data generated via ORIGEN-S, a study on the effect cross-

section uncertainties in final isotopic values was employed [56]. This uncertainty data was

generated through a propagation of cross-section and number density covariance data via the

Efficient Subspace Method (ESM) [56]. In the ESM method, covariance data was decomposed

into singular pairs and perturbed along independent directions for uncertainty for the the

most significant uncertainty values [56]. Uncertainties in the final isotopic inventories of the

depletion calculation were then characterized for a burnup of 40 GWd
MTU

and an enrichment of

4.5 w/o; these values were used for uncertainty propagation through the FOM calculation.

(Values for other PWR enrichment/burnup combinations were unavailable at the time of this

study.) The evaluated cross-section uncertainties to isotopic inventories are given as Table

6.1.

For each of the per-nuclide uncertainties, the uncertainty values were then propagated
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   10  fuel pin
   11  test pin
   12  n neighbor
   13  w neighbor
   14  e neighbor
   15  gd pin
   16  s neighbor
   17  fuel neighbor assy
   20  clad
   30  moderator
   40  gap
   50  bpr abs
   51  bpr clad

Figure 6.1: TRITON material lattice for the TMI-1 O12S4 sample.
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   10  regular pin
   11  test pin
   12  n test pin
   13  s test pin
   14  e test pin
   15  w test pin
   20  clad
   30  moderator
   40  gap
    5  guide tube

Figure 6.2: TRITON material lattice for the Calvert Cliffs D047 sample.
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   10  fuel
   20  clad
   30  moderator
   40  gap
   11  test rod
   12  n test rod
   13  s test rod
   14  e test rod
   15  w test rod
   50  fuel-gd

Figure 6.3: TRITON material lattice for the REBUS GK2 sample.
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   10  regular pin
   20  clad
   30  water moderator
   40  gap
   11  test pin
   12  n test pin
   13  e test pin
   14  s test pin

Figure 6.4: TRITON material lattice for the ARIANE GU1 sample.
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Table 6.1: Relative mass uncertainties in ORIGEN-S calculated isotopic inventories due to
cross-section uncertainties, per calculations performed using the Efficient Subspace Method
in [56]. Uncertainty data for a burnup of 45 GWd

MTU
and enrichment of 4.5 w/o.

Nuclide Uncertainty (±%)

237Np 0.616
238Pu 1.058
239Pu 0.885
240Pu 2.766
241Pu 2.551
242Pu 2.625

241Am 2.535
242mAm 2.229

243Am 13.870
242Cm 2.229
244Cm 11.670
245Cm 10.600

to produce the relative uncertainties in the plutonium vector (determining the bare sphere

critical mass) and the relative fraction of plutonium to other actinides (e.g., for the TRU case,

also for BSCM quantification), as well as the relative heat generation rate (calculated as a

weighted average per nuclide).

The calculation of the 239Pu vector and corresponding plutonium fraction in the stream

(for calculating the bare sphere critical mass) is based on the propagation of uncertainty for

the fraction of 239Pu (σ239
f r ) and the plutonium fraction (σPu

f r ) is given as Equations 6.2 and

6.4.
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Uncertainties were then propagated in similar fashion to produce the uncertainties in

the BSCM (σM ) and the heat generation rate (σHG R ), for which the uncertainty in the latter

is propagated as Equation 6.6. In Equation 6.6, h i represents the heat generation rate of

the nuclide of interest, and X i represents the mass of said nuclide and σx
i represents the

respective uncertainty in nuclide mass.
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Given the small effect of the dose rate (especially for actinide-only mixtures, such as Pu

and TRU), the uncertainty in the dose rate was neglected for this characterization. The uncer-

tainty was thus propagated through the Figure of Merit equation, giving a FOM uncertainty

σFOM calculated per Equation 6.7.

Taking the partial derivatives of Equation 2.2 with respect to the BSCM (M) and heat
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generation rate (h) and assuming the relative impact of dose is negligible ( ∂ FOM
∂ D

≈ 0), the

uncertainty of the FOM is thus calculated as Equation 6.7.

σFOM =

È

�

1

M ln (10)

�2

σ2
M +

�

8

(8 ln (h)+45) ln (10)

�2

σ2
h (6.7)

6.3 Results and analysis

6.3.1 Effect of lattice simplification and cross-section uncertainties

Figure 6.5 shows the Figure of Merit comparison for two cases: plutonium obtained from

spent nuclear fuel and TRU from spent fuel (Pu, Np, Am, Cm), each as a function of burnup.

Error bars for the experimental data indicate propagated errors due to reported measurement

uncertainties in isotopic concentrations; for the ORIGEN-S results, these are propagated

from the cross-section uncertainties evaluated in [56].

Additionally, curium isotopic data was missing from the Calvert Cliffs and some of the

TMI-1 experimental sample data for the TRU evaluation; thus, the experimental predictions

for the heat generation rate appear to significantly depart from the corresponding ORIGEN-S

predictions. For these cases, a second set of “corrected” data (as indicated on the graphs)

was calculated by substituting the calculated heat generation rates from ORIGEN-S for the

corresponding irradiation histories, while leaving the dose and bare sphere critical mass

data unchanged. This correction can be justified in light of separate benchmarking studies

performed as to decay heat predictions for ORIGEN-S, which show a high degree of accuracy

over a wide range of burnups for decay heat [19].

Correcting for the decay heat term in the TRU data, one observes that in both the plu-

tonium and TRU data that there is generally a very good correspondence between the

simplified ORIGEN-S calculation and the lattice physics depletion performed in TRITON to

the FOM values of the experimental samples. While moderate differences in composition

have been found, these differences are generally small with respect to material attractiveness.

Introducing factors such as explicitly modeling surrounding assemblies (of heterogeneous

enrichment) and correcting for factors such as gadolinium rod location and rod pitch was

found to have a notable reduction in the over-prediction of plutonium species in the TRITON

model (from an over-prediction of 239Pu of 10.4% to 1.8%) [26]; however, as one observes

from Figure 6.5, even without these corrections the systemic over-prediction is of minor
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Figure 6.5: Material attractiveness (FOM1) for plutonium and transuranics in spent fuel as
a function of fuel burnup for isotopic data evaluated from experimental samples, TRITON
lattice physics analysis, and ORIGEN-S depletion analysis.
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consequence to the overall calculated FOM value. In particular, one observes that even

the basic depletion calculation performed using a reasonably faithful reproduction of the

power history in ORIGEN-S gives a reasonable correspondence to the experimental sample

FOM values for the entire range of burnups considered for both the plutonium-only and

transuranic cases.

The uncertainty in the ORIGEN-S depletion calculation due to cross-section uncertainties

appears to be burnup-dependent, with overall uncertainty magnitude growing as a function

of increasing burnup. However, these uncertainties are quite small for plutonium-only

mixtures, particularly compared to uncertainties in experimental measurements.

Conversely, mixtures containing transuranic materials show a stronger burnup depen-

dence on uncertainty, given the ingrowth of higher actinides as a function of burnup, which in

turn have a higher associated uncertainty. For TRU mixtures, analysis indicates these uncer-

tainties to be chiefly dominated by uncertainties in the inventory of 244Cm, which has both a

very high heat generation rate as well as a high overall isotopic uncertainty (both in terms

of cross-section and experimental measurements). However, the propagated uncertainty

in FOM1 attractiveness values appears to be on the same order as those from experimental

values for higher burnups and do not appear to obviously prevent a useful comparison of

material attractiveness for plutonium or TRU mixtures as a function of burnup.

6.3.2 Effect of assumed uniform power history

In addition to considering the impact of simplified assumptions regarding the fuel geometry

(e.g., including the enrichments of surrounding assemblies and explicit modeling of features

such as gadolinium rod placement), an additional simplification which can be evaluated

is the effect of assuming a uniform irradiation history (e.g., a “flat,” lower-fidelity power

history in which fuel is irradiated at a constant power over the entire burnup) compared to a

higher-fidelity approach which attempts to more faithfully reproduce the irradiation power

history (e.g., a “high fidelity” power history) for the same total fuel burnup.

Such a comparison was made for a subset of the four experimental datasets evaluated

[26, 27] (e.g., data sets with detailed irradiation power histories). For these evaluations, a

weighted average power was calculated (based on relative irradiation time); the average

power used for each sample and the corresponding burnups are listed as Table 6.2. For each

“flattened” irradiation history, an irradiation over 3 cycles was calculated at the calculated

average power, assuming a 90% uptime.
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Table 6.2: Burnup and averaged irradiation power for samples considered; irradiation his-
tory provided in [26, 27].

Reactor / Program Sample ID Burnup ( GWd
MTU

) Averaged power ( MW
MTU

)

REBUS [27] GKN II 54.095 38.88

ARIANE [27]
GU1 59.656 46.02
GU3 52.504 52.66
GU4 29.067 29.15

Calvert Cliffs [26]
87-63 44.34 27.46
87-71 37.12 22.99
87-81 27.35 16.94

TMI-1 NJ05YU [26]

H6 A1B 45.687 34.47
H6 A2 51.861 38.93
H6 B1B 51.696 41.93
H6 B2 52.089 38.55
H6 B3J 51.861 40.78
H6 C1 51.545 38.62
H6 C2B 51.563 40.47
H6 C3 51.696 39.47
H6 D1A2 51.53 42.86
H6 D1A4 50.81 38.86
H6 D2 48.569 34.47
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The material attractiveness evaluation arising from the “flattened” power history (“low-

fidelity”) was then compared to the material attractiveness calculated more detailed power

history (“high fidelity”) provided in [26, 27], as well as the experimental measurements. This

comparison is presented for both Pu and TRU streams (with associated uncertainties) as

Figure 6.6.

The use of an averaged power does introduce small discrepancies in the actinide invento-

ries from the higher-fidelity calculation; such a change most significantly manifests in the

calculated heat generation rate. However, as one observes from Figure 6.6, the discrepan-

cies introduced through the use of a uniform, averaged irradiation power do not appear to

produce significant departures for the material attractiveness calculation, particularly when

compared to the level of uncertainty introduced by cross-section uncertainties on material

inventories (especially for transuranic materials). For most cases, the simplified irradiation

history appears to closely match the calculated material attractiveness values of both the

“high-fidelity” power history calculation and experimental data. Thus, for calculations of

material attractiveness, simplifications such as the use of uniform irradiation histories do not

appear to introduce unacceptable errors and can thus be used as a reasonable simplification.

6.4 Conclusion

In this study, the effect of using simplified models for nuclear fuel depletion (e.g., ORIGEN-

S) compared to more sophisticated 2-D lattice physics models (e.g., TRITON) for material

attractiveness was evaluated as well as the impact of cross-section uncertainties upon uncer-

tainty in material attractiveness, using the Figure of Merit method for evaluating material

attractiveness [6]. The impact of using simplified depletion models was evaluated both by

comparing evaluated material attractiveness values for the simplified model to higher-fidelity

lattice physics models as well as experimentally measured benchmark fuel data [26, 27]. For

the purposes of materials attractiveness evaluation, such simplifications have an overall

minor impact, showing a good agreement with experimental data as well as lattice physics

approaches which model local fuel features with greater fidelity. This was true across a wide

range of burnups (from approximately 20 to 60 GWd
MTU

) as well as for both plutonium and TRU

derived from spent fuel.

The effect of cross-section uncertainties in the depletion calculation on material attrac-

tiveness evaluation appears to be fairly limited, particularly for plutonium-only mixtures. For
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Figure 6.6: Material attractiveness (FOM1) for plutonium and transuranics in spent fuel as
a function of burnup for the actual, non-uniform irradiation history (“high-fidelity”) and a
simplified irradiation history based on average cycle power (“low-fidelity”).
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TRU mixtures, the uncertainty effects grow larger with burnup (e.g., with increasing curium

inventories), however the effect of these uncertainties is still limited (on the order of 5-10%)

and does not appear to be a serious constraint to material attractiveness evaluation and

discrimination. The uncertainties introduced at higher burnups for TRU mixtures appear

to be dominated by uncertainties in 244Cm, which is a both a significant contributor to the

heat generation term as well as having high overall cross-section uncertainty (as well as high

levels of uncertainty in experimental characterization).

Each of these conclusions has generally been assumed for the purposes of PR evaluation

in the existing literature [4, 6, 9, 35, 42, 46, 53], however the results of this study conclusively

indicate that these are valid assumptions in this context.

Additionally, the use of simplified irradiation history data (such as uniform irradiation

histories) does not appear to introduce an unacceptable level of error into material at-

tractiveness calculations, particularly compared to calculations based upon more faithful

reproductions of the recorded irradiation history in depletion analysis tools such as ORIGEN-

S.

As a consequence, the use of simplified models for nuclear fuel depletion (such as lattice-

averaged models like ORIGEN-S) appears to be well-justified for the task of materials attrac-

tiveness evaluation. Additional simplifications, such as the use of uniform irradiation power

histories, also appear to produce reasonable estimates with minimal additional error for

material attractiveness calculations.
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CHAPTER 7

Summary and Conclusion

A methodology for coupling isotopic characterization of nuclear fuel directly with models for

intrinsic proliferation resistance has been developed to evaluate the dynamics of nuclear

fuel cycle PR. Such an evaluation has been carried out across three different classes of fuel

cycle: an “open” cycle with no actinide recycle, a “modified open” cycle with limited actinide

recovery followed by disposal, and finally a “closed cycle” in which all actinides are recovered

and recycled. These fuel cycles were then evaluated across a range of parameters, including

fuel burnup (both uranium and recycled fuel), actinide coextraction strategies, reactor type,

and cooling time before actinide recovery.

7.1 Trends in PR dynamics analysis

In general, the “strongest” PR dynamics effects were found for fuel cycle scenarios with

longer “cascade” pathways for material changes; i.e., changes which occur “upstream” in the

fuel cycle (such as changes in uranium fuel burnup) show the greatest impact as a function

of burnup, particularly for pathways which involve other-burnup-dependent effects (e.g.,

production of minor actinides, etc.). These changes in the isotopic character of nuclear

materials as they pass through the system persist (“cascade”) throughout the remainder of

the cycle, particularly in cases involving the recovery of actinides for re-irradiation.
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By contrast, cycles with “limited” cascade chains (or limited overall burnup spaces) show

very few dynamics effects; this is most evident for MOX/FBR fuel burnups (which show very

little overall impact on PR, due to the limited cascade length).

In addition to a direct study of PR dynamics, the nature of nuclear fuel cycle PR was

explored as a function of the assumed capabilities and intent of an assumed adversary state.

For this evaluation, it was found that highly developed states with sophisticated indigenous

fuel cycle capabilities are less impacted overall by “physical” barriers to proliferation (e.g.,

isotopic attractiveness, radiological hazard, etc.) and thus burnup effects appear to be

least manifest in these particular scenarios. By contrast, relatively unsophisticated states

desiring a reliable weapons yield (thus having sensitivity to the spontaneous fission neutron

rate) show the greatest overall sensitivity to burnup effects, given the ingrowth of higher

(even-numbered) plutonium species and other minor actinides with burnup, both of which

serve both to increase the heat generation and spontaneous fission neutron rates of nuclear

materials.

Additionally, overall PR between identical systems appears to decrease as a function of a

state’s concern over non-detection (e.g., overt vs. covert, where fuel cycles present higher

overall PR for covert diversion and misuse scenarios), level of sophistication (i.e., physical

barriers become more prominent for less sophisticated states, raising the overall level of

proliferation resistance), and sensitivity to yield (i.e., attractiveness of materials found in

civilian nuclear fuel cycles more quickly drops as a function of burnup for yield-sensitive

adversaries due to the increasing spontaneous fission neutron rate).

7.2 Comparative evaluation of intrinsic fuel cycle PR

In general, the once-through cycles (which do not involve any separation of plutonium) have

the highest overall intrinsic proliferation resistance; the DUPIC cycle, which involves only the

removal of volatile fission products via dry processing (“voloxidation”), shows a similar overall

PR behavior with only a minor penalty over the LWR-OT cycle due to the downgrading of the

radiological barrier. Fuel cycles which involve the separation of pure plutonium (e.g., PUREX)

show the lowest intrinsic PR, due to the lack of effective intrinsic barriers in the material

separation stages. Coextraction of actinides appears to partially mitigate these vulnerabilities.

Uranium dilution showing the highest overall single impact in this respect by inflating the

bare sphere critical mass of the intact stream, while the coextraction of minor actinides also
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appears to have a smaller yet additive effect upon intrinsic PR. Coextraction of neptunium

(e.g., UREX+2/3/4 and UREX+2a/3a/4a) does not appear to have a significant effect upon

overall system PR; while the addition of neptunium to MOX fuel does nominally decrease

the material attractiveness of irradiated MOX fuel (e.g., by “spiking” the plutonium vector,

producing additional 238Pu, a high heat generator), such a change does not significantly

impact the overall system PR. (Proposals for “plutonium spiking” of fresh uranium fuel were

not evaluated in this study, however such a strategy may have a more substantial impact

upon system PR given the longer cascade chain.)

Additionally, while the destruction of plutonium in MOX fuel does show some overall

benefit in terms of decreasing the material attractiveness (as well as overall fissile material

inventories), this benefit alone does not appear to offset the vulnerability introduced due to

material separation stages. Further, while actinide coextraction (e.g., uranium and minor

actinides) appears to show substantial potential for increasing intrinsic proliferation resis-

tance, such measures do not appear to “restore” the intrinsic system PR to the “once-through”

standard, thus indicating that proliferation safeguards would still be warranted under such

advanced separations cases.

“Closed” cycles involving full actinide recycle appear to occupy a middle ground in terms

of intrinsic PR between the aqueous-based “modified open” cycles (e.g., PUREX and UREX

series) and the “open” (once-through) cycles. This is primarily due to the fact that plutonium

is not isolated in such cycles (i.e., all actinides are recycled); likewise, such cycles involve a

greater overall destruction of fissile material inventories than comparable MOX cycles. Of the

separations strategies considered for “closed” cycles, electro-metallurgical separation (e.g.,

“pyroprocessing”) shows a nominal advantage over aqueous-based advanced UREX-series

treatments (e.g., UREX+1a) for lower fuel burnups.

7.3 Comparison of findings with prior PR studies

A useful comparison can be made as to the relative evaluations of fuel cycle proliferation

resistance compared to prior studies conducted on this topic. In particular, a series of major

evaluations of spent-fuel reprocessing alternatives have divided the separation strategies

into the following groups, given as Table 7.1 [3, 42, 47].

These studies found little difference in overall proliferation resistance for state-level

actors between groups W, X, and Y and only small differences in overall PR between groups
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Table 7.1: Groupings of advanced fuel cycle reprocessing alternatives, as found in [3, 42, 47].

Group Process(es) Products

W UREX+1b, Pyroprocessing U + TRU
X UREX+1, UREX+1a TRU (+ Ln)
Y COEX, UREX+2a/3a/4a Pu +U (+Np)
Z PUREX, UREX+2/3/4 Pu (+Np)

W, X, and Z and (i.e., group Z representing the baseline of pure plutonium and plutonium

with neptunium). These differences are posited to be greater for non-state actors seeking to

acquire materials for a nuclear device (which is not considered in this study). Additionally,

it was concluded in this study that a state which chose to openly abrogate its international

nonproliferation obligations (e.g., an overt breakout attempt) would find little difficulty in

converting material from such processes into a usable form for weapons purposes.

Evaluations by Charlton imply a greater PR in UREX-series processes over PUREX treat-

ments, however the significance of this difference is not explicitly quantified [9]. Likewise,

NASAP concluded that co-processing could significantly increase intrinsic proliferation re-

sistance by making isolation of plutonium (through illicit modification of facilities) more

easily detected; likewise, uranium and plutonium blending (e.g., COEX) was concluded to

produce a similar benefit [58]. It was additionally concluded that the addition of radiological

barriers (e.g., through partial decontamination or material “spiking”) could partially augment

the intrinsic proliferation resistance of materials in reprocessing facilities, although such

measures would be largely ineffective under an abrupt breakout scenario [58]. (For example,

an overt breakout attempt would almost certainly be conducted in an abrupt rather than

gradual fashion.)

A useful comparison in the dimensions of this study would be in the consideration of the

different adversary classes considered (Table 5.20). For example, no significant differences

were observed between the modified open cycles for the sophisticated state adversary en-

gaged in a covert breakout attempt save for the UREX+1b cycle (rated at “low-plus” overall

PR, compared to “low” for all other aqueous-based separations processes). This was likewise

true for a sophisticated state in a covert proliferation attempt: again the UREX+1b cycle

showed a slightly higher proliferation resistance than the alternatives (“medium-minus”

compared to “low-plus”); each cycle also showed a nominally higher intrinsic PR for the

covert breakout case as compared to the overt case.
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For the unsophisticated state, this trend appears to persist; the division between the

UREX+1b system appears to be the strongest over the PUREX baseline scenario in this case

(“medium” versus “low-plus” for the yield-insensitive adversary). The overall delineation

between the identified groups also appears to be the strongest in an adversary assumed to

be of limited industrial capabilities; e.g., fuel cycles in Group W show an overall marked

advantage over those in X and Y, which in turn also appear to cluster above those in Group Z.

This can be seen in Figure 7.1.

As one observes from Figure 7.1, the differences observed per the groups in [3] and [42]

appear to manifest in this evaluation as well; although one can also make out small but

distinct differences among the groupings for the unsophisticated state. These differences are

more stark for the yield-insensitive case (e.g., the UREX+1/1a/1b series, which all involve TRU

streams, appear to converge for the yield-sensitive case), however they appear to manifest as

discrete groups for both cases.

In as much, the evaluations of comparative proliferation resistance appear to be consis-

tent with findings by [3, 42], with perhaps only minor disagreement over the significance of

differences between spent fuel reprocessing alternatives.

A general comparison may also be made with the results of the SAPRA methodology study,

with the caveat that such a study accounts explicitly for both proliferation resistance of both

intrinsic and extrinsic (e.g., safeguards) barriers. Overall, the SAPRA methodology concluded

that a fuel cycle with an an indigenous fuel cycle with reprocessing facilities shows a lower

overall PR score than a cycle with only reactors and a fuel cycle with reactors and enrichment

facilities (but no reprocessing) showing the lowest overall score [20]. While the methodology

in this analysis definitively shows a significant penalty is incurred in terms of intrinsic PR

for fuel cycles involving reprocessing (partially mitigated by advanced reprocessing strate-

gies), this analysis found only a smaller detriment for the existence of enrichment facilities.

However, it should be noted that this disagreement largely arises due to the accounting

for safeguards in the SAPRA methodology; i.e., the SAPRA methodology’s calculation of the

relative PR due to the “diversion” and “transformation” aspects for materials in reprocessing

and MOX fuel fabrication stages are substantially lower than those involving intact fuel [20].

However, SAPRA assigns the absolute lowest intrinsic PR to materials entering the enrich-

ment stage (i.e., due to the comparatively low hazard and difficulty in handling raw uranium

ore and corresponding lower level of safeguards associated with such stages).
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7.4 Impact of uncertainty and simplifications

The impact of particular simplifying assumptions used for isotopic calculations was also eval-

uated in this analysis as well as the relative impact of cross-section uncertainties upon the

materials attractiveness calculation. For this analysis, a reaction cross-section (interpolated

on variables of reactor power, uranium enrichment, and fuel burnup) based an infinite lattice

(e.g., reflective boundary conditions) was used (ORIGEN-S) [43]. A comparison of the evalu-

ated material attractiveness from this calculation was compared to the results from both a

two-dimensional lattice physics calculation (TRITON) [43] as well as measured experimental

values. This analysis found that for the purposes of material attractiveness calculations,

little observed variance was found between the simplified reactor model (e.g., ORIGEN-S)

and more sophisticated lattice physics models (such as TRITON); both show an excellent

agreement to material attractiveness values calculated from isotopic assays performed upon

experimental data. While the effect of features such as heterogeneous enrichment in sur-

rounding lattices has been characterized by others [26, 27] and was evaluated to a limited

degree in the lattice physics calculation, the impact of such features is generally small in

terms of material attractiveness, insufficient to cause noticeable differences in material

attractiveness values. The overall agreement was found to hold for both plutonium and

transuranic mixtures (i.e., plutonium with minor actinides).

Additionally, the impact of cross-section uncertainties was evaluated through the use

of calculated uncertainties in isotopic inventories, as calculated by Stover via the Efficient

Subspace Method [56]. It was found that the impact of cross-section uncertainties upon

material attractiveness are very small for plutonium inventories; these uncertainties were on

the order of or smaller than uncertainties in experimental assays. Uncertainties associated

with the material attractiveness of transuranic mixtures were notably higher (particularly as

a function of burnup) due to the higher overall uncertainties in higher actinides (especially
244Cm, which is a primary heat generator and thus strongly significant term in the material

attractiveness of TRU mixtures). Such uncertainties were also manifest in the experimental

data however, due to uncertainties in the same isotopes (e.g., 244Cm). However, despite larger

uncertainties, it nonetheless appears to be possible to adequately discriminate material

attractiveness as a function of burnup for both plutonium and transuranic mixtures as a

function of fuel burnup.

Finally, an evaluation of the relative impact of using a simplified reactor power history

(e.g., a uniform irradiation power history based upon an overall average power) was also
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evaluated, both in comparison to a calculation using a higher-fidelity reproduction of the

reported irradiation power history as well as isotopic compositions from experimental mea-

surements. This analysis found that the use of simplified power histories introduces some

minor deviations in the material attractiveness values (particularly for transuranic mixtures,

owing to minor differences in the calculated heat generation rate due to differences in the

calculated transuranic isotope production). However, these discrepancies are generally mi-

nor and on the order of existing uncertainties introduced due to cross-section uncertainties.

Therefore, the use of simplified irradiation histories (such as a uniform average power for

the same discharge burnup value) can be justified as a reasonable simplification for such

evaluations.

7.5 Recommendations for enhancing intrinsic fuel cycle PR

One well-understood conclusion regarding intrinsic fuel cycle proliferation resistance which

is confirmed by this study is that fuel cycle systems which do not involve the separation of

plutonium (with or without other actinides) inherently show the highest levels of proliferation

resistance. For this study, this includes both the conventional once-through cycles (LWR-OT

and CANDU) as well as the DUPIC-based modified open cycle (in which actinides are not

separated from most fission products). A limitation of cycles such as the once-through cycles

and DUPIC however is in the limited resource utilization; only a small fraction of fissionable

uranium resources are consumed in any of these fuel cycles.

Additionally, the issue of proliferation resistance must also be balanced against other

competing concerns, such economics (including the recoverable resource present in spent

nuclear fuel) as well as long-term management of spent fuel. Given the present political diffi-

culty in opening a permanent geological repository in the United States, it is extremely likely

that some use of actinide recovery will be utilized to either partially or fully close the nuclear

fuel cycle some time in the future. Thus it is of a key political interest both domestically and

as a matter of international policy to pursue and promote fuel cycle strategies which carry

the highest intrinsic proliferation resistance.

The findings of this study first confirm findings of prior studies that in the case of an unso-

phisticated state adversary, the coextraction of other actinides with plutonium (particularly

uranium but also minor actinides) can substantially increase the proliferation resistance of

materials against direct diversion in reprocessing-related stages, which are some of the most
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vulnerable stages in the fuel cycle. Likewise, the inclusion of a radiological barrier through

strategies such as limited decontamination (e.g., UREX+1 and pyroprocessing) also appears

show nominal positive impact on overall proliferation resistance for unsophisticated states,

confirming the findings of studies such as NASAP [58].

Likewise, the pursuit of higher fuel burnups (thus diminishing the overall attractiveness

of nuclear material from civilian fuel cycles) appears to be a universal promoter of intrinsic

proliferation resistance, particularly for cycles involving the coextraction of minor actinides.

Therefore, research and development into strategies for increasing fuel burnup limits (e.g.,

through novel fuel and materials development) would aid both the objectives of minimizing

long-term waste and promoting intrinsic proliferation resistance.

An additional technique not explored in detail in this work but suggested in other lit-

erature is the doping of LWR uranium fuel with neptunium for the production of 238Pu

(e.g., “protected plutonium production,” or P3) [29, 49]. While the effect of neptunium dop-

ing was found to be relatively limited for the MOX-based cycles (e.g., UREX+2/3/4 and

UREX+2a/3a/4a in part due to the relatively short “cascade” for the spent MOX fuel), such

an effect may be capable of enhancing overall system PR for partially-closed and fully-closed

cycles if neptunium doping is introduced earlier in the fuel cycle (e.g., in LWR fuel).

However, a key issue which should be noted for each of these recommendations is that

these strategies, based on the promotion of physical barriers to proliferation, are generally

most effective only for states with limited industrial and indigenous nuclear fuel cycle capac-

ities (e.g., unsophisticated states). For sophisticated states with fully developed advanced

fuel cycles, physical measures such as actinide coextraction and increasing burnup provide

only a very limited proliferation resistance benefit against a nationally-directed diversion

attempt (i.e., mostly through increasing the likelihood of detection by increasing the total

mass of material required for diversion). Likewise, if subsequent reprocessing for plutonium

extraction is assumed for fuel among even unadvanced states (e.g., through the use of an

undeclared reprocessing facility: the “plutonium-only” pathway), the benefits of particular

strategies such as coextraction are largely mooted. However, other benefits, such as the

diminished attractiveness of the plutonium vector due to higher burnup or heat spiking, are

still retained.

In light of this, the need for extrinsic safeguards measures for any cycle involving actinide

separation is quite clear. While the technical measures outlined above can help to augment

intrinsic proliferation resistance, no fuel cycle feature studied in this cycle indicates a par-
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ticular area where such measures obviate the need for safeguards or provide increases in

intrinsic proliferation resistance beyond that of the reference once-through case.

Finally, despite the overall limitations of physical barriers (particularly for sophisticated

states), strategies such as “fully closed” fuel cycles employed advanced UREX-series aqueous

processes or pyroprocessing for full actinide recovery and destruction in fast-spectrum reac-

tors appears to show somewhat higher overall proliferation resistance then partial recycle

cases, even for relatively sophisticated states. Thus, it is recommended that decisions to close

the nuclear fuel cycle should emphasize “fully closed” options which involve the deployment

of fast-spectrum reactors for full actinide consumption. Beyond the relative proliferation

benefit of such cycles compared to “partially” closed cycles, the full consumption of actinides

provides tangible benefits for the long-term management of nuclear waste, largely elimi-

nating the need for engineering on million-year timescales. (While other long-lived fission

products such as 99Tc and 129I still remain, managing these isotopes separately may prove to

be an lesser challenge than the management of intact fuel, which involves both the limitation

of heat loading in a repository as well as potential public dose exposure from radionuclide

transport.)

7.6 Recommendations for future work

While every reasonable effort was made to explore a robust and objective set of criteria for

barrier effectiveness, the effectiveness evaluation for particular barriers (such as material

detectability) remain as qualitative assessments only. It is recommended that further develop-

ments of the Fuzzy Logic Barrier method focus upon means of characterizing barriers which

may possibly be better characterized by physical signals information currently available due

to the direct coupling with nuclear materials characterization analysis.

Further, the framework considered for this model considers only the impact of intrinsic

barriers to proliferation, neglecting extrinsic measures such as institutional controls, inter-

national agreements (such as the NPT and the Additional Protocol) and other proliferation

safeguards. Therefore, a logical direction for future evolution in this analysis would be to

consider the impact and effectiveness of extrinsic safeguards measures, particularly through

the use of available physical signals information from ORIGEN-S (e.g., radiological, nuclear,

and thermal data), which may allow for the direct simulation of safeguards performance (e.g.,

non-destructive analysis, material assay, etc.).
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Finally, given that the methodology for coupled isotopic characterization is not limited to

the use of the Fuzzy Logic Barrier model alone, future studies could be conducted to directly

compare different approaches to proliferation resistance evaluation, such as that proposed by

Charlton [9], thus affording the ability to benchmark a suite of models based upon identical

fuel cycle configurations. Such an approach thus enables a better calibration and analysis of

different approaches to nuclear fuel cycle proliferation resistance assessment. Additionally,

the coupling approach could be conceivably employed to fuel cycle mass loading models

such as that outlined in [34], thus enabling the pursuit of multi-objective optimization,

such as optimization both on intrinsic system PR as well as factors such as economics and

repository capacity.

7.7 Final remarks

In addition to the application demonstrated in this work of coupling isotopic analysis to

models for proliferation resistance, the coupling approach developed in this work has nu-

merous other potential applications. For example, given the physical signals information

present in the ORIGEN-S output (whose extraction is facilitated in this process), it would be

a relatively trivial undertaking to directly couple isotopic characterization with models for

safeguards (and in particular, NDA systems) in fuel cycle facilities, as is proposed in [18]. Such

a technique has obvious applications to evaluating safeguards response and the adequacy of

proposed safeguards designs for given detection targets, particularly in response to changing

fuel conditions such as burnup or chemical separation efficiency.

Further, as outlined above, this technique can be applied to the task both of coupling

isotopic characterization with other models for proliferation resistance, as well as enabling si-

multaneous benchmarking of multiple models. Given the continued interest in proliferation

resistance evaluation, such a process would be a logical advance in PR modeling research.

An additional task for further analysis would be in an expansion of the fuel cycle con-

figurations explored through this PR study. Examples of such would be in features such as

neptunium doping for “protected plutonium production” in LWR fuel [29, 39, 49], alternative

reactor technologies such as the Molten Salt Reactor and its variants, as well as a more

detailed characterization of advanced reactor concepts such as the variety of fast spectrum

reactor proposals.

Finally, again as proposed prior, the coupling of isotopic characterization can have
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numerous benefits to broader fuel cycle models in general, particularly those concerned

with multi-attribute optimization, such as the repository capacity and mass loading model

proposed in [34] as well as fuel cycle modeling and optimization codes such as VISION [61],

namely by introducing a method for on-the-fly calculation of the evolving physical character

of fuel.

In as much, the coupling process proposed allows for a very detailed evaluation of nuclear

material properties throughout the fuel cycle system in response to changes in fuel cycle

configurations such as reactor type, enrichment, cooling time, reprocessing strategies, and

so forth.
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APPENDIX A

Care and Feeding of the Fuzzy Logic Barrier Model

In this appendix, aspects of the operation and maintenance of the Fuzzy Logic Barrier model

with coupled isotopic characterization are discussed, including analysis options present in

the FLB framework and construction of fuel cycle case input files.

A.1 Requirements

The Fuzzy Logic Barrier model requires the following software/dependencies for proper

compilation and execution:

• SCALE 6.1 or later, with the OASIS module present [43, 52]

• The BOOST C++ libraries [8]

• A C++ compiler

• The “matplotlib” package for Python (optional; used for graph output scripts) [38]

To compile the Fuzzy Logic Barrier model, the compiler flag for the “include” directory

should include the BOOST main directory and the linker flag should point to the BOOST

pre-compiled libraries (e.g., $BOOST_MAIN\lib).
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The following directories must also be created in the directory where the the main exe-

cutable resides:

• .\output (main output directory)

• .\output\barriers_out (symbolic barrier output)

• .\output\centroid (level & system centroid values for each system)

• .\output\fuzzy_out (fuzzy number output for each level/system)

• .\output\ranking (fuzzy outranking values for each system)

• .\output\stage_weights (calculated stage weights for each system)

Each of the above output directories contains the relevant output files for the FLB cal-

culation. barriers_out gives a symbolic listing of barriers (in the order presented in [22]);

centroid gives the stage and system centroid values for each system evaluated; fuzzy_out

contains the values of the stage and systems fuzzy functions (µ(x )) and is thus used for

reconstructing the stage and system fuzzy numbers; ranking contains the fuzzy outranking

data for each system (e.g., the assumed system rank is the highest linguistic barrier or barriers

for which the ranking value is > 0.5); finally, stage_weights contains the stage weight data

(calculated based upon the heavy metal inventory, mass flow, etc.) used for the calculation of

the system fuzzy number (from the respective stage fuzzy functions).

A.2 Execution and analysis options

Several user options are available when executing the FLB model from the command line;

these options are presented in the following sections.

Generally, the model is executed from the command line using the following structure

(Figure A.1).

FLBM.exe batch_file_name [-adversary_flag] [-FOM_flag]

Figure A.1: Syntax for calling the FLB model from the command line.
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The -adversary_flag and -FOM_flag parameters are optional; the model defaults

to assumptions of an unsophisticated state, covert using FOM1 for isotopic attractiveness

assessment (e.g., yield-insensitive). The adversary flag impacts which barrier weight set

is used for barrier weights, while the FOM flag selects whether FOM1 or FOM2 is used for

material attractiveness evaluation.

Options for the adversary type flag are: -sso (sophisticated state, overt), -ssc (sophisti-

cated state, covert) and -usc (unsophisticated state, covert). Options for the FOM evaluation

are (as expected) -fom1 and -fom2.

A.3 Case construction

In this section, the procedures for constructing batch input files (used to execute a series of

individual cases) and case input files (e.g., a sequence of fuel cycle stages composing a fuel

cycle system for evaluation) is presented.

A.3.1 Batch input file structure

Each batch input file is used to locate the individual case input files and assign a correspond-

ing case ID and legend entry (for graphical output). One or more individual case files may

be specified, however a case ID and legend entry (for graph output) are required for each

case. Likewise, the graph title and legend title options on the first line are also required; the

example syntax is shown as Figure A.2.

graph_title legend_title
./path/to/case_1.txt case1_ID case1_legend_entry
./path/to/case_2.txt case2_ID case2_legend_entry
...

Figure A.2: Batch file construction for individual cases.
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A.3.2 Individual case input structure

Individual fuel cases are constructed as a series of modular levels. The number of required

“user-specified” barriers will vary based on the level type (e.g., 8 user-specified barriers for

non-ORIGEN level types, and 5 user-specified barriers for ORIGEN-based levels).

The general structure of an individual fuel cycle level is shown as Figure A.3.

LEVEL_TYPE { ( par1 val1 ) ( par2 val2 ) ... } { bar1 bar2 ... }

Figure A.3: General syntax for FLB level specification.

A level type is specified (LEVEL_TYPE), followed by a series of parameter/value combina-

tions (( param value )) in braces, followed by a series of linguistic barrier rankings (for

users-specified barriers) in braces (e.g., { VH M- ... }).

Linguistic rankings for barrier effectiveness can be any of the following: “I” (Ineffective),

“L” (Low) “M” (Medium) “H” (High), or “VH” (Very High); corresponding hedge modifiers

may also be used (e.g., “L+” or ”M–”, etc.).

The number and order of user-specified barrier rankings depends on whether a pre-

reactor or post-reactor level is being specified. Pre-reactor stages expect 8 input barriers; the

barriers and their corresponding input order is:

1. Radiological

2. Mass & bulk

3. Material detectability

4. Facility unattractiveness

5. Facility accessibility

6. Available mass

7. Facility diversion detectability

8. Skills, expertise, & knowledge
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Other barriers (isotopic, chemical, and time) are inferred from the level type or user

parameters (i.e., time).

For ORIGEN/OASIS based levels (e.g., irradiation and post-irradiation), 5 input barriers

are expected from the user; these are:

1. Material detectability

2. Facility unattractiveness

3. Facility accessibility

4. Facility diversion detectability

5. Skills, expertise, & knowledge

All other barriers (isotopic, chemical, radiological, mass & bulk, available mass, time) are

either calculated directly or inferred from the material form (e.g., chemical) based on the

stage type and other factors.

General options

Options common to all level types include the specification of the level title (( title __ )),

time (( time __ )), and time units (( tunits __ )), and an option to skip the level PR

calculation (( skip __ )). For all “generic” level types and the LWR irradiation stages, an

enrichment parameter can be used to specify the relative enrichment of 235U as enrich. A

listing of commands is given as Table A.1.

For Adversary Pathway Analysis, an additional parameter can be employed for ORIGEN-

based stages: atk_path. The options for atk_path are given as Table A.2.

“Generic” level types

Several aliases for the “generic” level types (e.g., no OASIS operations) are used (Table A.3);

an alias is assumed from the first several letters of an identified level type, where the rest of

the level type name is ignored (e.g., any name may be used in place of the wildcard symbol *);

for example, the level names enrichment and enriched_storage will each correspond

to a level type assuming enriched UO2 powder, with no OASIS operations assumed. Level

names are not case sensitive, thus any combination of upper and lower-case letters may be

used.
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Table A.1: Generic commands for FLB level inputs

Command Description

title Level title (no spaces)
id OASIS/ORIGEN level ID (no spaces)
time Time (numeric)
tunits Time units ( sec, min, hours, days, months, or years )
enrich 235U enrichment (%)
mtu Basis of heavy metal (MTU /MTHM)
skip Skip stage (i.e., do not calculate stage PR); values are true

or false
outfile Named output for fuel concentrations (string, no spaces);

ORIGEN-related stages (irradiation, decay, reprocessing,
etc.) only.

atk_path Flag for adversary pathway in APA analysis; irradiation and
post-irradiation stages only

Table A.2: Adversary pathway flag values

Value Pathway

–1 Uranium-only
0 Plutonium-only
1 TRU only (Pu +minor actinides)
2 “Whole stream” (e.g., all products)
3 MA only (e.g., Np/Am/Cm)
4 Am/Cm only

Irradiation level types

Several fuel irradiation aliases exist to handle different irradiation case types; these aliases

are listed as Table A.4.

Decay level types

For decay levels, the only applicable commands are the stream, time, and tunits, title,

and id commands, as explained prior. Each decay level requires the use of the stream

command in order to select a stream for decay.

Several aliases to the decay level type exist to facilitate additional clarity in stages related
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Table A.3: Generic (non-OASIS) fuel cycle level aliases used

Alias Description

mine* Uranium mining
mill* Uranium milling
enrich* Uranium enrichment, storage, and transport
conv* Uranium conversion, storage, and transport
leu* LEU fuel fabrication, storage and transport

Table A.4: Irradiation level aliases for FLB level inputs

Alias Description

irradiate LEU fuel irradiation; requires enrichment parameter
CANDU_irradiate CANDU HWR natural uranium fuel irradiation
MOX_irradiate MOX fuel irradiation; requires step parameter for fuel

concentrations
FBR_irradiate FBR fuel irradiation; requires step parameter for fuel

concentrations
DUPIC_irradiate Re-irradiation of PWR fuel in CANDU; requires step

parameter for fuel concentrations

to partially and fully-closed cycles; likewise, these aliases are automatically used to assign

factors such as the associated chemical form of the fuel. A listing of these aliases is given

as Table A.6. Wildcards are noted as before, using the asterisk (*) after a name, indicating

that only the prefix is needed (e.g., any string following is ignored by the model, but can be

employed by the user for clarifying input).

The snf*, rm*, and aw* aliases each have an associated adversary attack pathway by de-

fault (likewise, snf* has an associated chemical form of intact SNF), which can be overridden

using the ( atk_path ) parameter.

Reprocessing levels

The commands for reprocessing level commands are given as Table A.7. Likewise, the

reprocessing level has one special alias, voloxidation, in which volatile fission product

gases are removed at fixed concentrations (see Table 4.21); thus, the only parameters used

for this case are the stream number (stream), decay time (decay) and time units (tunits).
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Table A.5: Irradiation-related commands for FLB level inputs

Command Description

enrich 235U enrichment (%; LWR only)
down Down fraction [0,1)
burnup Total fuel burnup ( MWd

MTHM
)

ncyc Number of irradiation cycles
spow Specific power ( MW

MTHM
)

mtu Basis value (MTU /MTHM)
mod Moderator density ( g

cm3 )
nlib Number of libraries per irradiation cycle
arplib ARP cross-section library name (e.g., w17x17, mox14x14,

etc. – c.f. [43])
stream Fuel concentrations from a prior step (re-irradiation only;

e.g., MOX, FBR, and DUPIC)
force_mox “Forces” ARP interpolation of Pu vector for MOX libraries

(e.g., for 239Puvectors< 50%); options are true and false
(MOX cases only)

Table A.6: Decay level aliases for FLB level inputs

Alias Description

decay Generic decay level
snf* SNF storage/decay
rm* Recovered actinides storage/decay
aw* Actinide waste storage/decay

MOX fuel fabrication

Two different options are available for MOX fuel fabrication; MOX fuel fabrication through

fuel blending, MOXBLEND (e.g., blending of depleted uranium from the reprocessing stream

with the Pu/TRU vector therein), and the direct specification of the MOX fuel plutonium

vector (and associated impurities), MOXSPEC.

Commands for MOX fuel blending are given as Table A.9; this has generally been the

preferred method for MOX fuel fabrication (given the relative ease of handling advanced

UREX series treatments, i.e. correctly calculating the relative distribution of individual

plutonium species and added impurities (e.g., minor actinides).

The commands for the MOX fuel user-specification case are given as Table A.10; this
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Table A.7: Reprocessing-related commands for FLB level inputs

Command Description

fr_pu Extraction efficiency of plutonium [0,1]
fr_np Extraction efficiency of neptunium [0,1]
fr_am Extraction efficiency of americium [0,1]
fr_cm Extraction efficiency of curium [0,1]
fr_ln Extraction efficiency of all lanthanides [0,1]
u_dilute Dilution ratio of uranium (e.g., total fraction of uranium in

the stream) [0,1)
time Time (numeric)
tunits Time units ( sec, min, hours, days, or years )
stream Stream number to reprocess (numeric)

Table A.8: Reprocessing-related aliases for FLB level inputs

Alias Description

reprocess General reprocessing level (actinide recovery)
voloxidation Voloxidation; only volatile fission products removed, all

other elements preserved

method is generally a more “obsolete” method, used when the exact specifications of the

plutonium vector and associated impurities in MOX fuel are known directly.
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Table A.9: MOX fuel blending commands for FLB level inputs

Command Description

fr_tru Pu/Am fraction in MOX fuel (balance of U)
fr_pu238 Fraction of 238Pu in Pu vector
fr_pu239 TRU fraction in MOX fuel (balance of U)
fr_pu240 Fraction of 240Pu in Pu vector
fr_pu241 Fraction of 241Pu in Pu vector
fr_pu242 Fraction of 242Pu in Pu vector
fr_am Fraction of Americium impurities in MOX fuel
stream Stream to obtain TRU concentrations from (numeric)
time Decay time (numeric)
tunits Time units ( sec, min, hours, days, or years )

Table A.10: User-specified MOX fuel fabrication commands for FLB level inputs

Command Description

fr_tru TRU fraction in MOX fuel (balance of U)
stream Stream to obtain TRU concentrations from (numeric)
time Decay time (numeric)
tunits Time units ( sec, min, hours, days, or years )
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A.4 Example cases

The following cases are brief examples demonstrating the use of the Fuzzy Logic Barrier

model input deck for analysis.

A.4.1 LWR-OT

An example of the FLB input for the analysis of a LWR-OT cycle for 60 GWd
MTU

is given as Figure A.4.

Note that individual cycle stages should contain no line breaks (i.e., all input for a given stage

should be on one line).

MINE { ( title Mining ) ( enrich 0.72 ) ( time 1.0E6 )
( tunits years ) } { I H M VH I I I VH }

MILLLING { ( title Milling ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

CONVERSION { ( title Conversion ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

ENRICH { ( title Enrichment ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M I-M M-VH I VH I }

LEU_FAB { ( title LEU_fuel_Fab ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M VH I I M M }

LEU_STORE { ( title LEU_fuel_Storage ) ( enrich 4.989 )
( time 1.0 ) ( tunits months ) } { I H M VH I I VH VH }

irradiate { ( title Reactor_Irradiation ) ( enrich 4.9890 )
( mtu 64.0 ) ( spow 40.2 ) ( burnup 60000 ) ( down_fr 0.1 )
( arplib w17x17 ) ( ncyc 3 ) ( mod 0.7230 ) } { VH L-H VH VH M }

SNF_store { ( title SNF_wet_storage ) ( time 5.0 ) ( tunits years )
( stream -1 ) } { VH VH M VH VH }

SNF_dry_store { ( title SNF_dry_storage ) ( id Dry_store )
( time 10.0 ) ( tunits years ) ( stream -1 ) } { VH VH M VH VH }

SNF_EMPLACE { ( title Final_emplacement ) ( id Emplace )
( time 100.0 ) ( tunits years ) ( stream -1 ) }
{ VH VH VH VH--VH VH }

Figure A.4: Example of a LWR-OT fuel cycle evaluation using the FLB model.
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A.4.2 LWR+MOX, UREX+1b (TRU+ 50% U)

An example of a fuel cycle analysis for a LWR +MOX cycle employing UREX+1b for actinide

recovery (TRU + 50% U) is shown as Figure A.5.

A.4.3 LWR+ FR, Pyroprocessing

An example of a fuel cycle analysis of the in the FLB model for a LWR + FR cycle employing

pyroprocessing for actinide recovery is shown as Figure A.6. One should note that the FR

case does not have an ARP library specification, as this is built in to the FR level type (only

one FR library is available, therefore this variable is automated).

A.4.4 DUPIC

An example of the DUPIC fuel cycle analysis in the FLB framework is given as Figure A.7.
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MINE { ( title Mining ) ( enrich 0.72 ) ( time 1.0E6 )
( tunits years ) } { I H M VH I I I VH }

MILLLING { ( title Milling ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

CONVERSION { ( title Conversion ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

ENRICH { ( title Enrichment ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M I-M M-VH I VH I }

LEU_FAB { ( title LEU_fuel_Fab ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M VH I I M M }

LEU_STORE { ( title LEU_fuel_Storage ) ( enrich 4.989 )
( time 1.0 ) ( tunits months ) } { I H M VH I I VH VH }

irradiate { ( title Reactor_Irradiation ) ( enrich 4.9890 )
( mtu 64.0 ) ( spow 40.2 ) ( burnup 60000 ) ( down_fr 0.1 )
( arplib w17x17 ) ( ncyc 3 ) ( mod 0.7230 ) } { VH L-H VH VH M }

SNF_store { ( title SNF_wet_storage ) ( time 5.0 ) ( tunits years )
( stream -1 ) } { VH VH M VH VH }

SNF_dry_store { ( title SNF_dry_storage ) ( id dry_store )
( time 10 ) ( tunits years ) ( stream -1 ) } { VH VH M VH VH }

REPROCESS { ( title Reprocessing ) ( id Reprocess ) ( time 50.0 )
( tunits days ) ( u_dilute 0.50 ) ( fr_pu 0.99 ) ( fr_np 0.99 )
( fr_am 0.95 ) ( fr_cm 0.95 ) ( stream -1 ) } { M I M VH I }

RM_STORE { ( title Recov_mat_storage ) ( id RM_store ) ( time 7.0 )
( tunits days ) ( stream -1 ) } { M I L M VH }

RM_TRANSPORT { ( title Recov_mat_transport ) ( id RM_transport )
( time 1.0 ) ( tunits days ) ( stream -1 ) } { M I L M VH }

AW_DISPOSAL { ( title Actinide_waste_disposal ) ( id AW_disposal )
( time 100 ) ( tunits years ) ( stream -5 ) } { VH VH VH VH VH }

MOXBLEND { ( title MOX_fuel_fabrication ) ( id MOXFAB ) ( stream 5 )
( fr_tru 0.100 ) ( time 50.0 ) ( tunits days ) } { M I L M M- }

MOX_store { ( title MOX_fuel_storage ) ( id MOX_store ) ( time 10 )
( tunits days ) ( stream -1 ) } { M VH I M VH }

MOX_irradiate { ( title MOX_Reactor_Irradiation ) ( mtu 64.0 )
( spow 40.2 ) ( burnup 60000 ) ( down_fr 0.1 )
( arplib mox14x14 ) ( ncyc 3 ) ( mod 0.7332 ) ( stream -1 )
( force_MOX true ) } { VH L-H VH VH M }

SNF_EMPLACE { ( title Final_emplacement ) ( time 100.0 )
( tunits years ) ( stream -1 ) } { VH VH VH VH--VH VH }

Figure A.5: Example of a LWR+MOX (UREX+1b) fuel cycle evaluation using the FLB model.
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MINE { ( title Mining ) ( enrich 0.72 ) ( time 1.0E6 )
( tunits years ) } { I H M VH I I I VH }

MILLLING { ( title Milling ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

CONVERSION { ( title Conversion ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

ENRICH { ( title Enrichment ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M I-M M-VH I VH I }

LEU_FAB { ( title LEU_fuel_Fab ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M VH I I M M }

LEU_STORE { ( title LEU_fuel_Storage ) ( enrich 4.989 )
( time 1.0 ) ( tunits months ) } { I H M VH I I VH VH }

irradiate { ( title Reactor_Irradiation ) ( enrich 4.9890 )
( mtu 64.0 ) ( spow 40.2 ) ( burnup 60000 ) ( down_fr 0.1 )
( arplib w17x17 ) ( ncyc 3 ) ( mod 0.7230 ) } { VH L-H VH VH M }

SNF_store { ( title SNF_wet_storage ) ( time 5.0 ) ( tunits years )
( stream -1 ) } { VH VH M VH VH }

SNF_dry_store { ( title SNF_dry_storage ) ( id dry_store )
( time 10 ) ( tunits years ) ( stream -1 ) } { VH VH M VH VH }

REPROCESS { ( title Reprocessing ) ( id Reprocess ) ( time 50.0 )
( tunits days ) ( u_dilute 0.50 ) ( fr_pu 0.99 ) ( fr_am 0.95 )
( fr_np 0.99 ) ( fr_cm 0.95 ) ( stream -1 ) } { M I M VH I }

RM_STORE { ( title Recov_mat_storage ) ( id RM_store ) ( time 7.0 )
( tunits days ) ( stream -1 ) } { M I L M VH }

RM_TRANSPORT { ( title Recov_mat_transport ) ( id RM_transport )
( time 1.0 ) ( tunits days ) ( stream -1 ) } { M I L M VH }

AW_DISPOSAL { ( title Actinide_waste_disposal ) ( id AW_disposal )
( time 100 ) ( tunits years ) ( stream -5 ) } { VH VH VH VH VH }

MOXBLEND { ( title FBR_fuel_fabrication ) ( id MOXBLEND )
( fr_tru 0.330 ) ( time 50.0 ) ( tunits days ) } { M I L M M- }

MOX_store { ( title FBR_fuel_storage ) ( id FBR_store ) ( time 10 )
( tunits days ) ( stream -1 ) } { M VH I M VH }

FBR_irradiate { ( title FBR_Irradiation ) ( mtu 1.0 ) ( spow 40.2 )
( burnup 89750 ) ( down_fr 0.1 ) ( ncyc 3 ) ( mod 0.7332 )
( stream -1 ) } { VH I-M VH VH L }

SNF_FR_store { ( title FBR_SNF_storage ) ( id FBR_SNF_ST )
( time 10 ) ( tunits years ) ( stream -1 ) } { VH VH H VH VH }

Figure A.6: Example of a LWR+ FBR (pyroprocessing) fuel cycle evaluation using the FLB
model.
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MINE { ( title Mining ) ( enrich 0.72 ) ( time 1.0E6 )
( tunits years ) } { I H M VH I I I VH }

MILLLING { ( title Milling ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

CONVERSION { ( title Conversion ) ( enrich 0.72 ) ( time 10.0 )
( tunits years ) } { I H M VH I I I VH }

ENRICH { ( title Enrichment ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M I-M M-VH I VH I }

LEU_FAB { ( title LEU_fuel_Fab ) ( enrich 4.9890 ) ( time 1.0 )
( tunits months ) } { I M M VH I I M M }

LEU_STORE { ( title LEU_fuel_Storage ) ( enrich 4.989 )
( time 1.0 ) ( tunits months ) } { I H M VH I I VH VH }

irradiate { ( title Reactor_Irradiation ) ( enrich 4.9890 )
( mtu 64.0 ) ( spow 40.2 ) ( burnup 60000 ) ( down_fr 0.1 )
( arplib w17x17 ) ( ncyc 3 ) ( mod 0.7230 ) } { VH L-H VH VH M }

SNF_store { ( title SNF_wet_storage ) ( time 5.0 ) ( tunits years )
( stream -1 ) } { VH VH M VH VH }

SNF_dry_store { ( title SNF_dry_storage ) ( id dry_store )
( time 10.0 ) ( tunits years ) ( stream -1 ) } { VH VH M VH VH }

VOLOXIDATION { ( title Voloxidation ) ( id Volox ) ( time 50.0 )
( tunits days ) } { M M L H H }

RM_STORE { ( title Recov_mat_storage ) ( id RM_store ) ( time 7.0 )
( tunits days ) ( stream -1 ) } { M I L M VH }

RM_TRANSPORT { ( title Recov_mat_transport ) ( id RM_transport )
( time 1.0 ) ( tunits days ) ( stream -1 ) } { M I L M VH }

DUPIC_fab { ( title DUPIC_fuel_fabrication ) ( id DUPIC_fab )
( mtu 84.7 ) ( time 30.0 ) ( tunits days ) ( stream -1 ) }
{ M I L M M- }

DUPIC_store { ( title DUPIC_fuel_storage ) ( id DUPIC_store )
( time 10.0 ) ( tunits days ) ( stream -1 ) } { M VH I M VH }

DUPIC_irradiate { ( title DUPIC_Reactor_Irradiation ) ( mtu 84.7 )
( spow 25.5 ) ( burnup 10000 ) ( down_fr 0.1 )
( arplib candu37 ) ( stream -1 ) } { VH L-H L VH M }

SNF_EMPLACE { ( title Final_emplacement ) ( time 100.0 )
( tunits years ) ( stream -1 ) } { VH VH VH VH--VH VH }

Figure A.7: Example of a DUPIC fuel cycle evaluation using the FLB model.
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APPENDIX B

The OASIS module for SCALE

B.1 A simpler interface for fuel cycle analysis in SCALE

The OASIS module (ORIGEN and ARP Simplified Input System) allows users to specify

chained depletion, decay, partitioning, and batching analysis cases through use of high-level

keywords [52]. This stands in marked contrast to the standard ORIGEN input, which requires

the cryptic FIDO input array format.

OASIS circumvents this difficulty by constructing said FIDO input files for the user,

based upon the case specified in the OASIS keyword input file. Chained analysis cases are

constructed by individual events (such as irradiation, partitioning, batching, and decay).

Each case is then saved to a running case file; users can thus reference prior cases within the

file by referencing the case’s save position using the step= keyword (discussed later).

OASIS runs as a module within SCALE, similar to ORIGEN and ARP; hence, one performs

ORIGEN and ARP analyses similar to before, only using an OASIS input file rather than the

standard ORIGEN deck.

The goal of this document is to provide a guide to the features OASIS module and how

it can be used to perform chained depletion, decay, partitioning, and batching analysis in

SCALE.
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B.2 Using OASIS

The following sections illustrate the use of OASIS for constructing chained fuel depletion and

decay analysis cases using SCALE. As a matter of convention, OASIS commands given in the

text are given as boxed, fixed-width text: such as this .

B.2.1 General commands

The following commands apply to all cases and can be used with any analysis block, except

where otherwise noted.

Table B.1: General commands for most OASIS case inputs.

Command Description

units= Sets time units for a given analysis step. Valid recognized types are
seconds (sec), minutes (min), hours (hours), days (days), and years
(years).

decay= Inserts a decay period for the current process. Default time in days
(change with units= option).

cut= Specifies a minimum cutoff threshold for isotope tracking during irra-
diation and decay (in grams). Default value is 10−5 grams. Elements
below the cutoff threshold will be deleted from output tables.

B.2.2 Irradiation

To perform an irradiation case, one must specify the ARP library, power, burn time, and down

time. Multiple burns are supported. Note that the final down time indicates the “decay”

cooling time for the fuel (i.e., a separate decay block is unnecessary).

The ARP library is specified by a lib= command, followed by a recognized ARP library

(e.g., ge8x8-4).

To begin an irradiation block, use the keyword read radhist , followed by the ir-

radiation history. Each irradiation cycle is followed by an end keyword. Finally, close the

irradiation block with end radhist .

Optional parameters for the irradiation history case include the basis value mtu= (i.e.,
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metric tons uranium; default of 1.0), a continuous removal rate of nuclide groups (where

nuclides are given by their atomic symbols and removal rate constants are given as 1/s), and

light elements which compose non-fuel elements of the assembly (given by atomic symbol

and in units of grams).

An example is given as Figure B.1.

=oasis
title= cooper bwr reactor 8x8
lib= 8x8-4
mtu 0.1902
enrich= 2.5
lightel= o 130.95 cr 3.366 mn 0.1525 fe 6.309 co 0.0242 ni 2.366

zr 516.3 sn 8.412 gd 2.860 end
read radhist
power=12.76 burn=807 down=59 end
power=24.227 burn=306 down=31 end
power=18.212 burn=164 down=799 end
power=5.878 burn=317 down=48 end
power=7.992 burn=348 down=857 end

end radhist
end

Figure B.1: Sample irradiation case with OASIS.

Required commands

The required commands for irradiation cases in OASIS are given as Table B.2.

Optional commands

Optional commands for irradiation cases in OASIS are given as Table B.3.
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Table B.2: Required commands for irradiation-related case inputs.

Command Description

lib= ARP cross-section library
power= Specific power (MW/MTU)
burn= Burn time (days, unless units otherwise specified)
down= Down time (days, unless units otherwise specified)
enrich= Enrichment of 235U (%)

Table B.3: Optional commands for irradiation-related case inputs.

Command Description

lightel= Light elements that compose non-fuel assembly components. Spec-
ified as atomic symbol followed by mass (in grams). Terminated by
end

mtu= Basis value (metric tons), default= 1.0
title= Assembly/case title
mod= Moderator density, in g

cm3 , default=0.74

B.2.3 Re-irradiation

Users can also specify a set of concentrations for re-irradiation using either an ARP library

(e.g., MOX) or a user-provided (non-ARP) library. To do this, one provides the name of the

user library to the lib= command as before (note that the user library must reside in

$TMPDIR where SCALE is running, or the /arpdata/ directory) and the stream position the

concentrations are taken from (using step= ). One then omits the enrich= command.

Required commands

The required commands for re-irradiation cases are given as Table B.4.

B.2.4 User library options

Frequently, for re-irradiation or other special cases, one will need to provide a user library in

place of the standard ARP library. Likewise, occasionally one will desire to re-use a previous

ARP library as a user library in order to perform minor extrapolations from the ranges

within the ARP data library (note: this should be done with extreme care under very limited

202



www.manaraa.com

Table B.4: Required commands for re-irradiation-related case inputs.

Command Description

lib= ARP cross-section library
power= Specific power (MW/MTU)
burn= Burn time (days, unless units otherwise specified)
down= Down time (days, unless units otherwise specified)
step= Stream number containing concentrations for re-burn

circumstances).

Unlike ARP-based libraries, OASIS will only use a single library position for user libraries,

defaulting to the first position. Therefore, using the libpos= command, a user may

specify the position of the user library for OASIS to use.

Likewise, to re-use an ARP library used in a prior data analysis step, one can use the

library command lib= last – this will use the last cross-section library as a user library,

without the corresponding ARP checks for the input data range. Using this in combination

with the libpos= command, a user may thus specify a given position on the ARP library

file for minor extrapolations beyond the library range (i.e., by using the last position on the

library).

B.2.5 Axial profiles (irradiation)

An axial profile weighting can be applied to an irradiation history through the use of the

nax= axp= and wgt= commands. One defines a series of axial power profiles (i.e.,

as a fraction of the specified irradiation power) and may also optionally apply a weighting

factor to each axial location. OASIS then provides for an averaged concentration over the

varied power profile once the irradiation cycles are completed.

An example of this feature is given below as Figure B.2; the two lines may be simply added

to the above irradiation case (outside of the radhist block).

The expression in Figure B.2 can also be simplified using the notation *N to denote “N”

repeated values, shown as Figure B.3.

One must also specify a moderator density for each axial profile case; to specify the same

moderator density, one would simply insert the following mod= command (Figure B.4).

A varying moderator density may also be used as a function of axial profile (such as in
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nax= 5
axp= 0.45 0.53 0.53 0.53 0.32 end
wgt= 1 1 1 1 1 end

Figure B.2: Specifying axial powers and relative weights in OASIS

nax= 5
axp= 0.45 3*0.53 0.32 end
wgt= 5*1 end

Figure B.3: Expressing repeated axial power values in OASIS

compensating for void fraction).

Taking the changes together, a new example case is given as Figure B.5.

B.2.6 Prior stream retrieval

Several OASIS operations involve invoking a prior concentration stream; this is accomplished

by use of the step= command. This can be called in one of two ways; for a positive step

number, the stream at the specified step number in the file is used. Alternatively, one may

specify a negative step number (-1, -2, etc.); this counts backwards from the last position on

the file, where -1 corresponds to the last position, -2 corresponds to the position before the

last, etc. Given that the file is written sequentially, one can use the step=-1 command to

retrieve the last written concentration.

B.2.7 Decay-only

To decay a prior stream for a specified period, the decay block may used with no other

operations (such as radhist, batch, solvent, etc.). Required parameters are the file step for the

decay (step=) and the decay time (time=). Using the irradiation example, one can decay the

above stream for an additional one year as the the example in Figure B.6.

One will note several things: first, the use of the field units= which specifies time

units. This may be specified for any SCALE analysis block, but should be specified outside of
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mod= 5*0.455

Figure B.4: Expressing multiple moderator density values for axial profile evaluation in
OASIS

any “read” blocks.

Second, a deeper look at the process of chained analysis: first, the irradiation block is

specified as one analysis block for SCALE (i.e., the =oasis block). The next analysis unit,

for decay, is a new block. (Note: irradiation is the only case for which the decay= command

cannot be coupled; any decay= command will be ignored. The final down= command for

an irradiation cycle is instead used as the final decay period).

Finally, one will notice how the position is specified ( step=2 ). In this case, the second

position is requested, as the irradiation case writes on position 1 and the final decay from the

irradiation case writes on unit 2; i.e., this case picks up concentrations from the irradiation

case after the last decay period and decays them further. Of course, nothing stops one from

going back and doing another decay immediately following discharge, in which case one

would use step=1 .

Required commands

The required commands for decay cases are given as Table B.5.

Table B.5: Required commands for decay-related case inputs.

Command Description

step= File position for concentrations to be decayed
decay= Decay time (default in days)
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=oasis
title= cooper bwr reactor 8x8
lib= 8x8-4
mtu 0.1902
enrich= 2.5
mod= 5*0.455
nax= 5
axp= 0.45 3*0.53 0.32 end
wgt= 5*1 end
lightel= o 130.95 cr 3.366 mn 0.1525 fe 6.309 co 0.0242 ni 2.366

zr 516.3 sn 8.412 gd 2.860 end
read radhist
power=12.76 burn=807 down=59 end
power=24.227 burn=306 down=31 end
power=18.212 burn=164 down=799 end
power=5.878 burn=317 down=48 end
power=7.992 burn=348 down=857 end

end radhist
end

Figure B.5: Example of an OASIS irradiation case with axial power weighting
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=oasis
title= cooper bwr reactor 8x8
lib= 8x8-4
mtu 0.1902
enrich= 2.5
lightel= o 130.95 cr 3.366 mn 0.1525 fe 6.309 co 0.0242 ni 2.366

zr 516.3 sn 8.412 gd 2.860 end
read radhist
power=12.76 burn=807 down=59 end
power=24.227 burn=306 down=31 end
power=18.212 burn=164 down=799 end
power=5.878 burn=317 down=48 end
power=7.992 burn=348 down=857 end

end radhist
end
=oasis
units=years
decay=1.0
step=2

end

Figure B.6: Example of stream retrieval and additional decay for 1 year in OASIS.
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B.2.8 Element partitioning

One can specify chemical separation of elements using the OASIS keyword interface. To do

so, one must pick up the concentrations from a prior point using step=, as done in the above

case with the decay-only block. A decay time is optional following the separation; otherwise,

a decay period of 1 second is used.

Two options are available for the separated mass stream: users may either track the

separated nuclides themselves, or the remaining composition (i.e., without the separated

nuclides). This is done via a + or – flag which immediately follows the separate field

(this flag is also required). Following from the ± flag, a list of atomic symbols and separation

efficiencies (given as a fraction from 0 to 1) is input, terminated by end.

Two examples are given below: the first (Figure B.7), where a mass stream from position 2

is separated and the remaining nuclides are saved, and another where the separated nuclides

are saved (Figure B.8). In both cases, the concentration is then decayed for 10 years.

=oasis
units=years
step=2
separate + I 0.99 cs 0.95 tc 0.99 sr 0.95
decay= 10.0

end

Figure B.7: Example of element partitioning; 99% of iodine and technicium and 95% of
cesium and strontium are removed from the stream at position 2; the remaining nuclides are
saved and decayed for 10 years.

Required commands

The required commands for element partitioning cases are given as Table B.6.
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=oasis
units=years
step=2
separate + I 0.99 cs 0.95 tc 0.99 sr 0.95
decay= 10.0

end

Figure B.8: Example of element partitioning; 99% of iodine and technicium and 95% of
cesium and strontium are removed from the stream at position 2; only these separated
nuclides (e.g., I/Tc/Cs/Sr) are saved and decayed for 10 years.

Table B.6: Required commands for element partitioning-related case inputs.

Command Description

step= File position for concentrations to be partitioned
separate List of nuclides and removal efficiencies for separation [0,1]
+ or - Precedes nuclide/separation list; + tracks the separated nuclides only,

- tracks the stream the nuclides were separated from.

B.2.9 MOX Fuel Fabrication (from concentrations)

A special option available in OASIS is MOX fuel fabrication, in which a stream can be selected

and uranium, plutonium, and other transuranics (americium, curium, and neptunium)

and be selected out for re-fabrication into MOX fuel. The read moxfab command auto-

matically produces a fuel assembly concentration using the maximum amount of available

materials.

The first parameter of interest is the TRU fraction (including Pu); the remaining fraction

is taken as uranium. This is specified by fr_tru= followed by a value from 0 to 1.

Next, the respective sub-fractions of the TRU portion of the fuel are given by fr_np= ,

fr_pu= , fr_am= , and fr_cm= where again the fractions are specified from 0 to 1.

Note that the TRU fractions themselves also must sum to 1.0; if they do not, an error is given.

To fabricate the MOX fuel, the OASIS module calculates the required separation fractions

from the selected stream for uranium and each TRU constituent (Pu, Np, Am, and Cm). To do

this, OASIS calculates the final mass of the MOX assembly based upon the uranium fraction

(i.e., the complement of the TRU fraction) and then checks the available masses of each TRU
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material from the stream. The OASIS module then iteratively adjusts the mass of the final

MOX assembly to match the maximum available mass of the most constraining TRU material

(i.e., for a given calculated total assembly weight and fraction of TRU elements from a stream,

OASIS tries to create an extraction fraction as close to 1.0 as possible for the TRU element

whose concentration is most limiting to the total MOX assembly weight, based upon the

element fractions). Thus, OASIS seeks to maximize the utilization of TRU materials while

maintaining the respective fractions of TRU to U and between respective TRU constituents.

Specifically, OASIS calculates the separation fraction of each TRU material, based upon

the mass of U extracted. If the extraction fraction of any TRU material is greater than unity,

OASIS lowers the extraction fraction of U, re-calculates the final mass of the MOX assembly,

and checks the required separation fractions of each TRU constituent once more, repeating

this sequence until each material has an extraction ratio less than or equal to one. The

extraction fractions of each material are then printed in the logfile. In this way, OASIS

maximizes the utilization of materials to the most constraining material for a given case and

stream.

Users can also specify to save the waste stream on an adjacent position; to do this, one

simply gives the command waste inside the read moxfab block.

An example of a MOX fabrication command is given as Figure B.9 this assumes con-

centrations of interest on position 4. In this case, the TRU fraction is 5%, with 90% of the

TRU materials being composed of plutonium, 5% of neptunium, 4% of americium, and the

balance of curium. The waste products are then saved on the next adjacent unit on the binary

output file.

Required parameters

The required parameters for the MOX fuel fabrication case are given as Table B.7

Table B.7: Required commands for MOX fuel fabrication cases (from a prior stream).

Command Description

step= File position for concentrations to be used for MOX fuel
fr_tru= Fraction of TRU (Pu/Np/Am/Cm) in MOX fuel (balance of U)
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=oasis
step=4
read moxfab
fr_tru= 0.05
fr_pu= 0.9
fr_np= 0.05
fr_am= 0.04
fr_cm= 0.01
waste

end moxfab
end

Figure B.9: Example of MOX fuel fabrication from concentrations at file position 4. Waste
from MOX fabrication stored on the next adjacent binary file unit from the stored MOX fuel
fabrication concentrations.

Optional parameters

Optional parameters for the MOX fuel fabrication (from prior stream) are given as Table B.8.

Table B.8: Optional commands for MOX fuel fabrication cases (from a prior stream).

Command Description

fr_pu=
Sub-fraction of Pu, Np, Am, and Cm in TRU fraction. Note that any
given TRU constituent may be omitted (assumed to be zero), however
all constituents must add up to 1.0

fr_np=
fr_am=
fr_cm=
waste Save waste stream concentrations for MOX fabrication to next adja-

cent position on the file

B.2.10 MOX fuel fabrication (user-specified)

One may also specify MOX fuel concentrations directly, rather than from prior stream concen-

trations. This is done with the read moxspec block. Concentrations may be specified either
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in terms of the relative fractions of a specified basis (i.e., fraction of TRU and proportional

fractions of U and Pu isotopes), or directly in kilograms.

OASIS automatically determines if the user input is in kilograms or the relative isotopic

fractions by the use of the fr_tru= parameter. If the TRU fraction is specified (i.e., fraction

of Pu and Am of heavy metal), all other parameters are interpreted accordingly; the respec-

tive plutonium and uranium inputs are interpreted as the relative isotopic fractions of the

plutonium and uranium content, respectively. Likewise, the am241= input is interpreted

as the fraction of americium-241 as a fraction of total TRU (i.e., Pu + Am). The total amount

of material is derived from the basis MTU value (given by mtu= , default is 1 MTU)

If fr_tru= is not given, each isotopic input is interpreted in kilograms, with the basis

value being determined by the total amount of heavy metal specified. (In this case, any basis

given by mtu= is thus ignored).

Examples of MOX fuel specification are given both in kg (Figure B.10) and as a fraction of

basis (Figure B.11).

read moxspec
pu238= 0.700
pu239= 26.560
pu240= 15.280
pu241= 3.970
pu242= 3.490
u234= 0.0090495
u235= 6.91051
u236= 4.45659
u238= 938.624

end moxspec

Figure B.10: Example of MOX fuel fabrication from specified mass values (in kg).

Required parameters

Table B.9 gives the required commands for a user-specified MOX fuel fabrication case.
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mtu= 1.0
read moxspec
fr_tru= 0.05
pu238= 0.014
pu239= 0.5312
pu240= 0.3056
pu241= 0.0794
pu242= 0.0698
u234= 0.00000952579
u235= 0.00727422
u236= 0.00469115
u238= 0.988025

end moxspec

Figure B.11: Example of MOX fuel fabrication from relative fractions of the total basis.

Table B.9: Required commands for MOX fuel fabrication cases (user-specified).

Command Description

pu239= If fr_tru= defined, fraction of 239Puas a fraction of TRU. Other-

wise, total 239Puin kg.

pu241= If fr_tru= defined, fraction of 241Pu as a fraction of TRU. Other-

wise, total 241Pu in kg.

Optional commands

The optional commands for the user-specified MOX fuel fabrication cases are given as

Table B.10.

B.2.11 Assembly batching

One can also batch together multiple sets of assembly concentrations saved by SCALE on a

binary .f71 file. (Note: the .f71 extension is required). Optionally, one may include a single

position from the current file stream in the batch operation as well. One may also specify

the batching ratios of the assemblies (including the mass stream taken from the current file

stream). (Note: The files must be copied over to the SCALE working directory ($TMPDIR) at
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Table B.10: Optional commands for MOX fuel fabrication cases (user-specified).

Command Description

fr_tru= Fraction of TRU (Pu/Am) in MOX fuel (balance of U)

am241= If fr_tru= defined, fractions of 241Am as a fraction of TRU. Other-

wise, total 241Am in kg.
pu240= If fr_tru= defined, respective fractions of 240Pu and 242Pu as a

fraction of TRU. Otherwise, total 240Pu and 242Pu in kg.
pu242=
u234=

If fr_tru= defined, respective fractions of 234U, 235U, 236U, and
238U as a fraction of uranium content in the fuel (1-fr_tru). Otherwise,
total 234U, 235U, 236U, and 238U in kg.

u235=
u236=
u238=

runtime in order to be found.)

Files and batch ratios are specified using the id= field; the input consists of the con-

centration file names (without extension) followed by the respective batch ratio.

Optional parameters include the date of the mass batch ( date= ), the batch name

( batch= ), output of the concentrations of each file ( edit= ) and the file positions to use

on the input concentration files, terminated by end. To specify a concentration from the

current stream, the field stream= is used, followed by the position and the batch ratio.

Figure B.12 demonstrates how two files and a position within the current file stream can

be batched together.

The above analysis batches position 2 of the current stream (at ratio 1.0) to position

1 of the files asm1.f71 and asm2.f71, which are at ratios 0.9 and 2.0 respectively. The

edit=yes field specifies that the individual file concentrations should be printed, and the

batch=pcp01 marks the batch with the unique identifier pcp01. The resulting concentra-

tion is then appended to the end of the current file stream.

Required parameters

Table B.11 gives the required commands for a fuel batching case.

Optional parameters

Table B.12 gives the optional commands for a fuel batching case.
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=oasis
read batch
stream= 2 1.0
title=reprocess batch pcp001
id= asm1 0.9 asm2 2.0 end
fpos 1 1 end
batch= pcp01 edit=yes

end batch
end

Figure B.12: Example of fuel batching; Fuel data in asm1.f71 is combined with data from
asm2.f71 and the fuel data at stream position in a ratio of 0.9, 2.0, and 1.0, respectively.

Table B.11: Required commands for fuel batching cases.

Command Description

title= Title of the batch.
id= List of binary files and batch ratios.
edit= Assigns a unique identifier for batch file.

B.2.12 Solvent batching

An additional option available in OASIS is to dissolve a mass stream into an elemental

composition, such as an acid. Such a process is useful for source term analysis with chemical

treatments of fuel like reprocessing. One thus assumes in such a treatment that the mass flow

(such as the fuel assembly) is mixed with a specified mixture of elements (whose isotopic

composition is assumed to be at their respective natural abundances).

For example, consider a case in which a fuel assembly is dissolved in a composition of

nitric acid (HNO3), which a ratio of 10:1 of solvent to dissolved mass. The process is similar

to batching of assemblies, but with slightly different required parameters. For example, no

files are input, however the file position ( step= ) is now required. Likewise, the molar

composition of the solvent is specified with the field comp= followed by a list of each atomic

symbol and its molar value, terminated by end. Finally, the ratio of solvent to dissolved mass

is given by the ratio= field.

Assuming the prior concentrations from the irradiation and decay cases have been written

215



www.manaraa.com

Table B.12: Optional commands for fuel batching cases.

Command Description

fpos= Batches concentrations at specified position in the current file stream
at the batch ratio specified.

stream= List of file positions for each binary file. Must match total number of
binary files specified.

edit= Outputs nuclide concentrations of each binary/stream. edit=yes

to turn on, edit=no to turn off.

to position 2, the example keyword input is given as Figure B.13.

=oasis
read solvent
comp= h 1.0 n 1.0 o 3.0 end
step=2
batch= SolBatch edit=no
ratio=10.0

end solvent
end

Figure B.13: Example of solvent batching of fuel data; fuel data from step 2 on the file stream
is batched with a 10:1 ratio of nitric acid (HNO3) to fuel.

B.2.13 Specifying print options

One can specify the various printout options of ORIGEN using the read prntopts block.

Particular features include output units, selecting libraries for output (actinides, fission

products, light elements), and output type (nuclides, elements, or total).

The read prntopts block can be used for any analysis block, outside of any other

read block.

Three fields are used: the unit= field, which specifies units and takes arguments of
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gram-atoms /moles (given as gm-atoms or moles) , grams (grams), curies (curies), the

sum of alpha, beta, and gamma watts (abg-watt), gamma watts (gam-watt), or hazard/di-

lution factors (in m 3) for air (haz-air) and water (haz-wat). Any number of units may be

given in the unit= list, terminated by end.

The libraries are specified similarly with the lib= field, which can take fission products

(fp), actinides (act), and light elements (le), terminated by end.

Finally, the output type is given by type= and takes the argument of nuclides (nuc),

elements (ele), or summary (sum), again terminated by end. An example of the use of the

print options is given as Figure B.14.

read prntopts
unit= moles grams gam-watt end
lib = fp end
type = nuc end

end prntopts

Figure B.14: Example of OASIS print output options; output in moles (gram-atoms), mass
(grams), and heat produced by gammas (in watts) is given for fission products, by nuclide.

Required parameters

The required commands for specifying printout options are given as Figure B.13.

Table B.13: Optional commands for fuel batching cases.

Command Description

unit= List of units for output.
lib= Library type (actinides, fission products, or light elements).
type= Output type (nuclides, elements, or summary).
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B.2.14 Continuous mass removal

Continuous removal of elements (such as for reactors which have a continuous removal of

elements for processing) can also be accomplished by using a read removal block. Multiple

groups of isotopes may be specified with a common removal rate constant (expressed in

units of 1/s). Elements are given as a list of their respective atomic symbols, starting with

elem= and terminated by end as shown in the example given as Figure B.15.

read removal
rate= 100.0 elem= cs sr end
rate= 200 elem = i tc end

end removal

Figure B.15: Example of continuous mass removal block in OASIS.

The removal block may be specified in any subcase block.

Required parameters

The required commands for specifying continuous mass removal are given as Table B.14.

Table B.14: Optional commands for fuel batching cases.

Command Description

rate= Continuous removal rate constant (1/s).
elem= Elements in continuous removal group.

B.2.15 Continuous mass feed

Similar to the continuous removal option, elements may be continuously fed into the system.

This is done by a feed= command, followed by an element’s symbol and its feed rate (in
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moles/sec), terminated by end. Relative isotopic abundances are controlled by the natural

abundances available in the natural abundance libraries. An example is given as Figure B.16.

feed= U 1.0 Th 2.0 B 0.01 end

Figure B.16: Example of continuous mass feed in OASIS.

B.2.16 Specifying neutron energy groups & spectra

Specifying a series of neutron energy groups can be done in one of two ways. The first is to

specify the logical unit number of the pre-defined neutron energy group structure (refer to

the SCALE manual for pre-defined photon and neutron energy group libraries); the second is

to specify the energy groups manually in MeV.

To specify energy groups manually, one may input all of the energy boundaries (including

the highest and lowest boundaries; thus there will be ngrp+1 entries for ngrp number of

groups); an example of this is Figure B.17.

ngrp= Emax En En−1 . . . E2 E1 end

Figure B.17: Example of neutron energy group specification in OASIS.

Alternatively, one may allow SCALE to perform an interpolation between a maximum

and minimum boundary. This interpolation can be done linearly or logarithmically.

The syntax for automatic logarithmic interpolation of ngrp boundaries between the

minimum and maximum energies (thus producing ngrp+1 groups) is thus:

ngrp= NgrpL Emax E1 end

Figure B.18: Neutron energy group specification using logarithmic interpolation in OASIS.
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Likewise, one may replace the “L” with an “I” for linear interpolation.

To specify a logical library position for energy group structure, the position number

should appear as a negative number after ngrp, i.e. Figure B.19.

ngrp= -libpos end

Figure B.19: Neutron energy group specification using a logical library position in OASIS.

B.2.17 Specifying gamma energy groups & spectra

Specifying the energy groups for gamma spectra is nearly identical to that of the case for

neutrons, however several additional options exist, including specifying which element

libraries (light elements, fission products, actinides) one wishes to see gamma spectra for.

Specifying a series of gamma energy groups can be done in one of two ways. The first is

to specify the logical unit number of the pre-defined neutron energy group structure (refer to

the SCALE manual for pre-defined photon and neutron energy group libraries); the second is

to specify the energy groups manually in MeV.

To specify energy groups manually, one may input all of the energy boundaries (including

the highest and lowest boundaries - thus there will be Ng+1 entries for Ng number of groups).

An example is Figure B.20

read gammagrp
ngrp= Emax En En−1 . . . E2 E1 end

end gammagrp

Figure B.20: Example of gamma energy group specification in OASIS.

Alternatively, one may allow SCALE to perform an interpolation between a maximum

and minimum boundary. This interpolation can be done linearly or logarithmically.

The syntax for automatic logarithmic interpolation of ng entries (producing ng+1 groups)
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is shown as Figure B.21.

read gammagrp
ngrp= NgL Emax end

end gammagrp

Figure B.21: Example of logarithmic gamma energy group interpolation in OASIS.

Likewise, one may replace the “L” with an “I” for linear interpolation.

To specify a logical library position for energy group structure, the position number

should appear as a negative number after ngrp (Figure B.22).

read gammagrp
ngrp= −libpos end

end gammagrp

Figure B.22: Gamma energy group specification using a logical library position in OASIS.

Bremstrahlung contributions to the photon spectra can be suppressed by using the

nobrem command, placed inside the read gammagrp block.

The only required parameter is the ngrp= command.

B.2.18 Saving output

One can save the result of any concentration stream to a named output file (in the SCALE

working directory, $TMPDIR) by giving the command outfile=<filename> . The result-

ing file, named “filename.f71” (where “filename” is the name given by the user) is written

with the concentrations from that particular step. The example in Figure B.23 will output the

concentrations at a particular step to the file “test.f71” in the SCALE working directory.
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outfile= test

Figure B.23: Outfile specification in OASIS.

B.2.19 Stream renormalization

Users can renormalize the result of any stream after an operation to the basis (either specified

by mtu= or to 1 MT if not specified). Users can normalize the concentration to the basis

using one of several options - to the basis in MTU (metric tons uranium), MTHM (metric

tons heavy metal, i.e., U + TRU), or MTM (metric tons material).

Arguments to renormalization take the form renorm= followed by one of “mtu”,

“mthm”, “mtm”, or “all”, which represent normalization to metric tons uranium, metric tons

heavy metal (U+TRU), and metric tons total (for “all” and “mtm”), respectively. Figure B.24

normalize to the basis value in metric tons heavy metal.

renorm= mthm

Figure B.24: Gamma energy group specification using a logical library position in OASIS.

B.3 Examples

In this section, two examples of chained analysis are given to demonstrate how OASIS can be

used to construct modular, chained fuel cycle analysis cases.

B.3.1 A simple reprocessing example

Figure B.25 demonstrates a simple irradiation case, followed by a decay for 10 years. 99%

of plutonium is then separated from the stream and the plutonium concentration is saved.

Likewise, all heat data is printed by elements for actinides in the reprocessing stage.

222



www.manaraa.com

=oasis
title= Reactor_Irradiation
id= irradiate
lib= w17x17_ofa
mtu= 1
mod= 0.7332
enrich= 3.965
lightel= o 135.95 cr 5.91975 mn 0.328875 fe 12.9358

co 0.074545 ni 9.86625 nb 0.7016 sn 3.508 end
read radhist
power= 40.2 burn= 331.675 down= 54.7264 end
power= 40.2 burn= 331.675 down= 54.7264 end
power= 40.2 burn= 331.675 down= 1 end

end radhist
end
=oasis
title= SNF_dry_storage
id= dry_store
units= years
decay= 10
step=-1

end
=oasis
read prntopts
unit= abg-watt end
lib= act end
type= ele end

end prntopts
title= Plutonium separation
id= Reprocess
separate - pu 0.99 end
decay= 1
units= days
step= 5
end

Figure B.25: A simple chained example of irradiation, decay, and plutonium separation in
OASIS.
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B.3.2 A more complex chained analysis example

Figure B.26 is an example of how the individual analysis components can be fitted together

for a more complex analysis.

The analysis above irradiates a composition (with a continuous feed of deuterium and

helium and a continuous removal of cesium, strontium, iodine, and technetium), followed

by a solvent batch in nitric acid (with gamma spectra activated) with a decay for one year,

followed by a renormalization to 1 MT heavy metal (U+TRU).
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=oasis
title= cooper bwr reactor 8x8
lib=ge8x8-4
mtu=0.1902
enrich=2.5
lightel= o 130.95 cr 3.366 mn 0.1525 fe 6.309 co 0.0242

ni 2.366 zr 516.3 sn 8.412 gd 2.860 end
read radhist
power=12.76 burn=807 down=59 end
power=24.227 burn=306 down=31 end
power=18.212 burn=164 down=799 end
power=5.878 burn=317 down=48 end
power=7.992 burn=348 down=857 end

end radhist
read removal
rate= 1000.0 elem= cs sr end

end removal
feed= h-2 5.0 he-4 10.0 end
outfile= radtest

end
=oasis
title=Solute Test
id=SolTest
step=2
read solvent
comp= h 1.0 n 1.0 o 3.0 end
batch= SolBatch edit=no
ratio=10.0

end solvent
read gamspec
group= 18 end
type= all
nobrem

end gamspec
decay=1.0
units= years
renorm= MTHM

end

Figure B.26: A chained analysis example using OASIS.
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APPENDIX C

Storage and retrieval of ORIGEN-S binary output data

An essential feature to the coupled analysis technique is the ability not only to produce

nuclear fuel analysis from within the code in question (for this application, the PR model),

but also to retrieve and process these results accordingly. This appendix will outline the

process used for ORIGEN-s binary data retrieval, such that the technique can be reproduced

for other applications.

C.1 Data storage on the FORTRAN binary

Nuclear fuel data (including radiological data) output from ORIGEN-S is stored as a FORTRAN

binary file. The procedure for retrieving this data in FORTRAN is relatively straightforward,

and even outlined in the ORIGEN-S user manual [43]. The relevant FORTRAN90 code for

storing data on the ORIGEN-S binary is illustrated below (Figure C.1).
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write ( unit=n96 ) i t x x , i l i t e , i a c t , i f p , n r f l a g , msub1 , nstepo , &
kasepo , jobpos , nocs , noblnd , ndset , ntype , ngrp , nelem , &
nvert , ng , mmn, mout , index , mstar , nunit , kblend , nenle , &
nenac , nenfp , l1 , l2 , l3 , l4 , tmo , fracpw , tconst , t u n i t , &
t w r i t e , pwrite , f w r i t e

write ( unit=n96 ) ( nucl ( i ) , i=1, i t o t ) , ( x (msub1 , j ) , j=1, i t o t ) , &
t i t l e , basis , ( egamle ( i 1 ) , i 1=1,n1 ) , ( egamac ( i 2 ) , i 2=1,n2 ) , &
( egamfp ( i 3 ) , i 3=1,n3 ) , ( specle ( i4 , msub ) , i 4=1, l 1 ) , &
( specac ( i5 , msub ) , i 5=1, l 2 ) , ( specfp ( i6 , msub ) , i 6=1, l 3 ) , &
( ener ( i 7 ) , i 7=1,n4 ) , ( dsav ( i8 , msub ) , i 8=1,ng ) , &
( esav ( i9 , msub ) , i 9=1,ng ) , ( i t s a v ( i10 , msub ) , i10=1 ,20) , &
( spnnuc ( i11 , msub ) , i 11=1, l 4 ) , ( alpnuc ( i12 , msub ) , i12=1, l 4 ) , &
( spneut ( i13 , msub ) , i 13=1,ngrp ) , &
( specan ( i14 , msub ) , i 14=1,ngrp ) , &
( specsp ( i15 , msub ) , i 15=1,ngrp ) , ( eneuts ( i16 ) , i16=1,n5 )

Figure C.1: FORTRAN90 code for storing ORIGEN-S data on a binary output file [43].

Each case in OASIS /ORIGEN-S is stored on the end of the binary output file; i.e., cases

are sequentially stored in order of execution. Thus, data can be retrieved by “skipping” the

appropriate number of records until the correct record is found. (Each relevant file position

is stored with the respective fuel cycle level class for ORIGEN-based levels.)

C.2 Retrieval of ORIGEN-S binary data in C++

Retrieval of data from a FORTRAN binary file in FORTRAN is a trivial task; i.e., it is simply a

read operation in place of a write. The retrieval of data from the FORTRAN binary in C++

however is somewhat more complicated. Thus, for the aid of others who wish to reproduce

the OASIS/ORIGEN-S coupling technique for other codes, the C++ code for ORIGEN-S

retrieval is provided below, in the following pages. As much as possible, variable names

have been structured to match those of the ORIGEN-S convention (c.f., the ORIGEN-S user

manual [43]) to minimize confusion.
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void get_origen_data ( const s t r i n g& fname , const i n t nskip ,

vector<int>& nucl , vector<f l o a t>& x , vector<f l o a t>& ener ,

vector<f l o a t>& esav , vector<f l o a t>& eneuts ,

vector<f l o a t>& specsp )

{

const i n t row1_size = 3 7 ;

const i n t num_flt = 7 ;

const i n t i t x x 2 = 1946;

const i n t f _ d i f f = row1_size−num_flt ;

const i n t f l t _ s z = s i z e o f ( f l o a t ) ;

const i n t i n t _ s z = s i z e o f ( i n t ) ;

//Clear out the v e c t o r s ( j u s t in case )

nucl . c l e a r ( ) ;

x . c l e a r ( ) ;

i n t row1 [ row1_size−num_flt ] ;

f l o a t r o w 1 _ f l t [ num_flt ] ;

i n t i t x x , nenle , nenac , nenfp , nstep ;

i n t l1 , l2 , l3 , l4 , ng , ngrp , len , npos ;

i n t t o t a l _ b i t s ;

i f s t r e a m i f s ( fname . c _ s t r ( ) , ios_base : : binary ) ;

i f ( ! i f s ) e r r o r ( "Cannot open ORIGEN binary f i l e " , fname ) ;

//Read b y t e header

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

f o r ( i n t i=0; i<row1_size ; ++i ) {

i f ( i < f _ d i f f ) i f s . read ( as_bytes ( row1 [ i ] ) , s i z e o f ( row1 [ i ] ) ) ;

}

f o r ( i n t i=0; i < num_flt ; ++i ) {

i f s . read ( as_bytes ( r o w 1 _ f l t [ i ] ) , s i z e o f ( r o w 1 _ f l t [ i ] ) ) ;

}

i t x x = row1 [ 0 ] ;
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nstep = row1 [ 6 ] ;

nenle = row1 [ 2 3 ] ;

nenac = row1 [ 2 4 ] ;

nenfp = row1 [ 2 5 ] ;

l 1 = row1 [ 2 6 ] ;

l 2 = row1 [ 2 7 ] ;

l 3 = row1 [ 2 8 ] ;

l 4 = row1 [ 2 9 ] ;

ng = row1 [ 1 6 ] ;

ngrp = row1 [ 1 3 ] ;

npos = 0 ;

//Quality c o n t r o l . . .

l 1 = max( 1 , nenle ) ;

l 2 = max( 1 , nenac ) ;

l 3 = max( 1 , nenfp ) ;

l 4 = max( 1 , l 4 ) ;

char t i t l e [ 8 0 ] ;

char b a s i s [ 4 0 ] ;

vector<f l o a t> egamle ;

vector<f l o a t> egamac ;

vector<f l o a t> egamfp ;

vector<f l o a t> specle ;

vector<f l o a t> specac ;

vector<f l o a t> specfp ;

vector<f l o a t> dsav ;

char i t s a v [ 8 0 ] ;

vector<f l o a t> spnnuc ;

vector<f l o a t> alpnuc ;

vector<f l o a t> spneut ; //Want SFN , not a l l neutrons !

vector<f l o a t> specan ;

vector<f l o a t> dummy; // f o r chewing up skipped p o s i t i o n s

while ( npos < nskip ) {

// Read row end word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

//Read row begin word p r e f i x (# b y t e s )
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i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

++npos ;

dummy. c l e a r ( ) ; //Purge b u f f e r b e f o r e we read in again

// Figure out length o f b i t s to chew up

t o t a l _ b i t s = i t x x + i t x x ;

read_push ( i f s , dummy, t o t a l _ b i t s ) ;

i f s . read ( as_bytes ( t i t l e ) , s i z e o f ( t i t l e ) ) ; // char s t r i n g

i f s . read ( as_bytes ( b a s i s ) , s i z e o f ( b a s i s ) ) ; // char s t r i n g

// Figure out length o f b i t s to chew up

t o t a l _ b i t s = ( nenle+1) + ( nenac+1) + ( nenfp+1);

t o t a l _ b i t s += l 1 + l 2 + l 3 + ( ng+1) + ng + ng ;

// i . e . , no energy bounds i f we have no energy groups

i f ( ng == 0) −−t o t a l _ b i t s ;

read_push ( i f s , dummy, t o t a l _ b i t s ) ;

i f s . read ( as_bytes ( i t s a v ) , s i z e o f ( i t s a v ) ) ; // char s t r i n g

// Figure out length o f b i t s to chew up

t o t a l _ b i t s = l 4 + l 4 + ngrp + ngrp + ngrp + ( ngrp+1);

//Necessary i f no groups p r e s e n t

i f ( ngrp == 0) ++t o t a l _ b i t s ;

read_push ( i f s , dummy, t o t a l _ b i t s ) ;

// Read row end word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

// Read row begin word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

f o r ( i n t i=0; i<row1_size−num_flt ; ++i ) {

i f s . read ( as_bytes ( row1 [ i ] ) , s i z e o f ( row1 [ i ] ) ) ;
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}

f o r ( i n t i=0; i < num_flt ; ++i ) {

i f s . read ( as_bytes ( r o w 1 _ f l t [ i ] ) , s i z e o f ( r o w 1 _ f l t [ i ] ) ) ;

}

i t x x = row1 [ 0 ] ;

nstep = row1 [ 6 ] ;

nenle = row1 [ 2 3 ] ;

nenac = row1 [ 2 4 ] ;

nenfp = row1 [ 2 5 ] ;

l 1 = row1 [ 2 6 ] ;

l 2 = row1 [ 2 7 ] ;

l 3 = row1 [ 2 8 ] ;

l 4 = row1 [ 2 9 ] ;

ng = row1 [ 1 6 ] ;

ngrp = row1 [ 1 3 ] ;

// S e t L1−L4 ( q u a l i t y c o n t r o l )

l 1 = max( 1 , nenle ) ;

l 2 = max( 1 , nenac ) ;

l 3 = max( 1 , nenfp ) ;

l 4 = max( 1 , l 4 ) ;

nucl . c l e a r ( ) ;

x . c l e a r ( ) ;

}

//Now read the p o s i t i o n we ’ r e a f t e r

i f ( i t x x > 0) {

// Read row end word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

//Read row begin word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

++npos ;

nucl . c l e a r ( ) ;
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x . c l e a r ( ) ;

//Now read in v a r i a b l e s

read_push ( i f s , nucl , i t x x ) ;

read_push ( i f s , x , i t x x ) ;

i f s . read ( as_bytes ( t i t l e ) , s i z e o f ( t i t l e ) ) ;

i f s . read ( as_bytes ( b a s i s ) , s i z e o f ( b a s i s ) ) ;

read_push ( i f s , egamle , nenle+1);

read_push ( i f s , egamac , nenac+1);

read_push ( i f s , egamfp , nenfp+1);

read_push ( i f s , specle , l 1 ) ;

read_push ( i f s , specac , l 2 ) ;

read_push ( i f s , specfp , l 3 ) ;

read_push ( i f s , ener , ng+1);

read_push ( i f s , dsav , ng ) ;

read_push ( i f s , esav , ng ) ;

i f s . read ( as_bytes ( i t s a v ) , s i z e o f ( i t s a v ) ) ;

read_push ( i f s , spnnuc , l 4 ) ;

read_push ( i f s , alpnuc , l 4 ) ;

read_push ( i f s , spneut , ngrp ) ;

read_push ( i f s , specan , ngrp ) ;

read_push ( i f s , specsp , ngrp ) ;

read_push ( i f s , eneuts , ngrp+1);

// Read row end word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

// Read row begin word p r e f i x (# b y t e s )

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

i f s . read ( as_bytes ( len ) , s i z e o f ( len ) ) ;

f o r ( i n t i=0; i<row1_size−num_flt ; ++i ) {

i f s . read ( as_bytes ( row1 [ i ] ) , s i z e o f ( row1 [ i ] ) ) ;

}

f o r ( i n t i=0; i < num_flt ; ++i ) {

i f s . read ( as_bytes ( r o w 1 _ f l t [ i ] ) , s i z e o f ( r o w 1 _ f l t [ i ] ) ) ;
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}

i t x x = row1 [ 0 ] ;

nstep = row1 [ 6 ] ;

nenle = row1 [ 2 3 ] ;

nenac = row1 [ 2 4 ] ;

nenfp = row1 [ 2 5 ] ;

l 1 = row1 [ 2 6 ] ;

l 2 = row1 [ 2 7 ] ;

l 3 = row1 [ 2 8 ] ;

l 4 = row1 [ 2 9 ] ;

ng = row1 [ 1 6 ] ;

ngrp = row1 [ 1 3 ] ;

// S e t L1−L4 ( q u a l i t y c o n t r o l )

l 1 = max( 1 , nenle ) ;

l 2 = max( 1 , nenac ) ;

l 3 = max( 1 , nenfp ) ;

l 4 = max( 1 , l 4 ) ;

}

e l s e {

cout << "Reached end of f i l e unexpectedly ! npos = "

<< npos << " , t i t l e= " ;

f o r ( i n t i=0; i <80; i++) cout << t i t l e [ i ] ;

cout << endl ;

}

i f s . c l o s e ( ) ;

}

void read_push ( i f s t r e a m& i f s , vector<int>& vec , const i n t len )

{

i n t tmp ;

f o r ( i n t i = 0 ; i < len ; ++i ) {

i f s . read ( as_bytes (tmp ) , s i z e o f ( tmp ) ) ;

vec . push_back (tmp ) ;

}
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}

void read_push ( i f s t r e a m& i f s , vector<f l o a t>& vec , const i n t len )

{

f l o a t tmp ;

f o r ( i n t i = 0 ; i < len ; ++i ) {

i f s . read ( as_bytes (tmp ) , s i z e o f ( tmp ) ) ;

vec . push_back (tmp ) ;

}

}

void read_push ( i f s t r e a m& i f s , vector<double>& vec , const i n t len )

{

double tmp ;

f o r ( i n t i = 0 ; i < len ; ++i ) {

i f s . read ( as_bytes (tmp ) , s i z e o f ( tmp ) ) ;

vec . push_back (tmp ) ;

}

}
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