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ABSTRACT

This report presents studies to assess reactivity margins and loading curves for pressurized water reactor
(PWR) burnup-credit criticality safety evaluations. The studies are based on a generic high-density 32-
assembly cask and systematically vary individual calculational (depletion and criticality) assumptions to
demonstrate the impact on the predicted effective neutron multiplication factor, k.4, and burnup-credit
loading curves. The purpose of this report is to provide a greater understanding of the importance of
input parameter variations and quantify the impact of calculational assumptions on the outcome of a
burnup-credit evaluation. This study should provide guidance to regulators and industry on the technical
areas where improved information will most enhance the estimation of accurate subcritical margins.
Based on these studies, areas where future work may provide the most benefit are identified. The report
also includes an evaluation of the degree of burnup credit needed for high-density casks to transport the
current spent nuclear fuel inventory. By comparing PWR discharge data to actinide-only based loading
curves and determining the number of assemblies that meet the loading criteria, this evaluation finds that
additional negative reactivity (through either increased credit for fuel burnup or cask design/utilization
modifications) is necessary to accommodate the majority of current spent fuel assemblies in high-capacity
casks. Assemblies that are not acceptable for loading in the prototypic high-capacity cask may be stored
or transported by other means (e.g., lower capacity casks that utilize flux traps and/or increased fixed
poison concentrations or high-capacity casks with design/utilization modifications).
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FOREWORD

In 1999 the United States Nuclear Regulatory Commission (U.S. NRC) issued initial recommended
guidance for using reactivity credit due to fuel irradiation (i.e., burnup credit) in the criticality safety
analysis of spent pressurized-water-reactor (PWR) fuel in storage and transportation packages.

This guidance was issued by the NRC Spent Fuel Project Office (SFPO) as Revision 1 to Interim Staff
Guidance 8 (ISG8R1) and published in the Standard Review Plan for Transportation Packages for Spent
Nuclear Fuel, NUREG-1617 (March 2000). With this initial guidance as a basis, the NRC Office of

Nuclear Regulatory Research initiated a program to provide the SFPO with technical information that
would:

e enable realistic estimates of the subcritical margin for systems with spent nuclear fuel (SNF) and an
increased understanding of the phenomena and parameters that impact the margin, and
e support the development of technical bases and recommendations for effective implementation of

burnup credit and provide realistic SNF acceptance criteria while maintaining an adequate margin of
safety.

A significant number of domestic and international studies have been performed to help understand the
components that influence the negative reactivity available with burnup credit. However, most of these
studies have focused on a specific technical issue and a comparison between studies is often difficult due
to the use of different calculational assumptions (e.g., nuclide sets, cask models, etc.). This report
presents comprehensive parametric studies to demonstrate the effect of variations in the calculational
assumptions (depletion and criticality) required for a PWR burnup-credit safety evaluation on the
predicted effective neutron multiplication factor, &4 and ultimately on burnup-credit loading curves.
The purpose of this report is to provide a greater understanding of the importance of input parameter
variations on k.z values and loading curves and identify the impact of the calculational assumptions on
the outcome of burnup-credit criticality safety evaluations. Such information is valuable to help guide
implementation of burnup credit by focusing efforts on areas that will best contribute to achieving
accurate and realistic estimates of the subcritical margin. Improved estimates of the subcritical margin
will make it possible to increase the applicability of burnup credit to a greater population of present and
future SNF for PWRs. The use of burnup-credit results in fewer casks needing to be transported, thereby

reducing regulatory burden on licensees while maintaining safety for transporting SNF. Lastly, this effort
will contribute to making effective, efficient, and realistic regulatory decisions.

Felloo

Farouk Eltawila, Director
Division of Systems Analysis and Regulatory Effectiveness
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1 INTRODUCTION

This report presents the results of parametric studies to evaluate the impact of variations in the
calculational assumptions (depletion and criticality) required for a pressurized-water-reactor (PWR)
burnup-credit safety evaluation on the effective neutron multiplication factor, k. The final product of a
burnup-credit safety evaluation is a loading curve, which specifies loading criteria in terms of the
minimum required assembly burnup as a function of assembly-initial enrichment. A loading curve
represents combinations of burnup and initial fuel enrichment that correspond to a single value of k.5 for
a given configuration (e.g., a burnup-credit cask). An illustrative loading curve is shown in Figure 1.
Because loading curves dictate acceptability of spent nuclear fuel (SNF) assemblies for cask loading, it is
important to understand how variations in analysis assumptions influence calculated loading curves.

This understanding will assist in the prudent selection of calculational assumptions, identify areas where
future work may provide the most benefit, and identify assumptions that have negligible impact. As the
uncertainties in burnup-credit analyses are better understood and reduced, the population of SNF qualified
for loading in high-capacity casks can be increased while adequate safety margins are maintained.

1.1 BACKGROUND

In the past, criticality safety analyses for commercial light-water-reactor (LWR) SNF storage and
transportation canisters assumed the spent fuel to be fresh (unirradiated) fuel with uniform isotopic
compositions corresponding to the maximum allowable enrichment and without fixed burnable
absorbers.! This fresh-fuel assumption provides a well-defined, bounding approach to the criticality
safety analysis that eliminates concerns related to the fuel operating history, and thus considerably
simplifies the safety analysis. However, because this assumption ignores the inherent decrease in
reactivity as a result of irradiation, it is very conservative. The concept of taking credit for the reduction
in reactivity due to fuel burnup is commonly referred to as burnup credit. Numerous publications

(e.g., Refs. 2, 3, 4) have demonstrated that increases in SNF cask capacities from the use of burnup credit
can enable a reduction in the number of casks and shipments, and thus have considerable financial and
safety-related benefits. A review of the technical issues associated with burnup credit for LWR fuel is
available in Ref. 5.

The reduction in reactivity that occurs with fuel burnup is due to the change in concentration (net
reduction) of fissile nuclides and the production of actinide and fission-product neutron absorbers.
Consequently, it has been recognized that if criticality calculations are performed based on all fissile
nuclides and a limited subset of absorbers, the calculated k.5 value is conservative (i.e., k. is
overestimated). To date, the proposed approach for burnup credit in storage and transportation casks has
been to qualify calculated isotopic predictions via validation against destructive assay measurements from
SNF samples and qualify criticality analysis methods via validation against applicable critical
experiments. Thus, the nuclides in a safety analysis process have been primarily limited by the
availability of measured assay data and applicable critical experiments.

The use of burnup credit necessitates that the reactor operating conditions experienced by the fuel be
considered. Consequently, in comparison to analyses based on the fresh-fuel assumption, additional
information and assumptions are needed for input to a burnup-credit evaluation. A related complication
lies in the desire for storage and transportation casks for a given reactor type, PWR or boiling-water
reactor (BWR), to be qualified to accept SNF assemblies from all (or many) United States (U.S.) utilities,
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Section 1 Introduction

and thus accept fuel that has experienced varying reactor operating conditions. Such broad qualification
on cask contents requires an understanding of the effects of variations in reactor operating conditions and
fuel assembly design characteristics on the reactivity of SNF to establish justifiable assumptions for a
burnup-credit evaluation. Although a large number of studies (e.g., Refs. 6-15) have been performed, a
consensus has not been reached on many of the important analysis assumptions. This situation is largely
attributed to the difficulties associated with the accurate estimation of uncertainties for such a complex
problem. A requirement for analyses to account for extreme or atypical reactor operating conditions can
introduce significant conservatism with respect to typical SNF. Additionally, there remains an
incomplete understanding of the impact of variations in many modeling assumptions on the final outcome
of a burnup-credit evaluation (a burnup-enrichment loading curve).

To date, there has been no regulatory experience in the U.S. with licensing of a PWR or BWR cask using
burnup credit. As mentioned, studies performed in the U.S. and abroad have provided an advanced
understanding of the issues and a basis for developing approaches for a safety evaluation Based on these
technical investigations, the Spent Fuel Project Office (SFPO) of the Nuclear Regulatory Commission
(NRC) issued Revision 1 of Interim Staff Guidance 8 (ISG-8)'® on burnup credit in July 1999.

A discussion of the technical considerations that helped form the development of ISG-8 can be found in
Ref. 17. Subsequently, the recommendations in ISG-8 were incorporated into the NRC Standard Review
Plan for transportation casks. '

This regulatory guidance'®'® recommends limiting the amount of burnup credit to that available from
actinide compositions in SNF with an assembly-averaged burnup of 40 GWd/MTU or less. Regarding
modeling assumptions, it is recommended that the applicant ensure that the actinide compositions used in
analyzing the licensing safety basis are calculated using fuel design and in-reactor operating parameters
selected to provide conservative estimates of the ks value under cask conditions. Furthermore, it is
recommended that the calculation of the k. value be performed using cask models, appropriate analysis
assumptions, and code inputs that allow adequate representation of the physics of the spent fuel cask
environment.

A small shift (up or down) in a cask loading curve can have a significant impact on the number of SNF
assemblies that are acceptable for loading. Consequently, reductions in analysis uncertainties or increases
in allowable burnup credit can lower the burnup-enrichment loading curve and notably expand the
applicability of burnup credit. This point is demonstrated by comparing the illustrative loading curve in
Figure 1 to the PWR SNF discharge data shown in Figure 2. Cask design characteristics (e.g., assembly
separation, fixed poison loading, and the use of assembly inserts) can also be optimized to lower burnup-
credit loading curves. Assemblies that are not qualified for loading in a high-capacity cask (i.e., do not
meet the minimum burnup requirement for its initial enrichment value) may be stored or transported by
other means. These include (1) lower capacity (e.g., 24-assembly) casks that utilize flux traps and/or
increased fixed poison concentrations and (2) high-capacity casks with design/utilization modifications,
such as increased assembly separation and neutron poison concentration or the use of absorber rods that
are inserted into assemblies.
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Section 1 Introduction

1.2 PURPOSE

The purpose of this report is to use a prototypic high-capacity 32-assembly cask as a basis to investigate
and quantify the effect of variations in burnup-credit analysis assumptions on the value of k., and
subsequently on burnup-credit loading curves. The use of a single representative storage/transportation
cask design to investigate the variation in analysis assumptions enables the relative value of the
assumptions to be better understood. This information may assist NRC staff reviewers in their evaluation
of the calculational assumptions used in burnup-credit applications and provide guidance with respect to
technical areas where improved information will most improve the accuracy of burnup-credit analyses
margin estimates.

1.3 OUTLINE

The remainder of this report is organized as follows: Section 2 describes the computational methods and
codes used for the analyses. Section 3 provides a physical description of the cask used for the studies and
describes the reference calculational models. Results are presented in Section 4 for fresh fuel conditions
to establish a baseline for comparisons. The effects of variations in depletion parameters/conditions on
ks values are investigated in Section 5. Studies of the effects of the important criticality modeling
assumptions are provided in Section 6. Finally, the effectiveness of using burnup credit to accommodate
SNF in a high-capacity cask is evaluated by comparing SNF discharge data to loading curves in Section 7,
followed by conclusions in Section 8.



2 COMPUTATIONAL METHODS

The burnup-credit analysis process involves depletion calculations to determine the SNF isotopic
compositions, extracting SNF isotopic compositions from the depletion output for use in a criticality
model, and a criticality calculation to determine the k.4 value. Additionally, the generation of a loading
curve requires a series of depletion and criticality calculations to determine burnup and enrichment
combinations that correspond to a given value of k.5 To simplify this process, an analysis sequence® has
been developed to automate burnup-credit analyses by coupling the depletion and criticality modules of
SCALE.* This sequence, referred to as STARBUCS, 2 was used for the analyses presented in this
report.

The STARBUCS sequence couples a number of SCALE code modules, including ARP, ORIGEN-S,
CSASI, WAX, and KENO V.a, to achieve the automation. The ARP code prepares cross sections for
each burnup step based on interpolation for fuel enrichment and mid-cycle burnup from a user-supplied
ARP library that contains problem-dependent cross sections. The ORIGEN-ARP methodology offers a
faster alternative to the SAS2H depletion analysis sequence® in SCALE, while maintaining calculational
accuracy.” Several ARP libraries are available with the SCALE code package, or the user may generate
their own problem-specific libraries. The generation of ARP libraries is straightforward and is explained
in detail in Ref. 25. For the analyses presented in this report, numerous problem-specific ARP libraries
were generated with the SAS2H sequence and the SCALE 44-group library.

Using an ARP-generated cross-section library, ORIGEN-S performs the depletion calculations to generate
fuel compositions for all unique fuel regions (e.g., different axial- and/or horizontal-burnup regions).

The CSASI module is used to automate resonance self-shielding calculations and prepare macroscopic
fue! cross sections for each unique fuel region. Sequentially with CSASI, the WAX modules are executed
to append the cross sections into a single cross-section library. Finally, the STARBUCS module executes
the three-dimensional (3-D) KENO V.a Monte Carlo criticality code® using the generated cross sections
and isotopic compositions. To ensure proper convergence and reduce statistical uncertainty, the

KENO V.a calculations simulated 1100 generations, with 2000 neutron histories per generation, and
skipped the first 100 generations before averaging; thus, each calculated k.5 value is based on 2 million
neutron histories. The KENO V.a calculations utilized the SCALE 238-group cross-section library.

The objective of a burnup-credit evaluation is the generation of burnup-enrichment loading curves, which
represent burnup and enrichment combinations that correspond to a given k¢ value for a given fuel/cask
design. The determination of these burnup-enrichment combinations requires a number of depletion and
criticality calculations associated with an iterative search and/or interpolation. The development of the
STARBUCS sequence has enabled the automation of the generation of loading curves through the
addition of a search capability® that allows repeated STARBUCS calculations to be performed, using a
least-squares analysis of the results to automatically adjust enrichment until a desired k¢ value is obtained
within a desired tolerance for a series of burnup steps. Although this search capability is computationally
intensive (each data point on a loading curve requires ~5 iterations), it completely automates the process,
and therefore is not user-time intensive. Hence, this capability has facilitated studies to evaluate the effect
of calculational assumptions on loading curves. For calculations utilizing this search capability, the target
ks value was 0.94 with a convergence criterion of = 0.002. Therefore, all loading curves presented in
this report correspond to k.z = 0.940 = 0.002. Note that the loading curves generated for this report are
intended to only demonstrate the effects of various analysis assumptions, and thus may not include all of
the conservative assumptions that would be required for a licensing evaluation.



3 CASK DESCRIPTION AND MODELS

In a separate effort™ related to burnup credit, a generic high-capacity burnup-credit-style cask, designated
GBC-32, was defined as a computational benchmark to provide a reference configuration for the
estimation of reactivity margins available from fission products and minor actinides. The generic cask
design includes features from several U.S. cask vendor’s designs (e.g., similar canister inside diameter
and Boral' for fixed neutron poison), as well as features from an internationally specified benchmark
cask,' and will accommodate 32 PWR fuel assemblies. Hence, the GBC-32 cask was used for all of the
studies presented in this report. The boron loading in the Boral panels is 0.0225 g "®B/cm?, which, per
regulatory guidance,' is 75% of the 0.0300 g '®B/cm? loading that corresponds to the modeled Boral panel
thickness. Detailed specifications for the GBC-32 cask are available in Ref. 27.

3.1 CALCULATIONAL MODELS FOR THE GBC-32 CASK

Three calculational models of the GBC-32 cask were developed for KENO V.a. The first model is the
GBC-32 cask with uniform axial and horizontal fuel composition. This model was used for fresh fuel
calculations and for various comparisons to cases with non-uniform axial and/or horizontal burnup.
Cross-sectional views of the computational model, as generated by KENO V.a, are shown in Figure 3 and
Figure 4. The second model includes the active fuel length divided into 18 equally-spaced axial regions
to enable representation of the variation in axial composition due to axial burnup. The third model has
additional modeling detail to represent the horizontal variation in burnup. For conservatism, the
assemblies are oriented such that the lower burnup regions of neighboring assemblies are adjacent.
Although this is anticipated to be the most-reactive assembly orientation, no studies were performed to
confirm this expectation. A cross-sectional view of this model, which indicates the fuel assembly
orientation, is shown in Figure 5. In all cases, all of the assemblies in the cask models are the same
(i.e., the same initial enrichment, assembly-averaged burnup, and cooling time).

To enable comparisons of various assumptions, a reference model was defined for the criticality
calculations. The reference model includes an axial-burnup distribution and assumes 5-year cooling time,
but does not include horizontal burnup or isotopic correction factors (used to “correct” predicted isotopic
compositions to that determined from comparisons with measured assay data). The axial-burnup profile
used in the reference model corresponds to the bounding profile suggested in Ref. 6 for PWR fuel with
assembly-averaged discharge burnup greater than 30 GWd/MTU. The profile is plotted in Figure 6 and
the specifications necessary for modeling the profile are provided in Table 1. The fuel design used in the
reference model is the Westinghouse (WE) 17 x 17 assembly.

It is also necessary to define the nuclides included in the criticality models. The use of a subset of
possible actinides in burnup-credit calculations is referred to as *“actinide-only” burnup credit. The use of
a subset of possible actinides and fission products is referred to herein as “actinide + fission product”
burnup credit. The actinide and fission product nuclides used here for actinide + fission product
calculations are consistent with those identified in Ref. 5 as being the most important for criticality
calculations. Table 2 lists the nuclides included for the two classifications of burnup credit. These
“classes” of burnup-credit nuclides are defined here for the purpose of these studies; other terminology
and nuclide sets have been defined and used by others studying burnup-credit phenomena.

t Boral is a clad composite of aluminum and boron carbide. A Boral panel or plate consists of three distinct layers.
The outer layers are aluminum cladding which form a sandwich with a central layer that consists of a uniform
aggregate of fine boron carbide particles within an aluminum alloy matrix.
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Figure 4 Cross-sectional view of an assembly cell in the KENO V.a model of the GBC-32 cask
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Section 3 Cask Description and Models
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Figure 5 GBC-32 cask model with binary variation in horizontal burnup
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Figure 6 Axial-burnup profile used in the reference model (Source: Ref. 6)
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Table 1 Axial-burnup profile used in the reference model (Source: Ref. 6)

Upper bound of axial region, measured
from bottom of active fuel

(cm) Normalized burnup
20.32 0.652
40.64 0.967
60.95 1.074
81.27 1.103
101.61 1.108
121.93 1.106
142.28 1.102
162.60 1.097
182.88 1.094
203.20 1.094
223.52 1.095
243.83 1.096
264.15 1095
284.49 1.086
304 81 1.059
325.12 0.971
345.44 0.738
365.76 0.462
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Section 3 Cask Description and Models

Table 2 Nuclides associated with the classifications of burnup credit used for analysis

Set 1: Actinide-only burnup-credit nuclides (10 total)

U-234 U-235 U-238  Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 o'

Set 2: Actinide + fission product burnup-credit nuclides (29 total)

U-234 U-235 U-236 U-238  Pu-238  Pu-239 Pu-240 Pu-241 Pu-242 Am-241
Am-243 Np-237 Mo-95 Tc-99 Ru-101 Rh-103  Ag-109 Cs-133  Sm-147 Sm-149
Sm-150 Sm-151 Sm-152 Nd-143 Nd-145 Eu-151 Eu-153  Gd-155 o'

*Oxygen is neither an actinide nor a fission product, but is included in this list because it is an integral part of the fuel,
and hence included in the calculations

3.2 CALCULATIONAL MODELS FOR DEPLETION
ANALYSES

The WE 17 X 17 fuel assembly was used as the reference fuel assembly for both depletion and criticality
models. For the determination of the SNF isotopic compositions, a number of different operating
conditions were evaluated. To enable comparisons of the various conditions, reference depletion
conditions were defined. Neglecting the presence of control rods and burnable poison rods, these
conditions correspond to values judged to be bounding based on available reactor operational data and are
discussed in the following section. The presence of control rods and burnable poison rods are evaluated
as a variation and their effect is determined based on comparison to the reference conditions.

13



Before proceeding on to the various parametric studies, results are presented in this section for fresh fuel

4 FRESH FUEL CALCULATIONS

conditions to establish a baseline for comparison. The k.4 values as a function of enrichment for the
GBC-32 cask are plotted in Figure 7. Note that 1-G error bars are included on the figure but are

sufficiently small that they are difficult to distinguish from the data symbols. An important point to note

from this figure
~2.0wt % U

is that, in the absence of burnup credit, assemblies with enrichments greater than
(the majority of PWR SNF assemblies, see Figure 2) exceed the recommended

0.95 limit" *® for k5, and thus would not be acceptable for loading into the GBC-32 cask.
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Figure 7 k.y as a function of initial enrichment in GBC-32 cask
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5 EFFECTS OF DEPLETION MODELING

It is anticipated that burnup credit will be applied for a wide variety of fuel types irradiated under a
variety of reactor operating conditions (temperature, soluble boron concentration, burnable poison usage,
etc.). If a cask design is to accept such a variety of fuel assemblies, analyses must account for the
variations in the depletion conditions to ensure that the composition of the SNF will provide a bounding
reactivity. Several studies (e.g., Refs. 8-10) have been performed to assess the effect of depletion
modeling assumptions on SNF calculated isotopic compositions. In these studies, the calculated isotopic
compositions were used to calculate neutron multiplication factors for infinite SNF pin lattices and
generic casks loaded with SNF. Trends in neutron multiplication were then examined as a function of
each parameter to determine the conservative direction (e.g., high temperature versus low temperature)
for that parameter, and the magnitude of the effect over a realistic operating range. A summary of these
findings (taken from Ref. 5) is provided in Table 3.

Table 3 Summary of information on depletion modeling parameters (Source: Ref. 5)

Estimated Recommended
Parameter Bounding condition sensitivityJr value/model
Fuel temperature Highest temperature 4-5 pcm AWK Maximum pellet-average
temperature
Moderator temperature ~ Highest temperature 35-90 pcm AK  Maximum core outlet
temperature
Soluble boron Highest concentration ~ 3-3.5 pcm Ak /ppm Maximum cycle-averaged
concentration concentration
Operating history High power late in life N/A Assume simple operating
(actinide-only) history, with margin of

200 pcm or more

Specific power High specific power N/A High but credible specific
(actinide-only) power
Fixed absorbers Absorbers present N/A May not be excessive to
during depletion assume absorbers present,
but further study is
warranted.

*pem (per cent mille) = 10°

For each parameter studied, the sensitivity of the neutron multiplication to changes in the parameter
increases with increasing burnup. Furthermore, with the exception of specific power/operating history
effects, all of the trends are related to spectral hardening. Spectral hardening results in an increased
production rate of plutonium from increased fast neutron capture in P8U. The increased production of
plutonium and decreased fission of >*U have the effect of increasing the reactivity of the fuel at
discharge and beyond. The mechanisms that result in spectral hardening for various operating conditions
are discussed in Refs. 5 and 8.
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In practice, an operational extreme in one parameter may result in an opposite extreme for a coupled
parameter. However, simultaneous use of bounding parameter values in a depletion model provides a
simple bounding approach to the modeling process since 1t 1s unlikely that any fuel would be depleted
under all such conditions simultaneously. With previous work having established the trends in the
neutron multiplication factor for each of the relevant depletion environment parameters/conditions,
analyses are presented in the following subsections to determine the impact of the bounding assumptions,
as compared to nominal conditions

The use of parameters in a safety evaluation that cannot be justified as bounding may necessitate loading
restrictions to ensure that the SNF assemblies loaded in the cask are not more reactive than those
considered in the safety evaluation In most cases, such loading restrictions are considered undesirable,
thus motivating the determination and use of justifiable bounding parameters for the safety evaluation.
Bounding parameters may be dictated by relatively few assemblies, while they are subsequently applied
to all assemblies i a burnup-credit safety evaluation. Therefore, it has been suggested (e.g., Ref. 28) that
future work consider the use of risk-informed approaches to develop criteria for selecting bounding
parameters. For example, approaches to allow the use of more representative parameters (e g., parameters
that bound 95% of the SNF) could be investigated.

5.1 DEPLETION PARAMETERS

Studies in this section provide an estimate of the reactivity effect associated with simultaneously using
bounding values for the following depletion environment parameters: soluble boron concentration,
moderator temperature, fuel temperature and specific power. Variation in operating history

(e.g., downtimes and variations in power) have been considered elsewhere®’® and are not considered in
this study; continuous burnup and constant power were assumed. All criticality calculations were
performed for the GBC-32 cask for the reference model identified in Section 3.1 (5-year cooling, axial-
burnup distribution included). Finally, note that the calculations assume constant depletion conditions as
a function of burnup.

The use of bounding values is compared to the use of nominal values to evaluate the effect on k.4 with
respect to typical or nominal fuel. To perform this comparison, nominal and bounding PWR operating
conditions for soluble boron concentration, moderator temperature, fuel temperature and specific power
were determned and are given in Table 4. The parameters were determined based on a hmited review of
reactor operating-history data that are available as a result of efforts performed under the Office of
Civilian Radioactive Waste Management to analyze commercial reactor criticals for the Yucca Mountain
Project® and other related studies (e.g., Refs. 8, 10). Where axial varations exist in a parameter

(e.g., moderator temperature/density), the value was selected based on the most conservative region for
that parameter (e.g , nominal and bounding values for moderator temperature correspond to the core exit,
where they are at their maximum). The authors exercised judgement in the selection of these values and
acknowledge that a more thorough review of plant data may result in differences in the actual values.

It is recognized that the nominal value for specific power may be too high, 19 but the sensitivity is
relatively small. The remaining selected values are considered to be reasonable, and should enable useful
comparisons (i.e., the comparisons should not be sensitive to minor variations in the parameter values).
However, the results will be sensitive to major variations in the parameter values (e.g., significant
increases or decreases 1n the difference between bounding and nominal values).
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Section 5 Effects of Depletion Modeling

Table 4 Summary of parameters used for the depletion calculations

Value used in analysis for ~ Value used in analysis for

Parameter “nominal” conditions “bounding™ conditions
Moderator temperature, density (K, g/cm’) 595, 0.68 610, 0.63
Fuel temperature (K) 850 1100
Power density (MW/MTU) 40 60
Moderator boron concentration (ppm) 600 1000

First, separate ARP libraries were generated for the nominal and bounding depletion conditions.

Then, depletion calculations were performed for both nominal and bounding conditions for various initial
fuel enrichments. The differences, Ak values, between the bounding and nominal conditions, as a
function of burnup and enrichment, are shown in Figure 8 for cases with and without the major fission
products included. The results show that the increase in k.5 associated with the use of bounding
parameters increases with burnup and decreases with initial fuel enrichment. The results with and without
the major fission products present are similar, but the Ak values are smaller when the major fission
products are included. In both cases the results show that the increase in k.4 is s 2% Ak for typical
discharge burnup and enrichment combinations. The ratio of burnup and enrichment is approximately
constant for typical discharged SNF, and is generally within the range of 9-12 [units of

(GWIMTU)/wt % 235U)] (e.g., 4.0 wt % fuel typically achieves a burnup between 36 and

48 GWd/MTU). This point is illustrated in Figure 2, which shows a graphical representation of
enrichment and burnup combinations for discharged PWR SNF and provides a frame of reference for
typical enrichment and discharge burnup combinations.

A series of calculations was also performed in which each parameter was individually set to the nominal
value, while the remaining parameters were set to their respective bounding value. The results from these
calculations, in terms of Ak values, are provided in Figure 9 for actinide-only and actinide + fission
product conditions. The results demonstrate that the increase in k. associated with the simultaneous use
of bounding parameters is (1) dominated by the bounding value for moderator temperature/density,

(2) notably and similarly impacted by the bounding values for soluble boron concentration and fuel
temperature, and (3) relatively insensitive to the bounding value for specific power. These results are
generally consistent with, but are smaller in magnitude than, the sensitivities listed in Table 3.
Approximately one half of the total Ak value is associated with the moderator temperature/density, while
the remaining half is nearly equally divided between the bounding assumptions for the soluble boron
concentration and the fuel temperature. The maximum moderator temperature in a reactor occurs near the
top of the fuel where the burnup is reduced due to leakage (see Figure 6). Consequently, the maximum
moderator temperature in this region, which dominates the reactivity in a burnup-credit cask, must be
properly bounded.

Finally, to assess the impact on a burnup-credit evaluation for a high-capacity cask, separate loading
curves were generated for the nominal and bounding depletion conditions. These loading curves are
compared in Figure 10 for actinide-only and actinide + fission product burnup credit. The results indicate
that bounding depletion parameters notably increase the minimum required burnup for a given initial
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enrichment (e.g., for actinide-only burnup credit, the minimum required burnup for 3.75 wt % 25y
enrichment is increased by ~5 GWd/MTU). The difference between the “bounding” and “nominal”
loading curves is much less when the major fission products are included.

Note that from this point forward, unless explicitly stated otherwise, all calculations will correspond to
the bounding depletion parameters.

5.2 BURNABLE POISON RODS

The presence of burnable poison rods (BPRs) during depletion hardens the neutron spectrum due to
removal of thermal neutrons by capture and by displacement of moderator, resulting in enhanced
production of fissile plutonium isotopes and diminished B5U depletion. As a result, an assembly exposed
to BPRs will have a higher reactivity for a given burnup than an assembly that has not used BPRs.
Recent work™® has provided detailed parametric studies to quantify the impact of BPRs on the reactivity
of SNF. Those studies concluded that BPRs have a notable positive impact on the reactivity of SNF for
typical operating practices, and thus should be addressed in a burnup-credit evaluation.

The effect of BPRs on reactivity is dependent upon the duration that the BPRs are present, the subsequent
accumulated burnup, the BPR design, and the initial fuel enrichment. Thus, for a given BPR design, a
burnup-credit analysis should include a justifiable assumption for the burnup duration in which the fuel is
exposed to BPRs. Assuming BPR exposure during the entire depletion is a simple, conservative approach
to bound the reactivity effect of BPRs. However, such an approach increases the SNF reactivity by
~1-2% Ak in comparison to the typical case in which the BPRs are removed after one cycle. More
realistic approaches based on typical operating conditions and/or loading restriction(s) may be acceptable
with supporting justification. For these approaches, it is necessary to define a maximum burnup for use
as the BPR burnup exposure duration. Values of 20 and 30 GWd/MTU are reasonable possibilities.
Hence, in this section, we examine the effect of BPR exposure during the first 20 and 30 GWd/MTU of
burnup, and compare them to the condition without BPRs present and the condition in which BPRs are
present during the entire depletion.

The WE Wet Annular Burnable Absorber (WABA) BPR design was used for this study, and the burnable
poison rod assembly (BPRA) was assumed to include the maximum number of BPRs (i.e., 24 BPRs for
the WE 17 x 17 assembly design). For a comparison of the impact of different BPR designs and design
specifications, the reader is referred to Ref. 30. An ARP library was generated for each of the BPR
exposure conditions considered (i.e., BPR exposure during first 20 GWd/MTU, first 30 GWd/MTU, and
the entire depletion), using the bounding depletion parameters given in Table 4. Subsequently,
STARBUCS calculations were performed for enrichments of 3, 4, and 5 wt % *°U.

The differences, Ak values, between cases with and without BPRs present for each of the BPR exposures
considered are given in Figure 11 for actinide-only burnup credit. The results with the major fission
products present are provided in Figure 12. Finally, the impact of these BPR exposure assumptions on
the loading curves for both actinide-only and actinide + fission product burnup credit is illustrated in
Figure 13. The loading curves in Figure 13 show the conservatism associated with assuming BPR
exposure for the entire depletion.
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5.3 CONTROL RODS

In the U.S., PWRs currently operate with control rods (CRs) withdrawn or nearly withdrawn from the
active fuel region and use soluble boron to control changes in reactivity with burnup. In contrast, French
PWR operations involve long periods of CR insertion for reactor control, low-power operations and load-
following.”! Similarly, some early domestic operations included CR insertions of notable depths, usually
for some portion of an assembly’s first cycle of burnup.®? Also, axial power shaping rods (APSRs) may
be inserted during normal operations at B&W plants, but impact fewer assemblies (e.g., in Three Mile
Island Unit-1, eight assemblies/core may contain APSRs, while 24 assemblies/core may contain CRs>).
Fuel shuffling between cycles reduces the probability that a fuel assembly will be exposed to CR/APSR
insertions during more than one cycle.

The presence of CRs and APSRs increases the reactivity of burned fuel by hardening the neutron
spectrum (due to removal of thermal neutrons by capture and by displacement of moderator) and
suppressing burnup in localized regions. The latter effect can lead to axial-burnup distributions
characterized by significantly under-burned regions, as is apparent by examining the axial-burnup profiles
in Ref. 34. Although the axial-burnup distribution is an important concern for burnup-credit evaluations,
the effect of CR/APSR insertion on the axial-burnup profile is not addressed here because it is considered
in the selection of bounding axial-burnup profile(s).*** Instead, this study examines the effect of
CR/APSR insertion on reactivity due to the impact of spectral hardening on the spent-fuel isotopics only.

Recent work’® has provided detailed parametric studies to quantify the impact of CRs and APSRs on the
reactivity of SNF, including evaluations of full and partial insertion conditions for a variety of different
designs. The study concluded that, based on the assumption that U.S. PWRs do not use CRs to a
significant extent (i.e., CRs are not inserted deeper than the top ~20 cm of the active fuel and CRs are not
inserted for extended periods of burnup), the effect of CRs on discharge reactivity is relatively small
(less than 0.2% Ak). However, that study also demonstrated that if CRs are deeply inserted (e.g., full-

axial insertion) into the active fuel region for an extended period of burnup, they have a notable positive
impact on the reactivity of SNF.

Due to the large variability in CR and APSR usage, estimating the effect of CRs and APSRs in a generic
manner is difficult. Based on operational arguments for U.S. PWRs, similar to those stated above, a
previous study® considered full-axial insertion for one cycle (15 GWd/MTU) as an upper bound for
assemblies exposed to CRs. For this evaluation, similar to the approach in the previous section for BPRs,
parametric analyses were performed for a couple of full-axial insertion exposure scenarios to establish the
effect on SNF reactivity. Specifically, the effect of CR insertions during the first 5 and 15 GWd&/MTU of
burnup are compared to conditions without CR insertion.

For this study, the WE Ag-In-Cd CR design, which is representative of other CR designs, was used. For a

comparison of the impact of different CR designs and design specifications, the reader is referred to

Ref. 36. An ARP library was generated for each of the two CR insertions conditions considered (i.e., full

CR insertion during first 5 and 15 GWd/MTU of burnup), using the bounding depletion parameters given

gxsTab]e 4. Subsequently, STARBUCS calculations were performed for enrichments of 3, 4, and 5 wt %
U.

27



Effects of Depletion Modeling Section 5

The differences, Ak values, between cases with and without CRs nserted are given 1n Figure 14 for
actmide-only burnup credit. The results with the major fission products present are provided n Figure 15.
Finally, the impact of these CR exposure assumptions on loading curves is illustrated in Figure 16, where

it can be seen that the assumption of CR exposure for 15 GWd/MTU has a very significant effect on the
loading curve.

The 1nsertion of BPRs and CRs cause simular reactivity effects. In terms of operations, BPRs are
typically inserted into an assembly during its first cycle of operation, are always fully inserted, and are not
withdrawn during power operations. In contrast, CRs may be used in a variety of ways, including full and
partial insertions for brief periods of burnup. When fully inserted, CRs have a larger impact on reactivity
than BPRs, but CRs are typically used for brief periods of burnup and are not typically fully inserted
Because it is not physically possible for a BPRA and a CR/APSR assembly to be simultaneously inserted
into a fuel assembly, it may be possible to use the BPR modeling assumption to bound the effects of BPR
and CR/APSR insertions. As an example, Figure 16 compares loading curves based on both BPR and CR
insertions, and shows that the cases with 20 GWd/MTU BPR insertion and 5 GWd/MTU full CR
insertion yield nearly identical loading curves over most of the burnup-enrichment range.
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6 EFFECTS OF CRITICALITY MODELING

In this section, the criticality modeling assumptions of primary importance to burnup credit are evaluated.
Unless explicitly stated otherwise, all calculations correspond to the reference model defined in
Section 3.1 and the bounding depletion parameters defined in Table 4.

6.1 SPATIAL BURNUP DISTRIBUTIONS

In this subsection, the effects of spatial burnup distributions, including both axial and horizontal, on k.5
in the GBC-32 cask are investigated as a function of initial enrichment, burnup, and cooling time.

6.1.1 Axial Burnup

6.1.1.1 Background

Axial variations in flux result in a non-uniform burnup distribution along the axial length of SNF.

The axial distribution is typically characterized by end regions that are significantly under-burned with
respect to the assembly-averaged burnup. The shape of the distribution is dependent upon the
accumulated burnup, as well as other characteristics of the assembly operating history (e.g., partial-length
absorbers, APSRs, CRs, and non-uniform axial fuel enrichments). For fuels of moderate-to-high burnup
(i.e., burnup beyond ~20 GWd/MTU), these under-burned regions are dominant in terms of reactivity,
and must be represented to ensure subcritical margins.

To accurately calculate the reactivity of SNF, a calculational model must include the axial distribution,
which is done by axially segmenting the model to approximate the isotopic compositions associated with
the axial variation in burnup. The most reactive region of the spent fuel is near the assembly ends, where
there exists a balance between increased multiplication due to lower burnup and increased leakage due to
closer proximity to the fuel ends. The difference in k.5 between a calculation with explicit representation
of the axial-burnup distribution and a calculation that assumes uniform axial burnup has become known
as the “end effect.” Although the assumption of uniform axial burnup has no physical validity for SNF,
it has proven useful as a reference for comparison of the effect of the axial-burnup distribution.

Numerous studies have been performed to quantify the reactivity effect associated with axial burnup.
A review of those studies is available in Ref. 37. In general, these studies have shown that assuming
uniform axial burnup is conservative for low burnup, but becomes increasingly nonconservative as
burnup increases. The transition between conservative and nonconservative is dependent on numerous
factors (including enrichment, cooling time, and the nuclides included in the criticality model), but
generally occurs in the burnup range of 15-25 GWd/MTU.

For a given axial-burnup profile, the end effect has been shown to be strongly dependent upon the cooling
time and the use of fission products in the criticality model. Previous work (e.g., Ref. 35), has shown that
the end effect (1) increases with burnup, (2) becomes positive later in burnup when fission products are
not included, (3) is reduced when fission products are neglected, and (4) increases with cooling time.
Although the end effect has been shown to be dependent upon many factors, it is primarily dependent on
the slope of the burnup profile near the ends of the fuel, which is dependent on the fuel assembly design,
burnup, and reactor operating environment (€.g., CR usage). While the accumulated burnup for a SNF
assembly is readily available from plant data in terms of the assembly-averaged burnup, the axial-burnup
profile may not be readily available.
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To account for the axial-burnup distribution in a burnup-credit evaluation, an approach must be developed
to address the impact in a general manner. One such approach 1s to identify and use axial-burnup profiles
that are bounding in terms of the value of k. and yet sufficiently realistic as to adequately represent the
physics. The approach to date in the U.S. has been to determine bounding axial profiles from actual
burnup profiles, either identifying specific profiles that are bounding or developing artificial bounding
profiles based on the characteristics of actual bounding profiles.

Previous works (e.g., Refs. 8, 38) in this area have employed a relatively straightforward approach —
perform criticality calculations for each burnup shape to determine the profile that produces the greatest
end effect The bounding profiles from Ref. 38, which are derived from the axial-burnup database of

Ref. 34 are listed 1n Table 5 and designated the Set 1 burnup-dependent profiles The burnup profile
changes with burnup — tending to flatten with increasing burnup. Hence, axial-burnup profiles are often
separated 1nto burnup ranges in analyses for determining bounding profiles, as was done in Ref 38.

The work of Ref. 38 was later expanded® to determine bounding profiles over coarser burnup ranges.
The bounding profiles for three burnup ranges were determined (based on the 12 bounding profiles listed
in Table 5) and suggested for use with a proposed actinide-only burnup-credit methodology.® For
reference, the three profiles are provided in Table 6 and designated the Set 2 burnup-dependent profiles

6.1.1.2 Analysis

STARBUCS calculations were performed to quantify the effect of axial burnup as a function of burnup,
initial enrichment, cooling time, and nuclides included 1n the model. Unless explicitly stated otherwise,
the calculations correspond to the reference model defined in Section 3.1 (i e., 5-year cooling and the
axial-burnup profile listed 1n Table 1).

Figure 17 shows the variation in the end effect with variations in imitial enrichment for actinide-only and
actinide + fission product burnup credit. These results are consistent with previous findings that the end
effect is negative for low burnup, undergoes a transition, subsequently increases with increasing burnup,
and is notably larger when fission products are included. As discussed in Ref. 37, previous studies have
reached conflicting conclusions with regard to the behavior of the end effect with varying imtial
enrichment. The curves in Figure 17 reveal the cause of the previous conflicting observations — the end
effect does not consistently increase or decrease as a function of initial enrichment. Rather, the behavior
1s dependent on burnup; for burnup values <40 GWd/MTU the end effect is shown to remain relatively
constant or decrease with increasing initial enrichment. In contrast, for burnup values 240 GWd/MTU
the end effect is shown to increase with increasing enrichment.

To demonstrate the impact of using different axial profiles, calculations were performed with each of the
3 burnup profiles listed in Table 6 for 4.0 wt % U enrichment and 5-year cooling. The results are
shown in Figure 18 and demonstrate significant difference in the end effect for these profiles. Note that
the profiles from the lower burnup ranges yield the largest end effect. To demonstrate the effect of
cooling time within the timeframe of interest to cask storage and transportation, Figure 19 shows the end

effect for various cooling times. Consistent with previous findings (e.g., Ref. 40), the end effect increases
notably with cooling time

Finally, to demonstrate the impact of axial-burnup modeling on loading curves for the GBC-32 cask,
loading curves were generated for each of the following modeling assumptions: (1) uniform axial burnup,
(2) the reference axial-burnup profile (listed in Table 1), (3) the 12 burnup-dependent profiles listed in
Table 5, and (4) the 3 burnup-dependent profiles listed in Table 6. In the last two cases, the burnup
profiles are dependent on burnup, thus different profiles are applied 1n different burnup ranges, as
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specified in Tables 5 and 6. The resulting loading curves are compared in Figure 20. The discontinuities
in the cases based on burnup-dependent profiles occur at the boundaries between burnup ranges that
utilize different profiles. The finer resolution burnup-dependent profiles (Set 1) provide a notable
reduction in the loading curve above ~ 38 GWd/MTU, as compared to the Set 2 profiles, and minimal
reduction for the remainder of the burnup range. Consequently, it appears there is little value associated
with using the fine resolution profile for lower burnups.

Table 5 Set 1: Burnup-dependent bounding axial-burnup profiles (Source: Ref. 38)

Burnup

group 1 2 3 4 5 6 7 8 9 10 11 12
Axial Burnup ranges (GWd/MTU)

height

(%) >46 {42-46|38-42|34-3830-34|26-30]22-26|18-22|14-18|10-14| 6-10 | <6
278 10.573]0.674 ] 0.660 | 0.585 ] 0.652 | 0.619 | 0.630 | 0.668 | 0.649 { 0.633 | 0.662 | 0.574

8.33 [0.917]0.949]0.936 | 0.957 | 0.967 | 0.924 | 0.936 | 1.034 | 1.044 | 0.989 | 0.931 | 0.947
13.89 | 1.066{1.05311.045|1.091]1.074 | 1.056 | 1.066 | 1.150 | 1.208 | 1.019 | 1.049 | 1.091
1944 [1.106| 1.085|1.080| 1.121 | 1.103 | 1.097 | 1.103 | 1.094 | 1.215 | 0.857 | 1.059 | 1.105
25.00 |1.114]1.095|1.091|1.126 | 1.108 | 1.103 { 1.108 | 1.053 | 1.214 | 0.776 | 1.108 | 1.094
30.56 |1.111]1.095]|1.093 | 1.111 | 1.106 | 1.101 | 1.109 | 1.048 | 1.208 | 0.754 | 1.144 | 1.087
36.11 [1.106{1.093|1.092}1.094  1.102 | 1.103 | 1.112 | 1.064 | 1.197 [ 0.785 | 1.168 | 1.086
41.69 [1.101}1.091{1.090]1.093|1.097]1.112|1.11911.095| 1.189] 1.013 | 1.183 | 1.087
4722 |1.097|1.089 [ 1.089]1.092]11.094 | 1.125]1.126 | 1.121 | 1.188 | 1.185 | 1.189 | 1.091
57.80 |1.093|1.088]1.088]1.09111.094 | 1.136|1.132 | 1.135| 1.192 { 1.253 | 1.190 | 1.096
58.33 | 1.089|1.086(1.088 | 1.092 1.095 | 1.143 | 1.135| 1.140 | 1.195 | 1.278 | 1.183 } 1.102
63.89 |1.086|1.0841.086|1.099 | 1.096 | 1.143}1.135{ 1.138 | 1.190 | 1.283 | 1.167 | 1.105
6944 11.081]1.081]1.084}1.096]1.095|1.136]1.129] 1.130} 1.156 | 1.276 { 1.135| 1.105
75.00 |1.073|1.0731.077|1.087 | 1.086 j 1.115] 1.109 | 1.106 | 1.022 | 1.251 | 1.079 | 1.096
80.56 |1.051}1.053]1.057|1.073|1.059{1.04711.041 | 1.049 | 0.756 { 1.193 { 0.976 | 1.066
86.11 |0.993]10.9870.99611.003|0.971 | 0.882| 0.871|0.933 | 0.614 | 1.075 | 0.806 | 0.986
91.67 |0.832}{0.800]0.823]0.796 | 0.738 | 0.701 | 0.689 | 0.669 | 0.481 | 0.863 |{ 0.596 | 0.806
97.22 | 0.512]0.524 1 0.525 | 0.393 | 0.462 | 0.456 | 0.448 | 0.373 ] 0.284 1 0.515] 0.375] 0.474
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Table 6 Set 2: Burnup-dependent axial-burnup profiles (Source: Ref. 6)

Section 6

Profile number 1 2 3
Burnup group 1 2 3
Axial Burnup ranges (GWd/MTU)
height (%) <18 18-30 >30
278 0.649 0.668 0652
833 1.044 1.034 0.967
13 89 1.208 1.150 1074
19 44 1.215 1.094 1103
2500 1.214 1.053 1 108
30.56 1.208 1.048 1 106
36.11 1.197 1.064 1102
41.69 1.189 1095 1 097
47 22 1.188 1.121 1 094
57 80 1.192 1.135 1.094
58.33 1.195 1.14 1.095
63 89 1.190 1.138 1096
69.44 1.156 1130 1.095
7500 1.022 1 106 1.086
80.56 0.756 1049 1.059
8611 0.614 0933 0.971
91 67 0.481 0.669 0.738
97 22 0.284 0.373 0.462
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6.1.2 Horizontal Burnup

6.1.2.1 Background

Radial variations in the neutron flux, which are mainly due to leakage at the core periphery, result in a
non-uniform horizontal burnup distribution over the radial extent of the reactor core. As the reactor
operates, the radial flux shape flattens due to fuel depletion and fission product poisoning near the core
center. However, because of the high leakage, burnup drops off rapidly near the core periphery. At the
end of a cycle, the individual assemblies located near the center of the core will have a relatively uniform
horizontal burnup distribution, while the assemblies near the core periphery may have a significant
horizontal variation in burnup.*" Thus, it is possible for fuel rods on one side of an assembly to have
experienced less burnup than fuel rods on the opposite side of the same assembly. To enhance fuel
utilization, assemblies are relocated within the reactor core between cycles, which reduce the horizontal
burnup gradient in typical discharged SNF. However, a periphery assembly discharged after a single
cycle may exhibit a significant horizontal burnup gradient.*!

A database containing quadrant-wise horizontal burnup gradients for 808 PWR assemblies (WE 17 x 17
and B&W 15 x 15) is available in Ref. 41. The database has been examined for trends with the number
of operating cycles, accumulated burnup, and initial enrichment. No trend with initial enrichment was
observed. However, the horizontal gradient was shown to be inversely proportional to accumulated
burnup and number of cycles, which are obviously closely related. In other words, the horizontal
variation in burnup decreases with increasing burnup. Axial variation of the horizontal burnup
distribution has not been assessed.

The horizontal variation in burnup is a criticality safety concern in the event that two or more assemblies
are placed in a configuration such that their low-burnup zones are adjacent, thus resulting in a potential
increase in reactivity. This potential reactivity increase will be greatest in small cask designs — such as
truck casks — where radial neutron leakage is significant. Although the effect is not expected to be
significant in large rail-type casks and the probability of placing assemblies in such a configuration is
small, this concern should be addressed in burnup-credit safety analyses, per regulatory guidance in

Ref. 18.

Based on the horizontal burnup database,*' Ref. 6 somewhat arbitrarily suggested bounding burnup-
dependent values for horizontal burnup gradients to be used in actinide-only burnup-credit applications.
These values are listed in Table 7. Further, it was proposed that these gradients be applied in conjunction
with the most reactive loading configuration. Such an approach should be adequately bounding.
However, studies have not been performed to quantify the effect on SNF reactivity associated with this
approach, and subsequently assess the value of developing alternative approaches. Therefore, studies are

presented in this section to quantify the effect of the proposed approach in terms of Ak values and loading
curves.

6.1.2.2 Analysis

Using the GBC-32 cask model illustrated in Figure 5, along with the previously defined reference
conditions (i.e., 5-year cooling, axial-burnup distribution included), STARBUCS calculations were
performed to quantify the effect of horizontal burnup. Note that with the use of 18 axial regions to
represent the axial-burnup variation and two radial regions to represent the horizontal burnup gradient,
each SNF assembly is modeled with 36 sets of isotopic compositions. The effect of a 25% horizontal
burnup gradient (with respect to the horizontal assembly-averaged) is shown in Figure 21 for various
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initial enrichments Consistent with the suggestions of Ref. 6, half of each assembly is modeled with a
burnup of 25% less than the horizontal assembly-averaged burnup and the other half is modeled with
25% higher than the horizontal assembly-averaged burnup, resulting in a 50% gradient across the
assembly The horizontal gradient effect, which is defined here as the difference in k.5 between a
calculation with explicit representation of the horizontal burnup gradient and a calculation that assumes
uniform horizontal burnup, 1s shown to increase with decreasing fuel enrichment and 1s relatively
insensitive to the inclusion of the major fission products. Even for this rather substantial burnup gradient,
the effect 1s shown to be less than ~ 0.005 Ak for typical discharge burnup and enrichment combinations.
Calculations were also performed with gradients of 10, 20, 25, and 33% for 4.0 wt % U enriched fuel,
and the results are shown in Figure 22. The results show that for medium-to-high burnup fuel

(1.e., burnup = 30-60 GWd/MTU, depending on initial enrichment), where the horizontal burnup gradient
is expected to be < 10% (Ref. 41), the horizontal gradient effect is small (i.e., < 0 002 Ak). Finally, the
horizontal gradient effect was evaluated for various cooling times. The results, which correspond to a
gradient of 25% and 4 0 wt % =°U enriched fuel, are given in Figure 23 and show that the horizontal
burnup gradient effect is fairly insensitive to cooling time

To demonstrate the impact of horizontal burnup modeling on loading curves for the GBC-32 cask,
loading curves were generated for the following two modeling assumptions: (1) uniform horizontal
burnup, and (2) the 3 burnup-dependent horizontal gradients listed in Table 7. The resulting loading
. curves are compared 1n Figure 24, where it can be seen that this rather conservative approach for

modeling the horizontal burnup gradient has a small impact on the loading curve, as compared to the
uniform horizontal burnup assumption.

Table 7 Bounding burnup-dependent horizontal burnup gradients (Source: Ref. 6)

Assembly-averaged burnup Horizontal gradient
(GWJA/MTU) (%)
<18 33
18 <and <30 25
30< 20

'An assembly with assembly-averaged burnup of 15 GWd/MTU 1s modeled with
10 GWd/MTU (33% lower) 1n one half and 20 GWd/MTU (33% higher) 1n the other half,
representing a 33% deviation 1n each half with respect to the assembly-averaged burmup.
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6.2 COOLING TIME

6.2.1 Background

Cooling time is an important parameter in a burnup-credit evaluation. It has been shown in numerous
studies (e.g., Ref. 40) that SNF discharged from a reactor will increase in reactivity for approximately
100 hours after discharge due to the decrease in neutron absorption caused by the decay of very short-
lived fission products. The decrease in reactivity from 100 hours to 100 years is driven by the buildup of
the neutron absorbers 2'Am (from decay of 2‘"Pu) and 33Gd (from "*Eu which decays with

ti, = 4.7 years). After approximately 100 years, the reactivity begins to increase, governed primarily by
the decay of two major neutron absorbers — > Am (t, = 432.7 years) and %*°Pu (t,, = 6,560 years).

6.2.2 Analysis

The effect of cooling time, in terms of Ak values, as a function of burnup for cooling times within the
0-40 year timeframe is shown in Figure 25 for actinide-only and actinide + fission product burnup credit
for 4.0 wt % 2°U fuel. The results show that the negative reactivity available from cooling time is
significant, increases with burnup, and does not change significantly with the inclusion of the major
fission products. The effect of cooling time for varying fuel enrichments is shown in Figure 26 for
actinide-only burnup credit, where it may be observed that the negative reactivity margin available from

cooling time (within the 0-40 year timeframe) decreases with increasing fuel enrichment (for a given
burnup).

Finally, to demonstrate the impact of cooling time on loading curves for the GBC-32 cask, Figure 27
provides loading curves for cooling times of 5, 20, and 40 years. Increased cooling time is shown to
substantially lower the loading curves. Therefore, credit for longer cooling times, beyond the current
recommended limit of 5-years,'® could be utilized in the future to expand the inventory of SNF that can be
loaded into a cask.
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Effect of Cooling Time
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6.3 ISOTOPIC VALIDATION

6.3.1 Background

In contrast to the fresh fuel assumption, the use of burnup credit requires additional validation for
calculational methods used to predict the SNF isotopic compositions that are subsequently applied in
criticality calculations. Various validation approaches have been proposed, including both independent
(Refs. 3, 6, 8, 42, 43) and integral (Refs. 3, 5, 44) validation of the depletion and criticality methods.

To date, however, the focus for burnup credit in storage and transportation casks has been on independent
validation of depletion and criticality methods, which involves qualifying calculated isotopic predictions
via validation against destructive assay measurements from SNF samples and qualifying criticality
methods via validation against applicable critical experiments. Thus, utilization of nuclides in a safety

analysis process has been primarily limited by the availability of measured assay data and applicable
critical experiments.

For independent validation of depletion methods and data, calculated isotopic predictions are compared to
chemical assay data to determine biases and uncertainties for each isotope considered in the safety
evaluation. The calculational bias is defined as the average measured-to-calculated ratio for a number of
comparisons for a given isotope. The uncertainty in the bias is the product of the standard deviation of
the bias and a tolerance factor corresponding to a desired confidence level. The uncertainty is typically
accounted for at a 95% confidence level and reflects the variance of the predicted bias and the number

of assay measurements available. For isotopes with relatively few measurements, the uncertainty can be
large.

An important consideration is how to properly combine the uncertainties of the individual isotopes.

The most conservative approach is to adjust the calculated isotopic concentration of every isotope to its
statistical limit in such a way as to always create a more reactive system; concentrations of fissile isotopes
are always increased, while the concentrations of absorbing isotopes are always decreased. Each isotopic
concentration is multiplied by an isotopic correction factor (ICF) to adjust for the average bias in the
depletion calculation and the uncertainty in the bias. If the concentration of each isotope included in the
criticality calculation is adjusted to its statistical limit to account for the nuclide uncertainty, this bounding
approach ensures that the predicted reactivity margin due to the uncertainties in the calculated isotopic
inventories will be bounding. This approach is conservative but unrealistic, since the calculational
methods and data will not produce isotopic concentrations that are biased in a direction that always results
in a more reactive system (i.e., concentrations of some nuclide species will be underpredicted, while
others will be overpredicted). However, such an approach is simple and easy to justify as conservative.

Recently developed best-estimate methods, which are discussed in Refs. 45 and 46, are expected to
provide a more accurate, yet bounding, estimate of the effects of nuclide uncertainty by combining the
uncertainties in a more realistic manner. These approaches evaluate the aggregate effect of isotopic
uncertainties on kg rather than the separate effects from individual isotopes, and as a result, the approach
credits compensating uncertainties in the calculated isotopic concentrations. The net uncertainty is
derived directly from experimental radiochemical assay data, providing a realistic and meaningful
measure of the effects of such uncertainties. With these approaches, calculated isotopic concentrations
are adjusted for the average bias in the depletion calculation, while the aggregate effect of isotopic
uncertainties is accounted for by reduction in the upper subcritical limit (USL).
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6.3.2 Analysis

The effect of conservative 1sotopic validation on the predicted k. of the GBC-32 cask was estimated
using bounding ICFs derived from publicly available experimental assay data for the SCALE (SAS2H)
depletion analysis sequence and 44-group ENDF/B-V cross-section library. The ICFs used for this study,
which are available from the open literature,***” were developed for the same depletion sequence
{SAS2H) and cross-section library used for the analyses in this report, and are listed in Table 8. Note that
the two sets were not developed based on the same experiments; Ref. 46 includes more recent
experimental data. Although 1t is not suggested that an applicant use ICFs that were developed by others
in their safety evaluation, these published values are useful for the purpose of estimating the impact on k.4
values and loading curves.

The effect of the Set 1 ICFs histed in Table 8 on k.4 values as a function of burnup for various initial
enrichments is shown 1n Figure 28. The results demonstrate the large effect (> 3% Ak for typical
discharge burnup and enrichment combinations) associated with this simple, conservative approach
(i.e , simultaneously adjusting each isotope concentration to its statistical limut) in comparison to the
reference case without any 1sotopic validation. The effects of each of the two sets of ICFs listed in
Table 8 are compared in Figure 29 for cooling times of 5 and 20 years and 4 0 wt % fuel.

To demonstrate the impact of ICFs on a loading curve for the GBC-32 cask, loading curves with and
without ICFs applied are shown in Figure 30. It 1s clear from Figure 30 that the application of the ICFs
listed in Table 8 results in a very large penalty to the loading curve. Consequently, more realistic
approaches for representing the effect of nuclide uncertainties, such as those presented in Refs. 45 and 46,
could provide enhanced utilization of burnup credit. Reference 46 describes several best-estimate
approaches for bounding the uncertainty in k.5 associated with the differences between measured and
computed isotopic compositions. From these approaches, Ak values, due to the uncertainties in the
computed isotopic compositions, were determined for a number of different configurations and
conditions, including the GBC-32 cask with and without fission products present. These Ak values can be
used to account for the uncertainties in the computed isotopic compositions. The Ak values from Ref. 46
for the GBC-32 cask with and without fission products are 1.4% and 1.8%, respectively To utilize these
values for generating loading curves, the USL used to develop the loading curves 1s reduced by the Ak
values (e.g., the USL Iimit of 0 94 used in this report 1s reduced to 0.922 and 0.926 for the cases with and
without fission products present). Note that it is still necessary to adjust the calculated isotopic
concentrations to account for the average bias in the depletion calculation. For this analysis, the
conservatively adjusted bias values from Ref. 46 were used. Loading curves based on the best-estimate
approach are compared to loading curves based on the bounding ICF approach in Figure 30, where it is
shown that the best-estimate approach for bounding uncertainties in the computed isotopic compositions
is significantly less conservative than the bounding ICF approach. For the best-estimate approach,
separate loading curves were generated based on the conservatively adjusted bias values (adjusted to
prevent positive biases, see Ref. 46 for details) and the unmodified bias values.*® As shown in Figure 30,
the effect of using the conservatively adjusted bias values is very small. This is due to the fact that few
bias values require adjustment and most of those that do are near unity, and hence the adjustment 1s small.
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Table 8 Isotopic correction factors used for analyses

. . t
Isotopic correction factors

Set 1 Set2
Isotope’ (Source: Ref. 46) (Source: Ref. 47)
U-234 0.714 0.635
U-235 1.080 1.085
U-238 0.990 0.992
Pu-238 0.862 0.856
Pu-239 1.095 1.076
Pu-240 0.950 0.945
Pu-241 1.144 1.087
Pu-242 0.882 0.848
Am-241 0.461 0.609
U-236 0.932 0.910
Np-237 0.741 0.697
Am-243 0.669 0.804
Mo-95 0.000 0.000
Tc-99 0.256 0.590
Ru-101 0.000 0.000
Rh-103 0.000 0.000
Ag-109 0.000 0.000
Cs-133 0.907 0.907
Nd-143 0.978 0.962
Nd-145 0.972 0.973
Sm-147 0.883 0.695
Sm-149 0.332 0.000
Sm-150 0.879 0.619
Sm-151 0.598 0.506
Sm-152 0.321 0.755
Eu-151 0.000 0.506
Eu-153 0.719 0.641
Gd-155 0.649 0.524

'A value of zero indicates no data, and thus the composition is set to zero (1.e., no credit is
taken for that isotope in the criticality calculations).

* Consistent with the classification in Table 2, isotopes shown in bold correspond to the
actinide-only nuclides
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Section 6 Effects of Criticality Modeling

6.4 “LOADING OFFSET” FOR ENRICHMENT > 4.0 WT % 2°U

6.4.1 Background

The applicable regulatory guidance for burnup-credit safety evaluations'®'® recommends a loading offset
equal to at least 1 GWd/MTU for every 0.1 wt % °U increase above 4 wt % “*U. The maximum
enrichment that may be considered in any case is 5.0 wt % 35U, Therefore, spent fuel with an initial
enrichment of 4.5 wt % U would be assigned a burnup loading value that is at least 5 GWd/MTU
higher than the burnup credited in the safety analysis. The loading offset was included in the regulatory
guidance to account for the potential of higher uncertainties in calculated isotopic inventories with SNF
having initial enrichments greater than 4.0 wt % 25U. At the time the regulatory recommendation was
developed, no publicly-available experimental data were available to validate computer code isotopic
predictions for initial enrichments > 4.0 wt % 2°U or burnups > 40 GWd/MTU.

The loading offset has been identified as a potential limitation to the practical usefulness of burnup credit.
However, for loading in a burnup-credit cask, the minimum burnup requirement increases with
enrichment. Consequently, considering the current regulatory limit on burnup (40 GWd/MTU and the
actinide-only burnup credit), the benefits associated with removing the enrichment loading offset (without
removing the limit on burnup) are limited, or non-existent for high-capacity casks such as the GBC-32.
This point is illustrated in Figure 31, which shows illustrative loading curves with and without the loading
offset applied. On the other hand, the enrichment loading offset does provide a means to store fuel up to
5.0 wt % 2°U enrichment with burnup credit in lower-density cask designs (e.g., a 24-assembly cask).

6.4.2 Analysis

The loading offset, expressed in terms of Ak, is illustrated in Figure 32 for actinide-only burnup credit.
The penalty associated with the loading offset is dependent on the burnup range over which it is applied —
the lower the burnup range, the larger the loading offset penalty. For 5wt % °U fuel, which is the

maximum enrichment allowed, the loading offset penalty ranges from approximately 0.030 to 0.045 Ak,
depending on the fuel burnup.
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6.5 FISSION PRODUCT MARGIN

6.5.1 Background

The applicable regulatory guidance'®'® recommends limiting credit for the reactivity reduction associated
with burnup to that available from actinide compositions. Moreover, the actinides are limited to those
that are established by validation. Credit for the reactivity reduction due to fission products is not
currently included due to the greater uncertainties associated with inventory prediction (see Section 6.3)
and cross-section data for fission products. Consequently, an added margin of subcriticality exists due to
the presence of fission product and actinide nuclides not included in the design-basis safety analysis.

To assess the effect of fission products and gain a greater understanding of the actual subcritical margin,
the regulatory guidance recommends performing design-specific analyses to estimate the additional
reactivity margins available from the fission products and actinides not included in the design-basis safety
analysis. Additionally, Ref. 18 states that, “the analysis methods used for determining the estimated
reactivity margins should be verified using available experimental data (e.g., isotopic assay data) and
computational benchmarks that demonstrate the performance of the applicant’s methods in comparison
with independent methods and analyses.”

The GBC-32 cask was developed as a computational benchmark to provide a reference burnup-credit cask
configuration for the estimation of reactivity margin available from fission products and minor actinides,
and reference estimations of the additional reactivity margin as a function of initial enrichment, burnup,
and cooling time are provided in Ref. 27. The findings are summarized here, while Ref. 27 provides the
detailed results. For typical enrichment and discharge burnup combinations, ~70% of the total reactivity
reduction associated with burnup is due to the major actinides (the Set 1 nuclides listed in Table 2), with
the remaining 30% being attributed to the additional nuclides (major fission products and minor actinides;
the nuclides present in Set 2 of Table 2 that are not part of Set 1). For a given burnup, an increase in the
initial enrichment is shown to result in a decrease in the contribution from the major actinides and a
simultaneous increase in the contribution from the additional nuclides. During the time frame of interest
to cask storage and transportation (0—40 years), the reactivity reduction associated with the major
actinides is shown to increase with cooling time. In contrast, the reactivity reduction associated with the
fission products and minor actinides is shown to increase initially with cooling time, but then decrease
somewhat in the 5- to 40-year time frame. The range (minimum and maximum) for the additional
reactivity margin available from fission products and minor actinides was quantified for the burnup,
initial enrichments, and cooling times considered, and is shown in Figure 33. The minimum values are
shown to occur at zero cooling time and increase as a function of burnup from ~0.03 Ak at 10 GWd/MTU
to ~0.08 Ak at 60 GWd/MTU.

6.5.2 Analysis

For the reference conditions considered herein (i.e., the bounding depletion parameters listed in Table 4,
5-year cooling, and axial-burnup distribution included), the reactivity reduction due to the major actinides
and the actinide + fission products are illustrated in Figures 34—36 for 4.0 wt % *°U enriched fuel.

The impact of including the major fission products and minor actinides on loading curves for the GBC-32
cask is shown in Figure 37.
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6.6 ASSEMBLY DESIGNS

Up to this point, all calculations have been based on the WE 17 x 17 fuel assembly design. The primary
motivation for using this assembly design is that it is known to be one of the most-reactive PWR
assembly designs. Because some assembly designs are know to be considerably less reactive than others,
it may be beneficial for applicants to generate separate loading curves for unique classes of assembly
designs. To investigate the potential merits, loading curves were generated for the following unique fuel
assembly design configurations: (1) CE 14 x 14, (2) B&W 15x% 15, (3) CE 16 x 16, and (4) WE 17 x 17.
The loading curves are shown in Figure 38, where it is clear that the minimum burnup requirements for
the CE assembly designs are significantly less than the requirements for the WE or B&W fuel assembly
designs. The fuel assembly specifications used for the calculations are listed in Table 9.

Table 9 PWR fuel assembly design specifications
(all units in cm)

Assembly design CEl14x14 |B&W 15x15| CE16%x16 | WE17x17
Parameter

Fuel pellet outside diameter 0.9563 0.9505 0.8255 0.7844
Cladding inside diameter 0.9754 0.9703 0.8433 0.8001
Cladding outside diameter 1.1176 1.0871 0.9703 0.9144
Rod pitch 1.4732 1.4427 1.2852 1.2598
Guide tube/thimble inside diameter 2.628 1.2700 2.2860 1.1227
Guide tube/thimble outside diameter 2.832 1.3411 2.4892 1.2040
Instrument tube inside diameter N/A 1.2700 N/A 1.1227
Instrument tube outside diameter N/A 1.3411 N/A 1.2040
Active fuel length 375.76 365.76 365.76 365.76
Array size 14x 14 15x 15 16 x 16 17x 17
Number of fuel rods 176 208 236 264
Number of guide tubes/thimbles 5 16 5 24
Number of instrument tubes 0 1 0 1
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6.7 SUMMARY OF EFFECTS ON LOADING CURVES

The results in the previous sections demonstrated the individual impact of each of the modeling
assumptions considered. In this section, the effect of the individual modeling assumptions are evaluated
in a cumulative manner, concluding with a loading curve that includes all of the primary bounding
assumptions necessary for a burnup-credit safety evaluation. The results correspond to the high-capacity
GBC-32 cask loaded with WE 17 x 17 fuel assemblies. Note that, as is the case throughout this report
(except where explicitly stated otherwise), the loading curves correspond to an USL of 0.94, which
inherently allows 1% for criticality calculational bias and uncertainty. Validation of criticality analysis
methods for burnup-credit analyses is outside the scope of this report, and hence specific values for
criticality calculational bias and uncertainty were not determined.

The characteristics of the cases considered are indicated in Table 10 and the resulting loading curves are
given in Figure 39 for actinide-only burnup credit. From Figure 39, the calculational assumptions that
have the largest increasing effect on the loading curve are (1) the use of bounding depletion parameters,
(2) the use of bounding ICFs for isotopic validation, and (3) BPR/CR exposure. Bounding modeling
assumptions are necessary to account for all realistic conditions that may increase the reactivity of SNF.
However, improved knowledge of the uncertainties and improved information to establish bounding
modeling assumptions will improve the accuracy of the estimates of subcritical margins, thereby reducing
the level of conservatism Most notably, more realistic approaches to address the validation of calculated
SNF isotopic compositions including those of fission products will provide improved estimates of the
subcritical margin. The impact of longer cooling times is illustrated in Figure 40.
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Table 10 Explanation of calculational assumptions for the loading curves shown in Figures 39 and 40

Nominal Bounding 3 burnup- 3 burnup-
depletion depletion dependent dependent Set 1 ICFs
parameter | parameters | axial profiles horizontal included BPR exposure | CR exposure
Case Notes (Table 4) (Table 4) (Table 6) profiles (Table 7) (Table 8) 20 GWd/MTU | 5 GWd/MTU
1 Reference v
condittons*
2 Reference v
conditions*
3 S-year v v
cooling
4 5-year v v v
cooling
5 5-year v v v v
cooling
6 5-year v v v v
cooling
7 5-year v v v v
cooling

* 5-year cooling, axial profile from Table 1.

uipapoy Aieonu) Jo S04

9 UOI103g



L9

Burnup [GWd/MTU]

specification of the various cases)

50

45

40

35

30

25

20

15

10

--o---case 1

~-%-case 2 )

—&—case 3

»— case 4
—a—case b
&— case 6

1.5

25

3

Enrichment [wt% 235U]

3.5

4.5

—+—case7

Figure 39 Cumulative effect of modeling assumptions on loading curves for actinide-only burnup credit (see Table 10 for

9 UOI13g

durepoN Airfeoniu) Jo s195yg




89

50

45

40

35

30

25

20

Burnup [GWd/MTU]

15

10

Figure 40 Effect of cooling time on loading curves for actinidc-only burnup credit (see Table 10 for specification of case 6)

T—]—8— case 6 (5-year cooling) Sy
—e— case 6 with 10 year cooling -//
—»— case 6 with 20 year cooling /-
v //
/’
a4
15 2 25 3 3.5

Enrichment [wt% 235U]

Surapopy Anfeonu) Jo s10009

0 UON23S



7 ASSESSMENT OF LOADING CURVES

In this section, the effectiveness of using burnup credit to accommodate SNF in high-capacity storage and
transportation casks is assessed by comparing discharge data to loading curves for the GBC-32 cask and
determining the number of SNF assemblies that meet the loading criteria. In addition, the impact of
variations in the calculational assumptions on the number of SNF assemblies that are qualified for loading
in the GBC-32 cask is examined. The discharge data from Ref. 19, which represents SNF assemblies
discharged from U.S. PWRs through the end of 1998, are used for this evaluation.

Following the regulatory guidance,'® separate loading curves were generated for the GBC-32 cask for
each of the four assembly designs described in Section 6.6 (i.e., CE 14 X 14, B&W 15 x 15, CE 16 X 16,
and WE 17 x 17). The calculations utilized the bounding depletion parameters listed in Table 4, the
burnup-dependent axial and horizontal burnup distributions listed in Tables 6 and 7, respectively, 5-year
cooling time, and the Set 1 ICFs listed in Table 8. Since B&W and WE reactors have used BPRs, those
cases assumed BPR exposure for the first 20 GWd/MTU of burnup. Hence, the loading curves for the
CE assembly designs correspond to case 5 from Table 10, while the loading curves for the B&W and
WE assembly designs correspond to case 6 from Table 10. Note that the above calculational assumptions
were used to enable reasonable comparisons of loading curves for the GBC-32 cask to SNF discharge
data. It is not implied, nor should it be assumed, that the NRC would approve or require the above
assumptions in a licensing application.

The loading curves for the four assembly types are provided in Figure 41, and the acceptability of the
SNF assemblies for each fuel type is summarized in Table 11. For determining acceptability, assemblies
that have enrichment > 4 wt % “*U or require burnup > 40 GWd/MTU are classified as unacceptable.
Application of the loading offset, which enables acceptability of assemblies with enrichments up to

5.0 wt % 2°U, would not have a significant impact on acceptability due to its associated increased
burnup requirements. The results indicate that while burnup credit can enable the loading of a large
percentage of the CE assembly types in a high-capacity 32-assembly cask, the effectiveness of burnup
credit under the current regulatory guidance is minimal for the B&W and WE assembly designs
considered.

To illustrate the effect of selected calculational assumptions in terms of loading acceptability, Figure 42
compares the loading curve for the WE 17 X 17 assembly (case 6 from Table 10) to loading curves for the
following individual variations: (1) extended cooling time (20-years), (2) inclusion of the major fission
products and minor actinides with the Set 1 ICFs, (3) inclusion of the major fission products and minor
actinides based on best-estimate bounding isotopic validation,” and (4) inclusion of the major fission
product and minor actinides without any correction for isotopic validation. The last case corresponds to
full credit for the calculated actinide and fission product concentrations, and represents a maximum in
terms of the negative reactivity. For the cases with fission products included, no explicit consideration of
criticality validation with fission products was included. However, the loading curves are all based on an
USL of 0.94 (as opposed to the recommended limit"'® of 0.95), which inherently allows 1% Ak for
criticality calculational bias and uncertainty. The percentage of WE 17 x 17 assemblies that would be
acceptable for each case is also shown in Figure 42. For these cases, the acceptable percentages are based
on removal of the regulatory limits'® on burnup and enrichment (i.e., < 4.0 wt % 2°U and

<40 GWd/MTU, in the absence of the loading offset).
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Figure 41 Comparison of discharged SNF assemblies to actinide-only loading curves for the
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The major component that would improve the accuracy of burnup credit analyses, with supporting data
for validation, is the inclusion of fission products. To illustrate the impact of including fission products,
actinide + fission product burnup-credit loading curves for the four assembly types are provided in
Figure 43, and the acceptability of the SNF assemblies for each fuel type is summarized in Table 12.

As these results are intended to provide an assessment of the potential of expanded burnup credit, the
determination of assembly acceptability ignores the current regulatory limitations on burnup and
enrichment (40 GWd/MTU and 4 wt % Z°U, in the absence of the loading offset). With the exception of
the nuclides included in the calculations, the cases shown in Figure 43 are consistent with those shown in
Figure 41. Therefore, comparison of Figure 43 and Table 12 to Figure 41 and Table 11, respectively,
identifies the increase in the number of SNF assemblies that are acceptable for loading with credit for the
minor actinides and major fission products and removal of the current limitations on burnup and
enrichment. Note that the actinide + fission product calculations included the Set 1 ICFs listed in Table 8.
The results demonstrate the potential significant increase in accomodating SNF with inclusion of the
major fission products and removal of the burnup and enrichment Iimits.

Table 11 Summary of SNF acceptability in the GBC-32 cask with actinide-only burnup credit for
the four assembly types considered

Total Number of assemblies
number in Number Number rejected because
discharge acceptable unacceptable minimum required

Assembly type data for loading for loading burnup > 40 GWd/MTU
CE 14x 14 5453 4096 (75%) 1357 (25%) 98 (1.8%)
B&W 15x% 15 6439 189 (3%) 6250 (97%) 1 (0.02%)
CE16x 16 5809 2830 (49%) 2979 (51%) 796 (13.7%)
WE 17x 17 21569 2389 (11%) 19180 (89%) 53 (0.3%)
Total 39270 9504 (24%) 29766 (76%) 948 (2.4%)

Table 12 Summary of SNF acceptability in the GBC-32 cask with actinide + fission product
burnup credit and neglecting the regulatory limitation of burnup and enrichment
40 GWA/MTU, 4 wt % 23‘SU) for the four assembly types considered

Total

number in Number Number

discharge acceptable unacceptable

Assembly type data for loading for loading

CE 14x 14 5453 5182 (95%) 271 (5%)
B&W 15x 15 6439 2110 (33%) 4329 (67%)

CE16x 16 5809 5748 (99%) 61 (1%)
WE 17x 17 21569 12598 (58%) 8971 (42%)
Total 39270 25638 (65%) 13632 (35%)
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Besides improving the accuracy of burnup-credit analyses, cask design and utilization characteristics
(e.g., assembly separation, poison loading, and the use of assembly inserts) can be optimized to lower
burnup-credit loading curves. To illustrate the impact of design/utilization modifications, loading curves
were generated for the GBC-32 cask with selected design (increased poison loading) and utilization
(assembly inserts) modifications. The loading curves are provided in Figure 44 and are based on the

WE 17 x 17 assembly and the case 6 modeling assumptions (from Table 10). While the increases in
boron loading show notable reductions in the loading curve, the maximum possible boron loading is
constrained by physical limitations that are not addressed here. Regarding cask utilization, the insertion
of rods into assembly guide tubes, which displaces moderator, can effectively reduce reactivity. Three
simplistic cases were considered here to 1llustrate the effect, including solid rods of aluminum, solid rods
of staless steel (SS), and unirradiated WE WABA BPRs. In all three cases, the rods were inserted into
all guide tubes of all assemblies. The outer diameter of the solid rods was chosen consistent with that of
the WE burnable poison rod designs (i.e., 0.96774 cm).*® While the solid aluminum rods had a relatively
small impact on the loading curves, the solid SS rods had a large effect — exceeding the negative
reactivity effect of the major fission products As expected, the use of poisoned insert rods (i.e., WABAS)
had a very large effect. Although the use of rod inserts was not thoroughly investigated here, this type of
approach offers a great deal of flexibility (e.g., the dimension, composition, and number of rods can be
varied) to achieve needed reductions in reactivity in an existing cask design.

Assemblies that are not qualified for loading in a given high-capacity cask (i.e., do not meet the mimimum
burnup requirement for its initial enrichment value) must be stored or transported by other means.

These include (1) high-capacity casks with design/utilization modifications (as described above) and

(2) lower-capacity (e.g., 24-assembly) casks that utilize flux traps and/or increased fixed poison
concentrations. Many lower-capacity casks are currently licensed under the fresh-fuel assumption1 and
are capable of accommodating assemblies with nitial enrichments in the mid-to-low 4% range without
any credit for fuel burnup. However, credit for fuel burnup can be used to enable loading of higher-
enrichment assemblies (up to 5 wt % 2°U). To investigate the effectiveness of burnup credit for this
purpose, loading curves were generated for an established 24-assembly cask design*® with each of the
four assembly designs described in Section 6.6. These loading curves are based on the case 6 modeling
assumptions (from Table 10) and are i1llustrated in Figure 45 (note that these are the only loading curves
in thus report that do not correspond to the GBC-32 cask). Because the current regulatory guidance
recommends a loading offset for enrichments above 4 wt % 2°U (see Section 6.4 for details), loading
curves are shown in Figure 45 with and without the loading offset. A comparison of the loading curves in
Figure 45 and the corresponding SNF discharge data shown in Figure 43 reveals that, even with the
loading offset, this 24-assembly cask is capable of accepting 100% of the discharged fuel for the four
assembly designs considered. Hence, the results indicate that, under the current regulatory guidance,

burnup credit can enable the loading of all or very nearly all assemblies with initial enrichments up to
5 wt % °U 1n 24-assembly casks.
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Figure 44 Effect of design and utilization modifications on loading curves for the GBC-32 cask
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Assessment of Loading Curves Section 7
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Figure 45 Burnup credit loading curves for a 24-assembly cask with and without the loading offset
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8 CONCLUSIONS

Parametric studies were presented in this report to quantify the effect of variations in the calculational
assumptions (depletion and criticality) required for a PWR burnup-credit criticality safety analysis.

The purpose of these studies was to provide a better understanding of the importance of input parameter
variations on k.5 values and loading curves for a prototypic high-capacity cask. This information may
assist NRC staff reviewers in their evaluation of calculational assumptions used in burnup-credit
applications and provide guidance with respect to technical areas where improved information will most
improve the accuracy of subcritical margin estimates. Because the impact of variations in the
calculational assumptions are dependent on the characteristics of the model used for the determination
(e.g., nuclides include, burnup, enrichment, etc.), it is difficult and problematic to quantify Ak values that
are generally applicable. With this note of caution, Table 13 summarizes Ak values associated with
specific variations in the modeling parameters and characteristics considered in this study for a specific
initial enrichment and burnup combination.

Comparison of actinide-only based loading curves for the GBC-32 cask to PWR SNF discharge data
(through the end of 1998) leads to the conclusion that additional negative reactivity (through either
increased credit for fuel burnup or cask design/utilization modifications) is necessary to accommodate the
majority of SNF assemblies in high-capacity casks. However, it was shown that even minor reductions in
the minimum required burnup, for a given enrichment, significantly increase the number of assemblies
that may be accommodated. In other words, reductions in analysis uncertainties that enable more
accurate estimates of subcritical margins will lower the burnup-enrichment loading curve, and thus
expand the usefulness of burnup credit. Because the CE assemblies are considerably less reactive than
the WE and B&W assemblies considered herein, loading curves for the CE assemblies are notably lower
than those for WE and B&W assemblies.

Assemblies that are not qualified for loading in a given high-capacity cask (i.e., do not meet the minimum
burnup requirement for its initial enrichment value) must be stored or transported by other means. These
include (1) high-capacity casks with design/utilization modifications and (2) lower-capacity (e.g., 24-
assembly) casks that utilize flux traps and/or increased fixed poison concentrations. Loading curves
developed for actinide-only burnup credit with an established 24-assembly cask design®® are such that all
or very nearly all assemblies with initial enrichments up to 5 wt % °U are acceptable. Finally, loading
curves developed for the GBC-32 cask with selected design (increased poison loading) and utilization
(assembly inserts) modifications illustrate alternative means for increasing the number of assemblies
acceptable for loading in high-capacity cask designs.

Future work should focus on investigating approaches for increasing the allowed inventory of SNF that
can be loaded in high-capacity cask designs by increasing the accuracy of burnup-credit analyses.

For example, alternative approaches for validation of the isotopic compositions should be considered.
The most significant component that would provide a better estimate of kg is the accurate inclusion of
fission products. Consequently, an effective approach for validation of fission products is a key element
necessary for the expansion of burnup credit.

Finally, it should be noted that the results described in this report are useful for predicting trends in SNF
behavior based on variations in input parameters and for assessing the relative importance of different
calculational assumptions. However, caution should be taken in using specific numbers (e.g., reactivity

margins), especially if calculations are performed using other computer codes, cross-section data, or cask
designs.
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Conclusions

Section 8

Table 13 Summary table of Ak values due to variations in calculational assumptions
for a typical discharge burnup and enrichment combination
(40 GWd/MTU; 4.0 wt % **U) in the GBC-32 cask

Assumptions used for comparlson'r Ak values*
Modeling parameter/ Base Bounding Actinide +
characteristic assumption assumption Actinide-only fission products
Fuel temperature during 850K 1100 K 0.0045 00031
depletion
Moderator temperature 595 K 610K 0.0083 0 0088
during depletion
Soluble boron concentration 600 ppm 1000 ppm 0.0042 00038
during depletion
Specific power during 40 MW/MTU 60 MW/MTU < the statistical 0.0008
depletion uncertainty
Total of all depletion All values All values 0.0185° 0.0154
parameters listed above listed above listed above
BPRs during depletion None Inserted for first 0.0080 0.0062
20 GWd/MTU of burnup
CRs during depletion None Fully-inserted for first 0.0062 00070
5 GWd/MTU of burnup
Axial-burnup variation Umform Reference profile 00111 0.0337
from Table 1
Horizontal-burnup variation Uniform 20% gradient 00023 0.0021
ICFs None Set 1 ICFs 0.0325 0.0482
from Table 8

' Except where noted otherwise, all cases correspond to 5-year cooling and include the axial-burnup distribution

specified in Table 1.

" Ak value equals k.4 value based on assumption listed 1n column 3 munus kg value based on assumption listed in
column 2. All statistical uncertainties in the Ak values are less than or equal to 0 0008.

* This value 1s not the sum of the above values, but rather the difference between two calculations that used the
values indicated 1in columns 2 and 3.
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