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This research examines the practice of equating the
reactivity of spent fuel to that of fresh fuel for the pur-
pose of performing burnup credit criticality safety analy-
ses for pressurized water reactor (PWR) spent-fuel pool
(SFP) storage conditions. The investigation consists of
comparing keff estimates based on reactivity “equiva-
lent” fresh fuel enrichment (REFFE) to keff estimates
using the calculated spent-fuel isotopics. Analyses of se-
lected storage configurations common in PWR SFPs show
that this practice yields nonconservative results (on the
order of a few tenths of a percent) in configurations in
which the spent fuel is adjacent to higher-reactivity as-
semblies (e.g., fresh or lower-burned assemblies) and
yields conservative results in configurations in which
spent fuel is adjacent to lower-reactivity assemblies (e.g.,
higher-burned fuel or empty cells). When the REFFE is
determined based on unborated water moderation, analy-
ses for storage conditions with soluble boron present
reveal significant nonconservative results associated with
the use of the REFFE. Finally, it is shown that the prac-

tice of equating the reactivity of spent fuel to fresh fuel is
acceptable, provided the conditions for which the REFFE
was determined remain unchanged. Determination of the
REFFE for a reference configuration and subsequent
use of the REFFE for different configurations violates
the basis used for the determination of the REFFE and,
thus, may lead to inaccurate, and possibly, nonconser-
vative estimates of reactivity.

A significant concentration (;2000 ppm) of soluble
boron is typically (but not necessarily required to be)
present in PWR SFPs, of which only a portion (&500 ppm)
may be credited in safety analyses. Thus, a large subcrit-
ical margin currently exists that more than accounts for
errors or uncertainties associated with the use of the
REFFE. Consequently, the findings presented here do
not represent a significant safety concern unless/until
the subcritical margin associated with the soluble boron
(that is not currently explicitly credited) is offset by the
uncertainties associated with burnup credit and/or the
expanded allowance of credit for the soluble boron.

I. INTRODUCTION

Storage of spent fuel in underwater racks at reactors
has been standard practice in the United States since the
start of the nuclear industry. Spent-fuel pools~SFPs! at
reactors are licensed under Title 10 Part 50 of the Code
of Federal Regulations~10 CFR 50! and represent a con-
trolled facility operated in conjunction with the reactor

operation. In lieu of credit for soluble boron in the water,
the U.S. Nuclear Regulatory Commission~NRC! Office
of Nuclear Reactor Regulation has licensed the use of
burnup credit for many years in borated SFPs at
pressurized-water reactor~PWR! plants.1 The regula-
tory allowance of burnup credit in SFPs, including credit
for fission products, seems to be partly justified by the
presence of soluble boron in the SFPs. The reactivity
margin associated with soluble boron is inherently credited
in SFP burnup credit analyses to account for uncertainties*E-mail: wagnerjc@ornl.gov
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associated with the utilization of burnup credit. This ap-
proach is justified on the basis that in most U.S. PWR
SFPs there is sufficient soluble boron present~soluble
boron concentrations of;2000 ppm are common! to
maintain subcriticality even if an entire storage rack in-
tended to accommodate burned fuel were misloaded with
fresh fuel assemblies of the highest allowable enrich-
ment. Note that the recent allowance of partial soluble
boron credit reduces this associated margin.

Guidance on the regulatory requirements for the
criticality safety analysis of fuel storage at reactors is
documented in Ref. 1. The spent nuclear fuel~SNF!
inventory subsequent to the decay of the short-lived
135Xe isotope is typically used within a two-dimensional
representation of a storage rack to determine a fresh
fuel enrichment that provides the same neutron multi-
plication factor as the SNF inventory. The process of
equating the neutron multiplication factor of low-
enriched fresh fuel to that of high-enriched spent fuel is
referred to as “reactivity equivalencing”~Ref. 2!. Upon
determination of the reactivity “equivalent” fresh fuel
enrichment~REFFE!, it is typically used within a three-
dimensional Monte Carlo code to perform the actual
criticality safety analysis.

This type of approach to burnup credit hinges on the
adequacy of the process to determine the REFFE corre-
sponding to SNF, as well as the proper use of the REFFE
within environments that provide similar neutronic char-
acteristics. Until recently, this general process had been
used to obtain burnup credit in PWR SFPs where credit
for the soluble boron is taken only for postulated acci-
dent events. However, as mentioned, the NRC has re-
cently approved credit for soluble boron up to 5% inDk
~Ref. 1!.

The practice of equating reactivity, whether equat-
ing reactivity of fuel at a particular initial enrichment
and burnup combination to fuel with a different initial
enrichment and burnup combination or equating reactiv-
ity of spent fuel to fresh fuel, is referred to asreactivity
equivalencing. Throughout this paper, reactivity equiva-
lencing refers to equating the reactivity of spent fuel to
that of fresh fuel. The determination of the REFFE in-
volves ~a! calculatingkeff as a function of burnupk~B!
and~b! calculatingkeff as a function of initial enrichment
k~E!. All calculations are performed for the same geo-
metric configuration. Based on the calculated functions,
the reactivity at a particular burnup~with the calculated
spent-fuel isotopics! is compared to the reactivity as a
function of initial enrichment to determine the initial
enrichment value~fresh fuel isotopics! that yields the
same reactivity~i.e., the REFFE!. In other words, a fresh
fuel enrichment is determined that yields the same reac-
tivity as the burned fuel~i.e., calculated spent-fuel
isotopics!.

The acceptability of this practice can be demon-
strated, provided the environment in which the REFFE
is determined remains unchanged. However, it is often

the case that the REFFE is determined for a reference
configuration~e.g., an infinite array of storage rack cells
in unborated water! and then utilized in various similar,
but not identical, configurations. This practice violates
the basis used for the determination of the REFFE and,
thus, may lead to inaccurate, and possibly, nonconserva-
tive estimates of reactivity. This latter possibility has
motivated this review of the practice of equating the re-
activity of spent fuel to fresh fuel.

Recent work by Neuber3 has raised criticism of the
practice of applying reactivity equivalence relations be-
tween spent fuel and fresh fuel for boiling water reactor
~BWR! spent-fuel storage and identified the potential
for nonconservative results. Although this recent work
considered the application of reactivity equivalence in
storage configuration variations that are not considered
to be representative of U.S. BWR SFP analyses, it raises
serious and valid concerns regarding the practice of re-
activity equivalencing. Hence, Neuber’s work,3 along with
the recent acceptance of partial credit for soluble boron,1

provides additional motivation for this examination of
reactivity equivalencing for analyses of realistic PWR
SFP conditions in which the practice of reactivity equiv-
alencing is routinely employed. Note that soluble boron
is not present in BWR SFPs.

II. SFP STORAGE

Depending on storage needs and rack designs, criti-
cality safety evaluations for PWR SFPs may include analy-
ses for a number of different storage conditions and
configurations. These conditions and configurations may
include the following:

1. reference configuration—an infinite array of stor-
age rack cells containing spent-fuel assemblies

2. checkerboard configurations@e.g., alternating pat-
terns of either~a! empty cells and fresh or spent
fuel or ~b! highly burned fuel and low-burned
fuel#

3. optimal configurations, which may involve vari-
ous combinations of spent and fresh fuel~e.g.,
configurations in which 3 out of every 4 cells
contain spent fuel, but the remaining cell con-
tains either fresh fuel, low-burnup fuel, or no fuel!

4. soluble boron in the SFP water

5. accident conditions~e.g., a misplaced fresh fuel
assembly in a storage cell intended for spent fuel!

6. periphery rack configurations.

If the REFFE is determined based on a reference
configuration and employed in the analysis of any of the
other possible conditions, erroneous estimations of reac-
tivity may result. Therefore, in the sections that follow,
the practice of reactivity equivalencing will be evaluated
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for a number of the aforementionedrealistic storage
conditions and configurations. The evaluation will con-
sist of comparingkeff estimates based on reactivity equiv-
alencing tokeff estimates using the calculated spent-fuel
isotopics in configurations other than the reference.

III. CALCULATIONAL METHODS

The calculational methods necessary for this analy-
sis include codes for depletion and criticality simulation.
Fuel depletion analyses were performed with the SAS2H
sequence of SCALE~Ref. 4!. All SAS2H calculations
utilized the SCALE 44-group~ENDF0B-V ! library and
were performed on a DEC AlphaStation 500. The de-
pletion calculations were performed using time steps of
1 GWd0tonne U and conservative operational param-
eters for fuel temperature~1000 K!, moderator tempera-
ture~600 K!, soluble boron concentration~650 ppm! and
specific power~continuous operation at 60 MW0tonne U!.
The sensitivity ofkeff to variations in these parameters is
discussed in Ref. 5. A Westinghouse 173 17 optimized
fuel assembly~OFA! with initial enrichment of 4.5 wt%
235U was used in the depletion calculations.

The criticality calculations were performed with the
CSAS25 sequence of SCALE~Ref. 4!, which executes
the KENO V.a Monte Carlo code. These calculations
utilized the SCALE 238-group cross-section library, which
is based on ENDF0B-V data. For calculations involving
depleted fuel, atom densities were extracted from SAS2H
output for use in CSAS25. Except for the intentional
exclusion of135Xe per regulatory guidance~Ref. 1!, all
nuclides for which cross-section data are available in the
SCALE 238-group library~some 233 nuclides! were in-
cluded in the calculations. Although SAS2H has been
validated against measured chemical assay data,6–9 iso-
topic correction factors or biases~used to “correct” pre-
dicted isotopic compositions to that determined with
measured assay data! were not used in this analysis, which
is consistent with typical practice for this type of analysis.

IV. ANALYSES

IV.A. Reference Storage Cell

IV.A.1. Geometric Description

In the United States, high-density storage rack cells
designed to accommodate spent fuel are generally com-
posed of stainless steel walls with a single fixed neutron
absorber panel~e.g., Boral! on each side.10 The neutron
absorber panel is held in place by a thin stainless steel
sheath that is attached to the cell walls. Stainless steel
boxes are arranged in an alternating pattern such that the
connection of the box corners form storage cells be-
tween those of the stainless steel boxes. For the purpose

of this analysis, the reference storage cell geometry has
been defined with the following dimensions:

Cell inside dimension5 22.225 cm~8.750 in.!

Cell pitch5 22.784 cm~8.970 in.!

Cell wall thickness5 0.1905 cm~0.075 in.!

Sheath thickness5 0.0889 cm~0.035 in.!

Boral panel thickness5 0.2564 cm~0.101 in.!
10B loading in Boral5 0.030 g10B0cm2

Boral width5 19.05 cm~7.500 in.!

The reference storage configuration consists of an infi-
nite radial array of storage cells in unborated water, which
is modeled as a single storage cell with reflective bound-
ary conditions through the centerline of the composite
materials between the cells. The KENO V.a models in-
cluded axial leakage by modeling 30 cm of water above
and below the active fuel. The reference storage cell con-
tains a Westinghouse 173 17 OFA assembly. A cross-
sectional view of the calculational model, as generated
by KENO V.a, is shown in Fig. 1. For the sake of sim-
plicity and clarity ~in terms of comparing results!, uni-
form axial burnup was assumed, and thus the results of
this analysis are not dependent on any particular axial
burnup profile.

IV.A.2. Determination of the REFFE

The first step in determining the REFFE is to calcu-
latekeff as a function of burnup for the reference storage
rack configuration with the calculated spent-fuel isoto-
pics. Consistent with the guidance in Ref. 1,135Xe was
excluded from the spent-fuel isotopics to ensure maxi-
mum reactivity. The calculatedkeff as a function of burnup
is plotted in Fig. 2. Assuming the criticality safety crite-
rion is defined askeff less than or equal to 0.93, the burnup
required to meet this criterion may be directly deter-
mined from Fig. 2 to be 33 GWd0tonne U.

The second step involves calculatingkeff as a func-
tion of initial enrichment for the reference storage rack
configuration with fresh fuel isotopics. The calculated
keff as a function of initial enrichment is shown in Fig. 3.
Based on these results, the fresh fuel enrichment that
produces the samekeff value as the calculated spent nu-
clear fuel~SNF! inventory~i.e., the REFFE! for a burnup
of 33 GWd0tonne U may be determined to be 1.8086
wt% 235U. For use in later analyses of alternative storage
configurations, the REFFEs corresponding to burnups of
25 and 50 GWd0tonne U were also determined.

Specific criticality calculations may be performed
with the REFFE values and with the calculated SNF
inventories to verify the reactivity equivalence. Table I
lists the results of the verification calculations and shows
that the calculatedkeff values from the two approaches
are statistically equal. The uncertainties listed in Table I
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correspond to 1s. Considering that the REFFE values
were determined by equating reactivity, the verification
calculations should not be necessary. Nevertheless, they
do provide confirmation of the determination of the
REFFE values.

The following sections will use the REFFE values in
a variety of different realistic storage conditions.

IV.B. Calculations with Soluble Boron Present

The double contingency principle specifies that it
shall require at least two unlikely independent and con-
current events to produce a criticality accident. This
principle precludes the necessity of considering the si-
multaneous occurrence of multiple accident conditions.
Therefore, if soluble boron is present and controlled in
the SFP water, the loss of soluble boron may be consid-
ered as one accident condition and a second concurrent

accident condition need not be evaluated.1 Consequently,
the single-accident condition—loss of soluble boron—is
typically assumed to be thenormal conditionfor the
reference analyses. Direct credit for the presence of sol-
uble boron may be taken for other postulated accident
conditions1 ~e.g., dropped or misplaced assembly!.

Soluble boron is maintained in the water in PWR
SFPs and, although concentrations vary from plant to
plant, concentrations in the range of 1500 to 2000 ppm
are considered typical.10 In the past, credit for the solu-
ble boron present in the SFP water was taken only for
postulated accident conditions. Recently, however, the
NRC has allowed credit for soluble boron up to 5% inDk
~Ref. 1! for normal conditions. Therefore, in this sec-
tion, the impact of using the REFFE based on the refer-
ence configuration~unborated water! for calculations
involving soluble boron is reviewed for normal condi-
tions, as well as a typical accident condition.

Fig. 1. KENO V.a calculational model of the reference storage rack configuration loaded with Westinghouse 173 17 OFA
assemblies. Reflective boundary conditions are employed on all sides to simulate an infinite radial array of storage cells.
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IV.B.1. Normal Conditions

Using the determined REFFE and the calculated
SNF inventory ~for a burnup of 33 GWd0tonne U!,
calculations were performed for an infinite radial array
of storage cells~the reference geometric configuration!
with increasing quantities of soluble boron~a departure
from the reference configuration!. The resultingkeff val-
ues are listed in Table II and plotted in Fig. 4. The use of
the REFFE is shown to produce nonconservative results
when used in the presence of soluble boron. To demon-
strate the effect as a function of burnup, Table III com-
pareskeff values for burnups of 25 and 50 GWd0tonne U.

TheDk values between using the calculated SNF inven-
tory and the REFFE, which are listed in the right col-
umns of Tables II and III, and plotted in Fig. 5, clearly
show the magnitude of the nonconservatism associated
with using the REFFE~based on unborated water! for
analyses with soluble boron. Additionally, these results
show increasing nonconservatism with increasing solu-
ble boron concentration and increasing burnup. This ob-
servation is considered to be important considering the
recent allowance of credit for soluble boron up to 5%
in Dk.

The soluble boron dissolved in the pool water is an
effective thermal neutron absorber that competes for

Fig. 2. Calculatedkeff as a function of burnup in the reference
storage rack configuration~Westinghouse 173 17 OFA
assembly with 4.5 wt%235U initial enrichment!. Error
bars represent 1s statistical uncertainties.

TABLE I

Comparison ofkeff Results for the Reference Storage Configuration with Various Burnups

Calculational Approach

Configuration Calculated SNF Inventory REFFE
Difference

~k_SNF2 k_REFFE!

Reference, B5 33 GWd0tonne U
REFFE5 1.8086 wt%235U 0.927706 0.00021 0.927606 0.00023 0.000106 0.00031

Reference, B5 25 GWd0tonne U
REFFE5 2.1594 wt%235U 0.983036 0.00022 0.983456 0.00021 20.000426 0.00030

Reference, B5 50 GWd0tonne U
REFFE5 1.2991 wt%235U 0.819106 0.00019 0.819066 0.00019 0.000046 0.00027

Fig. 3. Calculatedkeff as a function of enrichment in the ref-
erence storage rack configuration~Westinghouse 173
17 OFA assembly!. Error bars represent 1s statistical
uncertainties.

Wagner and Parks REACTIVITY OF SNF AND BURNUP CREDIT

134 NUCLEAR TECHNOLOGY VOL. 136 OCT. 2001



neutrons with the boron in the fixed absorber panels and
the fission product and actinide absorbers in the SNF,
thereby reducing the reactivity worth of the fixed ab-
sorber panels and the fission product and actinide absorb-
ers. In other words, the fixed absorber panels and fission
product and actinide absorbers have greater negative re-
activity worth in the reference~no soluble boron present!
condition in which the REFFE was determined, result-
ing in a lower prediction of the REFFE value. This ex-
planation is supported by the increased differences inkeff

with increasing concentrations of soluble boron and in-
creasing burnup. Further, this observation is consistent
with previous findings11 that have shown that the pres-

ence of nonfuel absorbers~e.g., external fixed absorber
panels! reduce the relative worth of fission products and
actinide absorbers. Thus, similar nonconservative re-
sults may be expected for other conditions in which the
reactivity worth of the absorbers is reduced with respect
to the reference condition.

IV.B.2. Accident Conditions

The misplacement of a fresh fuel assembly in a stor-
age cell intended for spent fuel is an accident condition
that must typically be considered in the criticality safety
evaluation of an SFP. Naturally, this accident condition
results in a higher reactivity than the reference configu-
ration of spent fuel. Therefore, credit for soluble boron is
used to offset the increased reactivity associated with the
accident condition.

Using the determined REFFE and the calculated SNF
inventory ~for a burnup of 33 GWd0tonne U!, calcula-
tions were performed for this accident condition. The
calculational model assumed a 73 7 array of storage
cells with reflective boundary conditions and a fresh
4.5 wt% 235U assembly in the center cell of the array.
Calculations were performed with increasing quantities
of soluble boron to establish the necessary concentra-
tion to offset the increased reactivity associated with
the misplaced fresh fuel assembly. The resultingkeff

values are listed in Table IV. For the condition with no
soluble boron present, a small underestimation~noncon-
servative! is observed with the REFFE case. As soluble
boron is added, the REFFE approach is shown to pro-
duce increasingly nonconservative results. If the goal of
this particular evaluation was to determine the concen-
tration of soluble boron necessary to offset the reactiv-
ity of the misplaced fresh fuel assembly~i.e., to maintain
keff below 0.93!, the REFFE approach would incor-
rectly suggest that 200 ppm is more than sufficient when
in actuality a slightly higher soluble boron concentra-
tion is needed.

TABLE II

Comparison ofkeff Results for the Reference Storage Configuration with Soluble Boron Present
~Burnup5 33 GWd0tonne U!

Calculational Approach
Soluble Boron Concentration

~ppm! Calculated SNF Inventory REFFE5 1.8086 wt%235U
Difference

~k_SNF2 k_REFFE!

0 ~Reference! 0.927706 0.00021 0.927606 0.00023 0.000106 0.00031
200 0.902326 0.00020 0.886786 0.00020 0.015546 0.00028
500 0.866196 0.00020 0.831266 0.00019 0.034936 0.00028

1000 0.813646 0.00019 0.754826 0.00018 0.058826 0.00026
1500 0.769046 0.00019 0.692856 0.00016 0.076196 0.00025
2000 0.730346 0.00017 0.641716 0.00015 0.088636 0.00023

Fig. 4. Comparison ofkeff values with the calculated SNF iso-
topics and the REFFE as a function of soluble boron
concentration in the reference storage configuration.
Results correspond to fuel with 4.5 wt%235U initial
enrichment that has accumulated 33 GWd0tonne U
burnup. Error bars represent 1s statistical uncertainties.
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IV.C. Calculations for Alternative Storage Configurations

Depending on storage needs and rack designs, crit-
icality safety evaluations may include analyses for a
number of different storage configurations. These alter-

native storage configurations are typically employed to
either accommodate fuel assemblies that do not meet
the normal storage requirements or to maximize storage
capacity.

IV.C.1. Checkerboard Configurations

Although it is not an efficient use of valuable stor-
age space, and thus is not desirable, fuel assemblies are
often stored in a checkerboard configuration with empty
cells~i.e., an alternating pattern of assemblies and empty
cells!. Examples where this type of checkerboarding
may be employed include~a! temporary storage of fresh
fuel in racks designed for burned fuel and~b! storage of
assemblies that cannot meet the burnup requirements
for normal storage. Alternatively, a checkerboard con-
figuration may be used to expand the storage capacity
through alternating storage of high-burnup fuel with
low-burnup fuel that would not, by itself, be acceptable
for storage in a normal infinite configuration. An illus-
tration of these two storage configurations is provided
in Fig. 6.

Table V compares calculatedkeff values based on
calculated SNF isotopics and REFFE for several possi-
ble checkerboard configurations. Review of the results
listed in Table V reveals a clear trend for when the use of
REFFE produces conservative and nonconservative re-
sults. When a REFFE assembly is placed in a checker-
board configuration with a less reactive assembly~or an
empty cell!, the REFFE approach yields conservative

TABLE III

Comparison ofkeff Results for the Reference Storage Configuration with Soluble Boron Present
for Burnups of 25 and 50 GWd0tonne U

Calculational Approach
Soluble Boron Concentration

~ppm! Calculated SNF Inventory REFFE
Difference

~k_SNF2 k_REFFE!

Burnup5 25 GWd0tonne U, REFFE5 2.1594 wt%235U

0 ~Reference! 0.983036 0.00022 0.983456 0.00021 20.000426 0.00030
200 0.956446 0.00020 0.943556 0.00021 0.012896 0.00029
500 0.919026 0.00019 0.889746 0.00021 0.029286 0.00028

1000 0.865496 0.00020 0.813806 0.00018 0.051696 0.00027
1500 0.818296 0.00018 0.751486 0.00018 0.066816 0.00025
2000 0.777446 0.00018 0.699216 0.00018 0.078236 0.00025

Burnup5 50 GWd0tonne U, REFFE5 1.2991 wt%235U

0 ~Reference! 0.819106 0.00019 0.819066 0.00019 0.000046 0.00027
200 0.795326 0.00018 0.776306 0.00019 0.019026 0.00026
500 0.761806 0.00017 0.720526 0.00016 0.041286 0.00023

1000 0.713526 0.00017 0.645636 0.00016 0.067896 0.00023
1500 0.672886 0.00016 0.586546 0.00014 0.086346 0.00021
2000 0.638266 0.00015 0.538396 0.00013 0.099876 0.00020

Fig. 5. Reactivity effect associated with the use of REFFE
with soluble boron present. Results correspond to fuel
with 4.5 wt%235U initial enrichment that has accumu-
lated burnups of 25, 33, and 50 GWd0tonne U. Error
bars represent 1s statistical uncertainties.
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results. In contrast, when an REFFE assembly is placed
in a checkerboard configuration with a more reactive
assembly~e.g., fresh fuel! the REFFE approach yields
nonconservative results.

When comparing the reference infinite configura-
tion to a configuration in which the reference assembly
is stored with higher-reactivity fuel, the reactivity of
the latter configuration is controlled by the higher-
reactivity fuel. Physically, the maximum reactivity or
fission density for this latter configuration occurs in
the higher-reactivity fuel, with the lower-reactivity~ref-
erence! fuel acting in a supplementary manner. There-
fore, the fission products and actinide absorbers have
less relative negative reactivity worth in this configura-
tion ~as compared to the reference configuration! be-
cause they are not physically located where the fission
density is maximum. In contrast, the reactivity of the
reference infinite configuration is controlled by the
reference spent fuel and does not vary from storage cell
to storage cell. Thus, the fission products and actinide
absorbers have greater negative reactivity worth in the
reference~infinite! condition because they are physi-
cally located throughout the system and the fission
density is uniform ~no spatial disadvantage!. Con-
sequently, a lower REFFE value is predicted in the

TABLE IV

Comparison ofkeff Results for the Misplaced Fresh Fuel Assembly Accident Configuration with Soluble Boron Present
~Burnup5 33 GWd0tonne U!

Calculational Approach
Soluble Boron Concentration

~ppm! Calculated SNF Inventory REFFE5 1.8086 wt%235U
Difference

~k_SNF2 k_REFFE!

0 0.958006 0.00029 0.956046 0.00029 0.001966 0.00041
200 0.931736 0.00026 0.921066 0.00028 0.010676 0.00038
500 0.895666 0.00029 0.874476 0.00028 0.021196 0.00040

Fig. 6. Examples of checkerboard storage configurations:
~a! checkerboard configuration with empty cells and
~b! checkerboard configuration with alternating stor-
age of burned fuel. Periodic boundary conditions are
employed on all sides to simulate an infinite array of
checkerboard configurations.

TABLE V

Comparison ofkeff Results for Various Checkerboard-Type Configurations

Calculational Approach

Assemblies in
Checkerboard Configuration

Calculated SNF
Inventory REFFE

Difference
~k_SNF2 k_REFFE!

SNF ~33 GWd0tonne U! and empty cells 0.649826 0.00022 0.655996 0.00023 20.006176 0.00032
SNF ~33 GWd0tonne U! and fresh fuel~1.0 wt% 235U! 0.837266 0.00020 0.838196 0.00020 20.000936 0.00028
SNF ~33 GWd0tonne U! and fresh fuel~2.5 wt% 235U! 0.979796 0.00021 0.978606 0.00021 0.001196 0.00030
SNF ~50 GWd0tonne U! and fresh fuel~3.5 wt% 235U! 0.987746 0.00024 0.986586 0.00023 0.001166 0.00033
SNF ~50 GWd0tonne U! and SNF~25 GWd0tonne U! 0.906866 0.00020 0.906646 0.00020 0.000226 0.00028
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reference configuration, which leads to nonconserva-
tive results. However, the nonconservative differences
in reactivity for the representative cases considered are
small ~,0.2%!.

When comparing the reference infinite configura-
tion to a configuration in which the reference assembly
is stored with alternating empty cells or lower-reactivity
fuel, the reactivity of the latter configurations are con-
trolled by the reference spent fuel in lower-reactivity
configurations. For the case with empty cells, it is pos-
tulated that spectral softening due to the empty cells en-
hances thermal neutron absorption in the fixed absorber
panels and fission product and actinide absorbers, as well
as thermal fission in the REFFE. Therefore, the absorb-
ers have greater negative reactivity worth in these con-
figurations~as compared to the reference configuration!.
Conversely, the absorbers have less relative negative re-
activity worth in the reference configuration in which
the REFFE was determined, and thus, the REFFE ap-
proach yields conservative results for these types of
configurations.

IV.C.2. The 3-out-of-4 Storage Configurations

Another common storage practice involves storing
fuel in a 3-out-of-4-storage pattern in which the contents
of 1 out of every 4 storage cells differs from the remain-
ing 3. Similar to checkerboarding, this storage approach
may be used to either accommodate assemblies that
do not meet the normal storage requirements or to ex-
pand the storage capacity through separation of higher-
reactivity assemblies with lower-reactivity assemblies.
Examples of this approach are illustrated in Fig. 7 for
two possible configurations in which 3 out of every 4
cells contain spent fuel, while the remaining cell con-
tains either no fuel or fresh fuel~possibly low-burnup
fuel!.

Table VI compares calculatedkeff values based on
calculated SNF isotopics and REFFE for two possible
3-out-of-4 configurations. Review of the results listed in
Table VI reveals the same basic trend observed in the
previous subsection for checkerboard configurations.
When a REFFE assembly is placed in storage with an
empty cell~or a less reactive assembly!, the REFFE ap-
proach yields conservative results. When placed in stor-
age with a more reactive assembly~e.g., fresh fuel! the
REFFE approach yields nonconservative results. The ex-
planation for this behavior is the same as that given in
Sec. IV.C.1. Similar to the results for checkerboard con-
figurations, the differences appear to be on the order of a
few tenths of a percent.

V. CONCLUSIONS

The practice of equating the reactivity of spent fuel
to the reactivity of fresh fuel, referred to asreactivity

equivalencing, has been examined for analyses of real-
istic PWR SFP conditions. The practice is demonstrated
to be acceptable, provided the geometric configuration
and conditions on which the REFFE was determined re-
main unchanged. However, because it is often the case
that the REFFE is determined for a reference configura-
tion ~e.g., infinite radial array of storage rack cells in
unborated water! and then utilized in various similar but
not identical configurations, the practice has been eval-
uated for a number ofrealistic conditions. The evalua-
tion consisted of comparingkeff estimates based on
reactivity equivalencing tokeff estimates using calcu-
lated spent-fuel isotopics in configurations other than
the reference.

Analyses of selected storage configurations that are
common in PWR SFPs support the following conclusions:

1. equivalencing yields nonconservative results~on
the order of a few tenths of a percent! in config-
urations in which the spent fuel is placed in stor-
age with higher reactivity assemblies~e.g., fresh
or lower-burned assemblies!

2. equivalencing yields conservative results in con-
figurations in which spent fuel is stored with
lower-reactivity assemblies~e.g., higher-burned
fuel or empty cells!.

Analyses for storage conditions with soluble boron
present reveal significant nonconservative results asso-
ciated with the use of the REFFE. An underestimation of

Fig. 7. Examples of 3-out-of-4 storage configurations:~a! 3-out-
of-4 configuration with an empty cell and~b! 3-out-
of-4 configuration to enable storage of low-burned fuel
or fresh fuel with spent fuel. Periodic boundary condi-
tions are employed on all sides to simulate an infinite
array of 3-out-of-4 configurations.
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keff of more than 3% is shown for a soluble boron con-
centration of 500 ppm, and the underestimation is shown
to increase with increasing soluble boron concentration.
For accident conditions involving fresh fuel, such as the
misplacement of a fresh fuel assembly in a rack cell
designed for spent fuel, the reactivity is dominated by
the fresh fuel assembly, and thus, the underestimation
associated with using the REFFE with soluble boron
present is less than that shown for the radially infinite
spent-fuel storage configuration. However, an underesti-
mation of keff of .2% is shown with a soluble boron
concentration of 500 ppm for a misplaced fresh fuel as-
sembly accident condition. The results demonstrate that
the practice of equating spent fuel reactivity to fresh fuel
~analyzed at 0 ppm! should not be employed for condi-
tions crediting soluble boron.

Finally, note that the practice of equating the reac-
tivity of spent fuel to fresh fuel is acceptable, provided
the conditions for which the REFFE was determined
remain unchanged. In fact, when employing two-
dimensional depletion methods, the REFFE approach will
include the radial depletion effects. However, determi-
nation of the REFFE for a reference configuration and
subsequent use of the REFFE for different configura-
tions violates the basis used for the determination of the
REFFE and has been shown to produce inaccurate and
nonconservative estimates of reactivity.

A significant concentration~;2000 ppm! of solu-
ble boron is typically~but not necessarily required to
be! present in PWR SFPs, of which only a portion
~&500 ppm! may be credited in safety analyses. Thus, a
large subcritical margin currently exists that more than
accounts for errors or uncertainties associated with the
use of the REFFE. Consequently, the findings pre-
sented in this paper do not represent a significant safety
concern unless0until the subcritical margin associated
with the soluble boron~that is not currently explicitly
credited! is offset by the uncertainties associated with
burnup credit and0or the expanded allowance of credit
for the soluble boron.
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