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1 INTRODUCTION

The concept of taking credit for the reduction in reactivity dueto irradiation of nuclear fuel (i.e., fuel
burnup) is commonly referred to as burnup credit. The reduction in reactivity that occurs with fuel
burnup is due to the net reduction of fissile nuclides and the production of parasitic
neutron-absorbing nuclides (non-fissileactinidesand fission products. Historically, criticality safety
analysesfor transport and dry cask storage of spent nuclear fuel (SNF) assumed thefuel contentsto
be unirradiated (i.e., “fresh” fuel) compositions. In July 1999, the U.S. Nuclear Regulatory
Commission (NRC) Spent Fuel Project Officeissued Interim Staff Guidance8 Revision 1 (ISG8R1)
to provide recommendations for the use of burnup credit in storage and transport of pressurized
water reactor (PWR) spent fuel.! These recommendations were subsequently included in the
Standard Review Plan for transportation cask and dry storage cask facilities.** More recently,
Revision 2 of 1SG8 has been prepared . The purpose of this report is to discuss this latest revision
to 1SG8 together with the technical basis for each recommendation. The bases for making select
revisionsto therecommendationsof Ref. 1-3wereinitialy provided in Ref. 4, but have been further
documented and enhanced in thelist of reports and papers published as part of the research program
directed by the NRC Office of Nuclear Regulatory Research (see attached bibliography of Section
10). Published information from the bibliography of Section 10 and other sources providethe basis
for the summary technical information and references to help identify and assess the applicant’s
treatment of important issues.

2 GENERAL APPROACH IN SAFETY ANALYSIS

The assumption of unirradiated fuel at maximum initial enrichment provides a relatively
straightforward processfor thecriticality safety analysisof astorage or transportation cask. Figure 1
providesaschematicinterpretation of the stepsinvolved in thecriticality safety analysisand loading
implementation with the fresh fuel assumption. Similarly, Fig. 2 provides an illustrative schematic
for a burnup credit safety analysis and loading implementation. In comparison to the fresh fuel
assumption, there is additional information and/or assumptions needed for input to the analysis,
additional analyses to obtain the SNF compositions, additional validation efforts for the depletion
and decay software, enhanced validationto address theadditional nuclidesinthecriticality analyses,
and the verification and pre-shipment measurement to be made prior to loading the cask.

Theincreased need for technical information onthefuel, the added compl exity of the computational
modeling and analyses, and the loading verification process all contribute to added complexity in

9/4/02 -1-



the safety analysis. However, the use of burnup credit provides an additional degree of freedom to
the cask licensee and the increased capacities and higher limits on allowed initial enrichments are
objectives that motivate the applicant to address the added complexities associated with taking
reactivity credit for fuel burnup. resulting from the burnup credit approach.

The important product from a burnup credit safety analysisis the cask loading curve, showing the
minimum burnup required for loading asafunction of initial enrichment. With an assumed uniform
cask loading of SNF, the effective neutron multiplication factor (k) will increasewith higher initial
enrichments, decrease with increasesin burnup, and decrease with increased cooling timefrom 1y
to approximately 100y. Information that will need to be considered in specifying thetechnical limits
for acceptable loading include: fuel design, initial enrichment, burnup, cooling time, and reactor
conditionsunder whichthefuel isirradiated. Thus, depending on the assumptionsand approach used
inthe safety analysis and the limiting k criterion, a set of loading curves can be generated to define
the boundaries between acceptable and unacceptable SNF specifications for cask |oading.

The recommendations in Revision 2 of |SG8 include:

general information on limits for the licensing basis,

guidance on code validation,

guidance on licensing-basis model assumptions,

guidance on preparation of loading curves,

the process for assigning a burnup loading value to an assembly, and

the benefit derived in demonstrating any additional reactivity margin beyond that which can
be substantiated through the validation process.

ok wdE

Each of these six areas should be considered in acriticality safety analysis that uses burnup credit.

The six recommendations listed above were developed with intact fuel as the basis. An extension
to damaged fuel may bewarranted if the applicant can demonstratethat any additional uncertainties
associated with the irradiation history and structural integrity (both during and subsequent to
irradiation) of the fuel assembly (or parts thereof) have been adequately addressed. In particular, an
appropriate model that bounds the uncertainties associated with the allowed fuel inventory and fuel
configuration in the cask must be applied. Such amodel should include the selection of appropriate
burnup distributions and any potential rearrangement of the damaged fuel during normal and
accident conditions. Theapplicant should also striveto apply each of therecommendationsprovided
in ISG8R2 and discuss or justify any exceptions taken due to the nature of the fuel (e.g., the use of
the recommended axial profile database may not be appropriate).

The remainder of this report discusses each of the areas and the associated recommendations
(repeated in the body of thisreport initalics) and provides technical information and/or references
that should be considered in the review of the Safety Analysis Report (SAR) against the
recommendations of ISG8R2.
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3 LIMITSFORLICENSING BASIS(RECOMMENDATION 1 OF 1SG8R2)

Available data supportsallowancefor burnup credit wherethelicensing safety analysisisbased on
actinide compositionsassociated with UO, fuel irradiated ina PWRto an assembly-average bur nup
value up to 50 GWA/MTU and cooled out-of-reactor for a time period between 1 and 40 y. The
range of available measured assay data for irradiated UO, fuel indicates that an extension of the
licensing basis beyond 5.0 wt % is not warranted. Even within this range of parameters, the
reviewer needsto exer cise carein assessing whether the analytic methodsand assumptionsused are
appropriate, especially near the ends of the range. Use of actinide compositions associated with
burnup values or cooling times outside these specifications should be accompanied by the
measurement data and/or justified extrapolation techniques necessary to adequately extend the
isotopic validation and quantify or bound the bias and uncertainty.

Actinidesof I mportance. Severa studies have been performed to identify the nuclideswhich have
the most significant effect on the calculated value of ky as afunction of burnup and cooling time
(e.g., Refs. 5-7). Figure 3 provides the results of one study’ which performed a relative ranking
based on the fraction of total absorptions for each actinide (which has been demonstrated to be
directly related to therelativeimpact on k). Therelativeworth of the nuclides will vary somewhat
with fuel design, initial enrichment, and cooling time, but the important actinides (fissile nuclides
and select non-fissile absorbers) remain the same and have been substantiated by numerous
independent studies. Table 1 lists a recommended set of actinides that may be considered for
inclusion in the calculation of the cask ky value. These nuclides have the largest impact on k and,
with the possible exception of **Am (see Section 4, Prediction of k), thereis a sufficient quantity
of applicableexperimental dataavailablefor validation of theanal ysismethods.® Accurate prediction
of the concentrations for the actinides of Table 1 requires that the depletion and decay calculations
include nuclides beyond those listed in the table. Additional actinides are needed to assure the
transmutation chainsand decay chainsareaccurately handled. M ethodsare a so needed to accurately
simulate the influence of the fission product compositions on the neutron spectrum, which in turn
impacts the burnup-dependent cross sections (see Section 5). To accurately predict the fission
product margin (see Section 8), explicit representation of theimportant fission product transmutation
and decay chainsis needed to obtain the individual fission product compositions.

Table 1 Recommended set of actinidesin SNF
criticality calculations

235U 238U 238Pu 239Pu

240Pu 241Pu 242Pu 241 A m

Burnup and Enrichment Limits. Figure 4 and Table 2 show that the range of existing
radiochemical data that are readily available for validation extends up to 47.3 GWd/MTU and
4.1 wt % initial enrichment. Risk-informed technical judgement indicates that trends in the
calculational bias and uncertainty derived from this database can be extended for use with SNF
having initial enrichments up to 5.0 wt % and average assembly burnups limited to 50 GWd/MTU
(local burnups can be higher).® Fuel with an average assembly burnup greater than 50 GWd/MTU
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can beloaded into aburnup credit cask but, based on the limited assay data availablefor validation,
credit should only be taken for the reactivity reduction up to 50 GWd/MTU.

Cooling Time. Figure 5 illustrates the expected reactivity behavior for SNF in a hypothetical
32-element General Burnup Credit (GBC-32) cask assuming use of major actinide concentrations
inthe calculation of k. Thefact that thereactivity beginsto risearound 100y after discharge means
that the time frame for interim SNF storage should be considered in the evaluation of acceptable
cooling times. The curve indicates that the reactivity of the fuel at 40 y is about the same as that of
fuel cooled to 200 y. The low-probability that fuel in a storage or transport cask would remain in
place for more than 200 y led to the recommended limiting cooling time criterion of 40y (i.e., no
credit for cooling time beyond 40 y should be taken). The reviewer should note that approval of a
cooling time longer than 5 years for burnup credit in dry storage or transportation casks does not
automatically guarantee acceptance for disposal without repackaging. Reference 10 provides a
comprehensive study of theeffect of cooling time on burnup credit for various cask designsand SNF
compositions.

Summary. The acceptance criteriafor burnup credit were set based on the characteristics of SNF
discharged to date, the parameter space considered in the predominance of technical investigations,
and the experimental dataavailable to support development of acalculational bias and uncertainty.
Asindicated, asafety analysisthat uses parameter val ues outsi de those recommended by theinterim
staff guidance will need to (1) demonstrate that the measurement or experimental data necessary for
proper codevalidation have beenincluded, and/or (2) provide adequatejustification that theanaysis
assumptions or the associated bias and uncertainty have been established in such afashion as to
bound the potential impacts of limited measurement or experimental data.

4  CODE VALIDATION (RECOMMENDATION 2 OF ISG8R2)

The computational methodologies used for predicting the actinide compositions and determining
the neutron multiplication factor (k-effective) should be properly validated. Biasand uncertainties
associated with predicting the actinide compositions should be determined from benchmarks of
applicable fuel assay measurements. Bias and uncertainties associated with the calculation of
k-effective should be derived from benchmark experiments that closely represent the important
features of the cask design and spent fuel contents. The particular set of nuclides used to determine
the k-effective value should be limited to that established in the validation process. The licensing
basis safety analysis should utilize bias and uncertainty values that can be justified as bounding
based on the quantity and quality of the experimental data. Particular consideration should be
given to biasuncertainties arising fromthelack of critical experimentsthat are highly prototypical
of spent fuel in a cask

Sour ces of Uncertainty. Validation is the process by which one demonstrates that the codes and
associated datado indeed predict reality. Asused in criticality safety, the validation process should
include an estimate of the bias and uncertainty associated with using the codes and data for a
particular application. For burnup credit applications, the potential sources of uncertainty are
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numerous. Discrepancies between radiochemical assay data of SNF and computational predictions
can arise dueto uncertaintiesin: cross-section and decay data, knowledge of the specific irradiation
history and fuel assembly design/use, uncertainty in the recorded burnup (both local and
assembly-average), measurement error/uncertainty, and numerical/modeling approximations.
Similarly, discrepancies between critical experiment measurement of Kk, and code predictions of ky
aretypically dueto data, modeling, or measurement uncertainties. Beyond these uncertaintiesisthe
more difficult oneto quantify: uncertainty that may be caused by use of experimental datathat does
not adequately represent the content and configuration of SNF in acask. Thus, care is needed to
understand and demonstrate the basis for similarity between the measured data used for the
validation and the system of interest (i.e., the particular SNF cask design).

SNF Compositions. The credit for burnup is limited to 50 GWd/MTU because the assay data
(e.g., Fig. 4 and Table 2) are not available to support devel opment of abias and uncertainty beyond
this burnup without unwarranted extrapolation. From Fig. 4 and Table 2, it can be seen that the
primary source of readily-available assay datain the regime above 4.0 wt % and 40 GWd/MTU is
from the Takahama PWR in Japan. Work reported in Ref. 9 has demonstrated that the standard
deviation of the cal cul ated-to-experimental nuclideratiosfor the Takahama data are comparable to
those observed for previous lower enrichment and lower burnup assay data. A more definitive
analysis of the uncertainties was obtained using anovel technique (see Section 5.1.3 of Ref. 9) that
involved using concentrations from the measured actinide assay data directly in a criticality
calculation to obtain aky; value that could be compared with that obtained using predicted nuclide
concentrationsfor the same set of actinides. The differencein the ky values (Ak) isadirect measure
of the bias due to the depletion/decay calculation, and the spread in the Ak values for multiple
samples is a measure of the uncertainty. The results for al available assay data (major U and Pu
nuclides), plotted in Figs. 67 (differences expressed in units of percent reactivity, Ak/k, wherethe
reference k value is the one associated with the assay inventory), indicate no observed increase in
the uncertainty with increasing burnup (Fig. 6) or initial enrichment (Fig. 7).

Figures 6 and 7 both show a similar negative bias trend with increasing burnup and enrichment, as
shown by the slope of the linear regression fit of the data. The biasis observed to berelatively small
and well behaved. However, the key result of these plots is that they show the uncertainty
(determined from the variance of the data) is very uniform over the range of the data—for burnup
values up to 47.3 GWd/MTU and enrichments up to 4.1 wt % **U. An independent analysis of
uncertainty using different techniques (but based on the same nuclide validation results) shows
similar results (see Sections 5.1.2 and 5.1.4 of Ref. 9). These findings are consistent with published
results™ where use of French computational methods and JEF cross-section data to analyze assay
data for PWR fuel with 4.5 wt % initial enrichment indicate a calculated-to-measured ratio
comparable to that of lower enriched fuel.

The methodol ogy used to combine the biases and uncertainties for individual isotopes can have a
significant impact on thefinal k;value and needs to be properly explained and justified. Reference
9 contains a description of various recommended approaches (see Section 3 of Ref. 9) that can be
used to obtain estimates of the biasand uncertainty in the SNF compositions. The simplest approach
Is to individually adjust the concentration of each nuclide based on the results of the validation
against radiochemical assay data. This adjusted set of nuclides can then be used in the analysis of
ks Needed for the Safety Analysis Report. However, this process is conservative because each
adjustment must be made so as to always create a more reactive system (e.g., fissile nuclides only
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adjusted to increase concentration and parasitic absorber nuclides only adjusted to decrease
concentration).

A more redlistic, but more complex approach to incorporating bias and uncertainty from the SNF
compositions is to use methods’ that demonstrate how the uncertainty in the combined nuclide
inventory propagatesto an uncertainty inthek; value. Thesimplest way toimplement thisapproach
would be to first obtain the set of Ak values associated with separately changing each SNF nuclide
(only those used in the k4 analysis) concentration by the value of the bias and uncertainty in the
prediction. Reference 9 indicates that aroot-mean-square (RMS) summation of theseindividual Ak
values provides an estimate of the uncertainty in the ky; value due to the combined uncertainties in
theinventory prediction. Theimpact on ky of the bias and uncertainty from the SNF concentrations
IS system-dependent; thusif afixed Ak value (RM S-combined value of Ak for all nuclides) isused
to account for the nuclide inventory uncertainties, the value must be obtained based on the cask
design and contents specified. Propagation of the calculated inventory uncertainties into the
criticality calculation representative of the cask configurations used in the Safety Analysis Report
IS the reason this approach is more complex and time-consuming to implement and review.

The RM S approach assumes the uncertainty for each nuclideisindependent (i.e., random) and does
not consider potential correlated uncertai ntiesin transmutati on and decay chains. However, thework
of Ref. 9 shows that the use of severa independent “best estimate” approaches to predicting the
uncertainty (e.g., use of RMS, use of Monte Carlo sampling from inventory
calcul ated-to-measurement distributions, and direct use of measured and predicted assay data)
provide similar estimates of the bias and uncertainty. This consistent estimation of the bias and
uncertainty using variousrealistic approaches providesrisk-informed confidencethat the correl ated
uncertainties in the transmutation and decay chains have a minor impact.

Prediction of k. Sincethereare not any benchmark critical experiments with commercial SNFin
acask-like environment, no one set of critical experiments provides adequate validation for burnup
credit by itself. Unirradiated critical experiments have traditionally been the maor source of
information for criticality safety code validation and remain an excellent validation source because
many have cask-like geometries and neutron-absorbing interstitial materials that simulate cask
conditions. The work of Ref. 8 has used the sensitivity/uncertainty approach of Ref. 12 to
demonstrate that an appropriate selection of unirradiated critical experimentscan beusedto validate
actinide-only burnup credit applications relative to all the nuclides in Table 1 with the possible
exception of 2**Am, which may need additional types of experimentsto adequately validate.

Commercial reactor critical configurations, reactivity worth measurements, and subcritical
experiments are new sources of information that have been explored as a supplement to more direct
burnup credit validation data. Each of these type of experiments may be able to add to the
demonstration of adequate validation for some material or geometrical aspect of a SNF cask
designed for burnup credit. Reference 13 provides adiscussion of the issues related to the various
types of experiments as well as potential sources of proprietary and non-proprietary measurement
datathat may be of benefit to burnup credit. These experiments have been assessed in Ref. 8relative
to their applicability to burnup credit applications. The applicant is responsible for demonstrating
that the experiments selected for the validation process are representative of the system (cask) of
interest and that the code-to-experiment comparative information is utilized to estimate bounding
values for the bias and uncertainty.
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Integral Validation. Integral validation involves the use of depletion methods coupled with
criticality calculations to determine k; for a measured system containing SNF (e.g., a spent fuel
critical or reactor critical configurations). With integral validation the biases and uncertainties for
thedepl etion approach cannot be separated from those associ ated with the criticality cal cul ation, and
only the net biases and uncertaintiesin the entire procedure are obtained. Integral validation allows
for compensating errors in the depletion approach (i.e., under prediction of a given nuclide’s
concentration coupled with simultaneous over prediction of adifferent nuclide' sinventory). Thus,
it isdesirableto ensure the uncertainty estimated for individual nuclidesis understood and properly
considered in the safety analysis. This situation might be of minimal concern if the experiment
system is appropriately similar to the system of interest (cask). Such justification needs to be
provided.

5 LICENSING-BASISMODEL ASSUMPTIONS(RECOMMENDATION30OFISG8R2)

The actinide compositions used to determine a val ue of k-effectivefor thelicensing safety basis (asdescribed
in Recommendation 1) should be cal culated using fuel designand in-reactor operating parameter valuesthat
appropriately encompass the range of design and operating conditions for the proposed contents. The
calculation of the k-effective value should be performed using cask models, appropriate analysis
assumptions, and code inputs that allow adequate representation of the physics. Of particular concern
should be:

a) the need to account for and effectively model the axial and horizontal variation of the burnup
within a spent fuel assembly (e.g., the selection of the axial burnup profiles, number of axial
material zones, etc.), and

b) the need to consider the potential for increased reactivity due to the presence of burnable
absorbers or control rods (fully or partially inserted) during irradiation.

Theaxial burnup profile database of Reference 2 providesa source of realistic, representative data that can
beused for establishing a profileto useinthelicensing basissafety analysis. However, care should betaken
to select a profile that will encompass the range of potential k-effective values for the proposed contents,
particularly near the upper end of the ranges in Recommendation 1.

A licensing basis modeling assumption where the assemblies are exposed during irradiation to the
maximum (neutron absorber) loading of burnable poison rods for the maximum burnup is an
appropriate analysis assumption that encompasses all assemblies that may or may not have been
exposed to burnable absorbers.®* Such an assumption in the licensing basis safety analysis should
also encompass the impact of exposureto fully inserted or partially inserted control rodsin typical
domestic PWR operations.> Assemblies exposed to atypical insertions of control rods (e.g., full
insertion for one full cycle of reactor operation) should not be loaded unless the safety analysis
explicitly considerssuch operational conditions. If theassumption on burnablepoisonrod exposure
Is less than the maximum for which burnup credit is requested, then a justification commensurate
with the selected value should be provided (e.g., thelower the value, the greater the need to support
the assumption with available data and/or indicate how administrative controls will prevent a
misload of an assembly exposed beyond the assumed value).

Reactor Operating History and Parameter Values. The impact of fuel temperature, moderator

temperature and density, soluble boron concentration, specific power and operating history, and
burnable absorbers on the k; of SNF in acask are reviewed in Section 4.2 of Ref. 13.
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As the assumed fuel temperature used in the depletion model increases, the ky; for the SNF in the
cask will increase. Theky will aso increasewith increasesin either moderator temperature (lower
density) or the soluble boron concentration. Figures 8-10 provide examples of the Ak impact seen
from changesin fuel temperature, moderator temperature, and soluble boron in cask-like systems
(modeled as infinite array of storage cells, but results confirmed for finite, reflected systems). All
of these increases are due to the parameter increase causing a hardening of the spectrum during
irradiation, thus leading to increased production of *°Pu.

The impact of specific power and operating history is much more complex but has a very small
Impact on the cask k; value . A higher specific power providesaslightly higher k for actinide-only
burnup credit (see Fig. 11), but this trend is reversed if credit for fission products is alowed
(e.g., Section 3.4.2.3 of Ref. 6 and Ref. 18 for discussion). Although the specific power at the end
of irradiation is the most important, constant full-power operating histories at the desired specific
power aremorestraightforward and acceptabl ewhile having minimal impact onthek valuerelative
to other assumptions.

More detailed information on the impact of each parameter or phenomena that should be assumed
in the depletion model is provided in Refs. 6 and 13. Each of the trends and impacts have been
substantiated by independent studies. However, to model the irradiation of the fuel to produce
bounding valuesfor ky consistent with realistic reactor operating conditions, information is needed
on the range of actual reactor conditions for the proposed SNF to be loaded in a cask. Loading
limitations tied to the actual operating conditions may be needed unless the operating condition
values assumed in the model can be justified as those that produce the maximum k; valuesfor the
anticipated SNF inventory.

Also of importanceisthefact that fuel demonstrated to havethe highest reactivity inthe unirradiated
state will not necessarily be the fuel that has the highest reactivity after discharge from the reactor.
Thus, if variousfuel designsareto be allowed in aparticular cask design, parametric studies should
be performed to demonstrate the most reactive SNF design for the range of burnup and enrichments
considered inthe safety analysis. Another optionisto provideloading curvesfor each fuel assembly
design and alow only one assembly type in each cask |oading.

Horizontal Burnup Profiles. Consideration of pin-by-pin burnups(and associated variationsin SNF
composition) does not appear to be necessary for analysis of theintegral ky; valuein a SNF cask. To
date, PWR cores have been managed such that the vast majority of assemblies experience a very
uniform burnup horizontally across the assembly during an operating cycle. However, assemblies
on the periphery of the core may have a significant variation in horizontal burnup after a cycle of
operation.” Typically, normal spatial shuffling of PWR assembliesduringtheir lifeinthecorewould
mitigate this single-cycle horizontal variation in burnup. However, if assemblies with horizontal
burnup gradients observed in the database of Ref. 19 are positioned in a small cask such that the
lowest burnup regions are adjacent, then increases in ky (< 1%) may be observed. Thus, the safety
evaluation should addresstheimpact of horizontal burnup gradientssuch asfoundin Ref. 19 ontheir
cask design or demonstrate that the assemblies to be loaded in the cask will be verified to not have
such gradients.

Axial Burnup Profiles. Considerableattention should bepaidto theaxial burnup profile(s) selected
for use in the safety evaluation. Figure 12 indicates that in comparison to a uniform axial burnup
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assumption, arealisticaxial profilegiveshigher cask k valuesfor average assembly burnupsgreater
than about 20-25 GWd/MTU. The positive Ak from the use of an axial profileincreaseswith burnup
because the difference between assembly-averaged burnup and the burnup in the end region of the
fuel increases with assembly burnup, causing the relative worth of the fuel at the ends to increase.
Asindicated by Fig. 12, auniform axial profile has been found to be bounding at low burnups.

A review and evaluationof the existing, publicly available U.S. database™ of axial burnup profiles
is provided in Ref. 20. The public database™ consists of 3169 axia burnup profiles from ~1700
different assemblies based on information from 20 different U.S. PWRs representing 106 cycles of
operation through the mid-1990s. The profiles in the database include fuel designs that used
burnabl e absorberswith different poi son absorber typessuch as: burnabl e poison rodsof borosilicate
glass and B,C; and integral burnable absorbers of ZrB,, B,C, erbium and gadolinium. In addition,
the database includes assemblies exposed to control rods, including axial power shaping rods.
Although the database represents only 4% of the assemblies discharged through 1994, the review
indicates the database provides a good representation of discharged assemblies in terms of fuel
vendor/reactor design, types of operation (i.e., first cycles, out-in fuel management and low-leakage
fuel management), burnup and enrichment ranges, and use of burnable absorbers. The primary
deficiency in the database of Ref. 14 is the number of profiles associated with assembly burnup
values greater than 40 GWd/MTU and initial enrichment values greater than 4.0 wt %. However,
Section 4.3 of Ref. 20 indicates that there is a high probability that profiles providing the highest
reactivity in intermediate burnup ranges will aso provide the highest reactivity at higher burnups.
Consequently, using risk-informed judgement along with the margin presented by isotopes not
includedintheanalysis, the existing database shoul d be adequate for burnupsbeyond 40 GWd/MTU
and initial enrichments above 4% if appropriate careistaken to select profilesthat include amargin
for the potential added uncertainty in moving to higher burnups and initial enrichments.

Previous work? identified the axial profiles within the database that provide the highest end effect
value for each of twelve burnup groups (e.g., 3842 GWd/MTU). This information was used to
propose simulated bounding profiles for the burnup range of each group. Section 4.2.1 of Ref. 20
reports analyses that confirmed the limiting axial profiles of Ref. 21 and Fig. 13 shows the spread
of k values as reported for one burnup group. Each k, value corresponds to using a separate axial
profile within the burnup group. A simulated profile proposed by Ref. 21 as an adequate bounding
profile is aso shown in Fig. 13 together with the mean ky value and indicators for 1, 2, and 3
standard deviations. Thereview in Ref. 20 revealed that, for each of the 12 burnup groups, the k
value associated with the bounding axial profileis more than 3 standard deviations above the mean
and in many cases is more than 5 standard deviations above the mean. Thus, the limiting profiles
are statistical outliers of those profiles in the database. However, given the finite nature of the
available database (4% of the inventory through 1994 discharge), there is judged to be some low
probability that some discharged SNF would have a higher reactivity than the limiting profiles
identified for the same burnup group. Using ageneric burnup credit cask model, astudy (see Section
4.4 of Ref. 20) to investigate the impact of loading assemblies with a significantly more reactive
profile (cask system worth up to 5% Ak more than the system with alimiting profile) indicated the
multiplication factor for arepresentative burnup credit cask would increase less than ~0.5% Ak for
each significantly-more-reactive assembly that isloaded in place of alimiting-profileassembly from
the database. Thus, the characteristic of the limiting profiles from the database as being statistical
outliers, the use of alimiting profilefor al assemblies|oaded in the cask, and the low consequence
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associated with the loading of an assembly with a higher reactivity (beyond the selected limiting
profile for that burnup group) has led to the recommendation that this publicly available database
Isan appropriate source for selecting axial burnup profilesthat will encompass the SNF anticipated
for loading in a burnup credit cask.

Other sources of axial burnup profiles may be appropriate to replace or supplement the database of
Ref. 14. Thereviewer should assure that a description and eval uation of the database similar to that
demonstrated in Refs. 20-21 has been performed. Of prime importance, the reviewer should assure
that the process used to obtain axial profilesincluded in the safety analysis has been described, and
that the profilesarejustified asappropriately encompassing therealistic profilesfor theentireburnup
rangeover whichitisapplied. The processof selecting and justifying the appropriate bounding axial
profile may be simplified and/or conservatism reduced if a measurement of the axial burnup profile
Is performed prior to or during the cask loading operation. The measurement would need to
demonstratethat the actual assembly profileisequally or lessreactivethan that assumed inthe safety
evaluation.

ThelSG8R2 indicatesany analysisshould provide* an adequaterepresentation of thephysics.” Thus,
the applicant should carefully explain and justify the use of auniform axial profile assumptioninthe
analyses together with any Ak allowance used to accommodate the effect of the axial burnup
variation. The applicant should demonstrate that the Ak value(s) properly account for the fact that
the axial effect will vary with burnup, cooling time, SNF nuclides used in the prediction of k, and
cask design. A consideration of the range of profiles anticipated for thefuel to be loaded in the cask
will still be needed.

Burnable Absorbers. Assemblies exposed to fixed neutron absorbers [integral burnable absorbers
(IBAS)] and removable neutron absorbers [burnable poison rods (BPRS) can have higher k; values
than assemblies which are not so exposed because the presence of the absorber will harden the
spectrum and lead to increased #°Pu production and reduced ?°U depletion. In addition, when
removable neutron absorbers are inserted, the spectrum is further hardened due to displacement of
the moderator.

Investigations'¢ have been performed to quantify how thek; val ue of adischarged assembly would
change due to irradiation with BPRs and IBAs included in the assembly. A comprehensive range
of assembly designs, absorber loadings, and exposure history was used to determine the impact on
the k value of SNF. The studies show that exposure to BPRs can cause the k; to increase up to 3%
when the maximum number of BPRs and/or the maximum absorber loading is assumed for the
maximum exposuretime. Moretypical absorber |oadingsand exposures (1-cycleof 20 GWd/MTU)
lead to increases of <1% Ak (e.g., see Fig. 14). By comparison, except for one IBA type where the
increase was as much as 0.5% Ak (i.e., see Fig. 15), the IBAs actually provide a decrease in ky
relative to assemblies not irradiated with IBAs. References 1516 provide a base characterization
for the effect of burnable absorbers on spent fuel and indicate that a depletion analysis with a
maximum realistic loading of BPRs(i.e., maximum neutron poison |oading) and maximum realistic
burnup for the exposure should provide an adequate bounding safety basis for fuel with or without
burnable absorbers.

Control Rods. Aswith BPRs, control rods (CR) fully or partially inserted during reactor operation
can harden the spectrum in the vicinity of theinsertion and lead to increased production of Z°Pu. In
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addition, control rods can alter the axial burnup profile. In either case the control rod would have to
beinserted for areasonable fraction of the total irradiation timefor these effectsto be seen in terms
of apositive Ak onthe SNF cask. Domestic PWRstypically do not operate with control rodsinserted
although the tips of the rods may rest right at the fuel ends. However, some older domestic reactors
and certain foreign reactors may have used control rods in a more extensive fashion such that the
impact of CR insertion would be significant.

Theresults of aparametric study” to quantify the effect of CR exposure are summarized in Fig. 16,
whereit can be seen that, even for significant burnup exposures (up to 45 GWd/MTU), minor axial
CRinsertions (e.g., < 20 cm) result in an insignificant effect (lessthan 0.2% Ak) on the k value of
a burnup credit cask. Control rods, if inserted, are normally placed in first cycle assemblies.
However, Ref. 17 showsthat full insertion for burnups up to 5-10 GWd/MTU provided anincrease
in cask ky values on the same order as seen for BPRs. Thus, since BPRs and CRs can not be
inserted in an assembly at the same time, it follows that the inclusion BPRs in the assembly
irradiation model (up to burnup values that encompasses realistic operating conditions) should
adequately account for the potential increase in ky, that may occur for SNF exposed to CRs during
irradiation.

Control rod insertion (or use of axial power shaping rods, APSRs) during reactor operation can aso
lead to adistorted, or non-typical axial burnup profile. However, as noted above in the discussion
of axial profiles, the existing database of axial burnup profiles* includes arepresentative sampling
of assemblies exposed to CRs and APSRs. In fact, many of the limiting profiles that exist in the
database are from assemblies exposed to CRs and APSRs. Thus, the appropriate selection of a
limiting axia profile(s) from the available database (or one similar) would, in a risk-informed
fashion, adequately encompass the potential impact for axial profile distortion caused by CRs and
APSRs.

Depletion Analysis Computational Model. A review of the chart of the nuclides provides a
preview of the vast number of nuclides (around a 1000) that should be tracked in the depletion and
decay processto obtain an accurate estimate of the SNF concentration Although certain nuclidesthat
aretypically tracked may not directly impact the depletion or production of the nuclidesin Table 1,
they can indirectly impact the production via the impact on the neutron spectrum Tracking of a
sufficiently large inventory of nuclides, the use of accurate nuclear data, and the prediction of
burnup-dependent cross sections representative of the spatial region of interest are the keys to an
accurate depletion anaysismodel To date, most burnup credit investigations have sought to obtain
spent fuel nuclide concentrations averaged horizontaly over the assembly Thus, based on
comparison with assay measurements, one-dimensional physics models of PWR assembly designs
have proven adequate’*? to predict the neutron flux spectrum at variousintervalsduring irradiation
and subsequently update the cross sections In addition, these codes have performed well in
comparisons™#*% with depl etion methods that use two-dimensional physics models, demonstrating
that detailed geometrical modeling of the assembly and/or pin-by-pin depletion does not appear
necessary for adequate prediction of ky in acask loaded with PWR spent fuel Such conclusionsare
substantiated by the fact that assembly-averaged i sotopic concentrations have been used to predict
reactor core critical configurations and obtained reasonable predictions (< 1% AKk) of the critical
state-point.?® Regardless of the rigor of the physics model used in depletion, it is essential that the
cross sections be updated as a function of burnup (at least every 5 GWd/MTU seems adequate for
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calculation of the ky; for SNF) and that the physics model used to update the cross sections be one
that is representative of the assembly design and reactor operating history.

Modelsfor Prediction of ky; The expectations regarding the codes to be used to determine k; of
adry storage or transport cask are documented in Refs.1-3 and 27. Monte Carlo codes capable of
three-dimensional (3-D) solutions of the neutron transport equation are typically required for such
applications A uniform (all assemblies assumed to have same basic characteristics) loading of SNF
at aspecified assembly-average burnup and initial enrichment should be used for each cask analysis.
However, unlikeunirradiated fuel, thevariability of theburnup (and thustheisotopic concentrations)
along the axial length isan important assumption that needs careful consideration In particular, the
burnup will vary rapidly at the ends of the fuel regions Thus, the Monte Carlo cask model should
include severa fuel zones each with isotopic concentrations representative of the average burnup
across the zone Burnup profile information from reactor operations is typically limited to
18-20 uniform axial regions, thususing smaller burnup zoneswill require some meansto subdivide
the burnup among the sub-zones Studies (see Section 5.2.1 of Ref. 6 and Appendix A of Ref. 20)
have shown that subdividing the zones beyond that provided in the profile information (assuming
at least 18 uniform axial zones) yieldsinsignificant changes in the k; value for a cask.

In reality, the end regions of the fuel have the lowest burnup and provide the largest contribution to
the reactivity of the system. Thus, the model boundary condition at the ends of the fuel will
potentially be of greater importance than for uniform or fresh-fuel cases where the reactivity in the
center of thefuel dominatesreactivity. Theend fitting regionsabove and bel ow thefuel contain steel
hardware with a significant quantity of void space (typicaly 50% or more) for potential water
inleakage. The analysesin Appendix A of Ref. 20 demonstrate that both modeling the end regions
as either 100% steel or full-density water provides a higher value of kg than a combination
(homogenized mixture 50% water and 50% steel assumed) of the two. For the cask that was studied,
theall steel reflector provided ak,; change of nearly 1% over that of full density water. Although use
of 100% steel isan extreme boundary condition (sincewater will always be present to some degree),
the resultsindicate that the applicant should be attentive to the selection of an appropriate, justified
boundary condition for the end regions of the fuel.

Thelarge source of fissions distributed non-uniformly (due to the axial burnup profile) over alarge
source volume in a SNF cask can cause difficulty in properly converging the analysisto the correct
ks Value Problems performed in an international code comparison study have demonstrated that
resultscan vary based on user selection of input parameters crucial to proper convergence However,
Appendix F of Ref. 6 hasdemonstrated that initial uniform sampling of the fuel region coupled with
adequate specification of theMonte Carlo simulation (1000 particles per generation, 1000—2000 total
generations) can provide properly converged results for the ky; value of a SNF cask Specia
strategies that may be used in the calculations to accelerate the source convergence should be
carefully justified and demonstrated to be effective.

A seemingly straightforward, but important issue is the need to verify that the correct SNF
composition associated with the depl etion/decay analysisisinserted inthe correct spatial zoneinthe
cask model The data processing method to select and extract the desired nuclide concentrations (in
the correct units) from the depletion/decay analyses and input them correctly to the various spatial
zones of the criticality analysisisanon-trivial process that has the potential for error Verification
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of the interface process and/or the computer code used to automate the data handling should be
performed.

6 LOADING CURVE (RECOMMENDATION 4 OF ISG8R?2)

Loading Curve. Aloading curveisa plot that demonstrates, asa function of initial enrichment, the
assigned burnup value above which fuel assemblies may be loaded in the cask. Separate loading
curves should be established for each set of applicable licensing conditions. For example, a
separate loading curve should be provided for each minimum cooling time to be considered in the
cask loading. The applicability of the loading curve to bound various fuel types or burnable
absorber loadings should be justified. To limit the opportunity for misloading, only one loading
curve should be used for each cask |oading.

Typically the personnel responsible for loading a SNF cask have ready knowledge of the average
assembly burnup and initial enrichment values Thus, a curve that provides the burnup and initial
enrichment combination associated with theupper subcritical limit (or USL, see Ref. 27) for the cask
will provide arapid meansto assesswhether aspecific assembly isacceptablefor loadinginthe cask
Such a curve is called a loading curve and the preparation of such a curve requires numerous
calculations with variable burnup/enrichment combinations to determine sufficient points for the
curve The reviewer should assure that the process used to generate the loading curve is explained
thoroughly and should further verify that theloading curveisrepresentative of or below the cask k
value associated with the USL The STARBUCS sequence® of the SCALE-5 system is a
computational tool that can be used to help verify the adequacy of aloading curve.

Figure 17 presents representative loading curves The discontinuitiesin the loading curve represent
the locations where different axial burnup profiles were used to account for profile changes with
burnup A different loading curve will occur based on the assumptions used in the analyses
Reference 29 provides additiona loading curves illustrating the anticipated impact of various
assumptions on the cask loading curve Each loading curve should be clearly marked relative to key
assembly characteristics (e.g., assembly design type, cooling time, etc.).

7 ASSIGNED BURNUP LOADING VALUE (RECOMMENDATION 5 OF I SG8R2)

Administrative procedures should be established to ensure that the cask will beloaded with fuel that
Iswithin the specifications of the approved contents. The administrative procedures should include
a measurement that confirms the reactor record for each assembly. Procedures that confirm the
reactor records using measurement of a sampling of the fuel assemblies will be considered if a
database of measured data is provided to justify the adequacy of the procedure in comparison to
procedures that measures each assembly.

The measurement technique may be calibrated to the reactor records for a representative set of
assemblies. For confirmation of assembly reactor burnup record(s), the measurement should
provide agreement within a 95% confidence interval based on the measurement uncertainty. The
assembly burnup value to be used for loading acceptance (termed the assigned burnup loading
value) should be the confirmed reactor record value as adjusted by reducing the record value by a
combination of the uncertainties in the record value and the measurement.
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The loading curve must be used in conjunction with other criteriato determine if afuel assembly
may be loaded into the cask For example, if proper consideration of BPRsis not given, theloading
curvecriteriashouldinclude an appropriateexclusion Thus, it should beverified that all restrictions
on cask loading, consistent with the assumptions used in the evaluation, are clearly specified in the
safety evaluation report and that cask loading procedures have included checks against criteria
needed to ensure only approved contents are loaded Applicants should provide alist of criteriato
be confirmed prior to or during loading Adequate justification and demonstration of the criteria
values (and the rationale for omitting certain criteria) should be provided.

A measurement that is able to confirm the average burnup recorded for an assembly isneeded The
administrative procedures for cask loading should include such a measurement and note that the
uncertainty in the measurement uncertainty and the uncertainty in the reactor records should both be
included in adjusting the reactor record burnup to an assigned burnup loading value The burnup
measurement approaches proposed to date use measurements of numerous assemblies and
comparisons against reactor record values to self-calibrate the system Thus, the measurement and
record for these types of systemsare not independent and the uncertainty in both the recordsand the
measurement should be considered in order to mitigate the potential for a systematic error in the
reactor records An assessment of the uncertainty of the burnup values provided in reactor records
has been performed,® indicating uncertainties should be less than 5% for PWR assemblies.

In Regulatory Guide 3.71, NRC endorsed the recommendations of ANSI Standard 8.17-1997 with
the exception that credit for fuel burnup may be take only when the amount of burnup is confirmed
by physical measurements. Any request for aplan to measure arandom sample of fuel assemblies
in lieu of measuring every assembly needs to be justified by a measurement database and specific
procedures for executing the plan. Requests for sampling need to consider the demonstrated
accuracy of the burnup record system as confirmed in the measurement data base.

8  ESTIMATE OF ADDITIONAL REACTIVITY MARGIN (RECOMMENDATION 6
OF 1SG8R?2)

Estimate of Additional Reactivity Margin. The available experimental database relevant to use of
burnup credit in the safety analysis of a PWR cask is not as extensive as the database available to
support licensing with the unirradiated fuel assumption. The process of assuring that appropriate
values and conditions have been applied in the safety analysisis also more difficult. For example,
there may be uncertainties that are not directly evaluated in the modeling or validation processes
for actinide-only burnup credit (e.g., k-effective validation uncertainties caused by a lack of critical
experiment benchmarkswith either actinide compositionsthat match thosein spent fuel or material
distributions that represent reactive ends of spent fuel in casks). Also, there may be potential
uncertainties in the models that calculate the licensing-basis actinide inventories (e.g., caused by
any outlier assemblieswith higher-than-model ed reactivity such asmay be caused by prolonged use
of control rodinsertion during irradiation, axial profiles not encompassed by the data of Reference
2, or exposure to unanticipated operating conditions that increase reactivity). Decisions on the
adequacy of the safety analysis relevant to these difficult-to-quantify uncertainties are more
straightforward if design-specific analyses are provided that estimate the additional reactivity
margins available from absorber nuclides (fission product and actinides) not included in the
licensing safety basis (as described in Recommendation 1). The reviewer should assess the
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estimated reactivity marginsto determinetheir adequacy for offsetting any potential uncertainties
introduced by the type of effects discussed above.

Asindicated in Table 3, the assay data available for fission product nuclidesis scarce relative to the
dataavailablefor theactinidesof Table 1 Inaddition, thetype of experiments (critical experiments,
worth experiments, etc.) that may be needed to validate the reactivity effect from fission products
aregenerally not publically available and/or difficult to use (e.g., reactor critical measurements and
worth measurements) Thus, until additional data are availableto validate the quantity of thefission
product worth for a specific cask, it is not recommended that the fission product inventory be
considered in the licensing basis safety analysis for burnup credit.

The fact that the neutron-absorbing properties of fission products are known to reduce the k; value
beyond the actinide-only assumption indicates that the actinide-only assumption is conservative.
However, quantity of the conservatism can not be well substantiated given the existing experiment
and measurement data Until additional experienceisgained with the uncertainties associated with
actinide-only burnup credit, an estimate of the additional reactivity margin that is available from
nuclidesnot considered in the saf ety analysismay be used to compensatefor uncertainties not readily
understood or quantified in the actual safety analysis using the actnides of Table 1 The estimate
should be specific to the cask design since the margin will vary depending on the external absorbers
in the cask basket To help confirm the adequacy of the estimate, the applicant may refer to the
estimates provided in Ref. 31 or Refs. 32-34 The estimation of additional reactivity margin should
not be used to reduce the level of validation or realistic bounding assumptions used as a basis for
safety However, the information can be used to help justify that difficult-to-quantify uncertainties
are adequately covered within the safety envelope of the cask design Other easily identified
conservative assumptions that may have been used in the licensing basis model can also be
considered.

9/4/02 -15-



10.

11.

12.

13.

14.

15.

REFERENCES

“Spent Fuel Project Office Interim Staff Guidance — 8, Rev. 1 — Limited Burnup Credit,”
USNRC, July 30, 1999.

Standard Review Plan for Transportation Packages for Spent Nuclear Fuel - Final Report,
NUREG-1617, U.S. Nuclear Regulatory Commission, March 2000.

Standard Review Plan for Spent Fuel Dry Storage Facilities - Draft Report, NUREG-1567,
U.S. Nuclear Regulatory Commission, March 2000.

Research Information Letter RIL-178, Burnup Credit for Transport and Dry Cask Storage of
PWR Spent Nuclear Fuel, Internal Nuclear Regul atory Commission Memorandum from Ashok
C. Thadani to William F. Kane, February 20, 2001.

T.L. Sandersand R. M. Westfall, “Feasibility and Incentives for Burnup Credit in Spent Fuel
Transport Casks,” Nucl. Sci. Eng. 104, 67-77, 1990.

M. D. DeHart, Sensitivity and Parametric Eval uations of S gnificant Aspectsof Burnup Credit
for PWR Spent Fuel Packages, ORNL/TM-12973, Lockheed Martin Energy Research Corp.,
Oak Ridge National Laboratory, May 1996.

B. L. Broadhead et a., Investigation of Nuclide Importance to Functional Requirements
Related to Transport and Long-Term Storage of LWR Spent Fuel, ORNL/TM-12742,
Lockheed Martin Energy Systems, Inc., Oak Ridge National Laboratory, June 1995.

B. L. Broadhead, Interim Information Report: Assessment of Planned and Existing Critical
Experimentsfor Burnup Credit Validation, W6479/I1R/01-05, Oak Ridge National Laboratory,
Transmitted from C. V. Parks of ORNL to R. Y. Lee of NRC, October 5, 2001.

I. C. Gauld, Srategies for Application of Isotopic Uncertainties in Burnup Credit,
NUREG/CR- (ORNL/TM-2001/257), U.S. Nuclear Regulatory Commission, Oak Ridge
National Laboratory, To be published 2002 (available upon request, prior to publication).

J. C. Wagner and C. V. Parks, Recommendations on the Credit for Cooling Time in PWR
Burnup Credit Analyses, NUREG/CR-  (ORNL/TM-2001/272), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, To be published 2002 (available upon request,
prior to publication).

N. Thiollay, J. P. Chauvin, B. Roque, A. Santamarina, J. Pavageau, J. P. Hudelot, and
H. Toubon, “Burnup Credit for fission Product Nuclides in PWR (UO,) Spent Fuels”
presented at the Sxth International Conference on Nuclear Criticality Safety, ICNC’ 99,
Versailles, France, September 20-25, 1999.

B. L. Broadhead et. al, Sensitivity and Uncertainty Analyses Applied to Criticality Validation,
NUREG/CR-6655 (ORNL/TM-13692/VV1-V2), U.S. Nuclear Regulatory Commission, Oak
Ridge National Laboratory, November 1999.

C. V. Parks, M. D. DeHart, and J. C. Wagner, Review and Prioritization of Technical Issues
Related to Burnup Credit for LWR Fuel, NUREG/CR-6665 (ORNL/TM-1999/303), U. S.
Nuclear Regulatory Commission, Oak Ridge National Laboratory, February 2000.

R. J. Caccigpouti and S. Van Volkinburg, "Axial Burnup Profile Database for Pressurized
Water Reactors," YAEC-1937 (May 1997). Available as Data Package DLC-201 from the
Radiation Safety Information Computational Center at Oak Ridge National Laboratory,
http://www-rsicc.ornl.gov/ORDER.html.

J. C. Wagner and C. V. Parks, Parametric Sudy of the Effect of Burnable Poison Rods for
PWR Burnup Credit, NUREG/CR-6761 (ORNL/TM-2000/373), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, March 2002.

9/4/02 -16-



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

C. E. Sanders and J. C. Wagner, Sudy of the Effect of Integral Burnable Absorbers on PWR
Burnup Credit, NUREG/CR-6760 (ORNL/TM-2000/321), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, March 2002.

C. E. Sanders and J. C. Wagner, Parametric Sudy of the Effect of Control Rods for PWR
Burnup Credit, U.S. Nuclear Regulatory Commission, NUREG/CR-6759
(ORNL/TM-2001/69), Oak Ridge National Laboratory, February 2002.

C. Lavarenne, D. Biron, D. Janvier, R. Cousin, M. Doucet, J. P. Grouiller A. Lebrun,
N. Thiollay, E. Guillou, G. Leka, and H. Toubon, "A New Method to Take Burnup-up into
Account in Criticality Studies Considering an Axia Profile of Burn-up Plus some Fission
Products,” in Proc. of the International Atomic Energy Agency (IAEA) Technical Committee
Meeting on the Requirements, Practices, and Developments in Burnup Credit Applications,
Madrid, Spain, April 22—26, 2002.

Horizontal Burnup Gradient Datafilefor PWR Assemblies, DOE/RW-0496, U.S. Department
of Energy, Office of Civilian Radioactive Waste Management, May 1997.

J. C. Wagner, M. D. DeHart, and C. V. Parks, Recommendationsfor Addressing Axial Burnup
in PWR Burnup Credit Analyses, NUREG/CR-  (ORNL/TM-2001/273), U.S. Nuclear
Regulatory Commission, Oak Ridge National Laboratory, To be published 2002 (available
upon request, prior to publication).

T. A. Parish and C. H. Chen, “Bounding Axial Profile Analysis for the Topical Report
Database,” Nuclear Engineering Dept., Texas A&M University, March 1997.

O. W. Hermann et al., Validation of the SCALE System for PWR Spent Fuel Isotopic
Composition Analyses, ORNL/TM-12667, Martin Marietta Energy Systems, Inc., Oak Ridge
National Laboratory, March 1995.

M. D. DeHart and O. W. Hermann, An Extension of the Validation of SCALE (SAS2H) | sotopic
Predictionsfor PWR Spent Fuel, ORNL/TM-13317, Lockheed Martin Energy Research Corp.,
Oak Ridge National Laboratory, September 1996.

M. D. DeHart et al., OECD/NEA Burnup Credit Calculational Criticality Benchmark Phase
I-B Results, ORNL-6901 (NEA/NSC/DOC(96)-06), L ockheed Martin Energy Research Corp.,
Oak Ridge National Laboratory, June 1996.

C. E. Sandersand J. C. Wagner, “ Investigation of Average and Pin-Wise Burnup Modeling of
PWR Fuel,” Trans. Am. Nucl. Soc., 86, 98-100, June 2002.

M. D. DeHart, SCALE-4 Analysis of Pressurized Water Reactor Critical Configurations:
Volume 1 — Summary, ORNL/TM-12294/V1, Martin Marietta Energy Systems, Inc.,
Oak Ridge National Laboratory, March 1995.

H. R. Dyer and C. V. Parks, Recommendationsfor Preparing the Criticality Safety Evaluation
of Transportation Packages, NUREG/CR-5661 (ORNL/TM-11936), Lockheed Martin Energy
Research Corporation, Oak Ridge National Laboratory, March 1997.

I. C. Gauld, STARBUCS: A Prototypic SCALE Control Module for Automated Criticality
Safety AnalysesUsing Burnup Credit, NUREG/CR-6748 (ORNL/TM-2001/33), U.S. Nuclear
Regulatory Commission, Oak Ridge National Laboratory, October 2001.

J. C. Wagner and C. E. Sanders, Assessment of Reactivity Margins and Loading Curves for
PWR Burnup Credit Cask Designs, NUREG/CR- (ORNL/TM-2002/6), U.S. Nuclear
Regulatory Commission, Oak Ridge National Laboratory, To be published 2002 (available
upon request, prior to publication).

Determination of the Accuracy of Utility Spent Fuel Burnup Records—InterimReport, Electric
Power Research Institute, EPRI TR-109929, May 1998.

9/4/02 -17-



31. J.C.Wagner, Computational Benchmarkfor Estimation of the Reactivity MarginfromFission
Products and Minor Actinides in PWR Burnup Credit, NUREG/CR-6747
(ORNL/TM-2000/306), U.S. Nuclear Regulatory Commission, Oak Ridge Nationa
Laboratory, October 2001.

32. M. Takano and H. Okuno, OECD/NEA Burnup Credit Criticality Benchmark — Result of
PhasellA, JAERI-Research-96-003 (NEA/NSC/DOC(61)01), Japan Atomic Energy Research
Institute, 1996.

33. M. Takano, OECD/NEA Burnup Credit Criticality Benchmark — Result of Phase-1A,
JAERI-M 94-003 (NEA/NSC/DOC(93)22, Japan Atomic Energy Research Institute, 1994.

34. A.Nouri, OECD/NEA Burnup Credit Criticality Benchmark - Analysis of Phase|1-B Results:
Conceptual PWR Spent Fuel Transportation Cask, IPS/98-05 (NEA/NSC/DOC(98)1),
Instituted de Protection et de Surety Nuclear, May 1998.

10 BIBLIOGRAPHY FROM NRC RESEARCH PROGRAM

C.V.Parks,M. D. DeHart, and J. C. Wagner, Review and Prioritization of Technical 1ssues Related
to Burnup Credit for LWRFuel, NUREG/CR-6665 (ORNL/TM-1999/303), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, February 2000.

J. C. Wagner and C. V. Parks, A Critical Review of the Practice of Equating the Reactivity of Spent
Fuel to Fresh Fuel in Burnup Credit Criticality Safety Analyses for PWR Spent Fuel Pool Storage,
NUREG/CR-6683 (ORNL/TM-2000/230), U.S. Nuclear Regulatory Commission, Oak Ridge
National Laboratory, September 2000.

B. L. Broadhead, “Vaue Rankingsof Selected Critical Experimentsfor Burnup Credit Validations,”
American Nuclear Society ANS/ENS 2000 International Winter Meeting and Embedded Topical
Meetings, Washington, DC, November 12—-16, 2000.

Trans. Am. Nucl. Soc., 83, 124-126 (2000).

J. C. Wagner and C. V. Parks, “Impact of Burnable Poison Rods on PWR Burnup Credit Criticality
Safety Analyses,” American Nuclear Society ANSENS 2000 International Winter Meeting and
Embedded Topical Meetings, Washington, DC, November 12—16, 2000.

Trans. Am. Nucl. Soc., 83, 130-134 (2000).

I. C. Gauld, Limited Burnup Credit in Criticality Safety Analyses. A Comparison of 1SG-8 and
Current International Practice, NUREG/CR-6702 (ORNL/TM-2000/72), U.S. Nuclear Regul atory
Commission, Oak Ridge National Laboratory, January 2001.

I.C. Gauldand C. V. Parks, Review of Technical | ssues Rel ated to Predicting | sotopic Compositions
and Source Terms for High-Burnup LWR Fuel, NUREG/CR-6701 (ORNL/TM-2000/277),
U.S. Nuclear Regulatory Commission, Oak Ridge National Laboratory, January 2001.

I. C. Gauld and J. C. Ryman, Nuclide Importance to Criticality Safety, Decay Heating, and Source
Terms Related to Transport and Interim Storage of High-Burnup LWR Fuel, NUREG/CR-6700
(ORNL/TM-2000/284), U.S. Nuclear Regulatory Commission, Oak Ridge National Laboratory,
January 2001.

9/4/02 -18-



C. V. Paks, I.C. Gauld, J. C. Wagner, B. L. Broadhead, M. D. DeHart, and D. D. Ebert, “Research
Supporting Implementation of Burnup Credit in the Criticality Safety Assessment of Transport and
Storage Casks,” pp. 139-247 in Proc. of U.S. NRC 28" Water Reactor Safety Information Mesting,
Bethesda, MD, October 23-25, 2000 (May 2001).

C.V.PaksandR. Y. Lee, “Research Supporting Implementation of Burnup Credit in Transport and
Storage Casks,” 27_4.pdf, in Proc. of ANS2001 International High-Level Radioactive Waste
Management Conference, Las Vegas, NV, April 29-May 3, 2001 (May 2001).

C. V. Paks, B. L. Broadhead, M. D. DeHart, and I. C. Gauld, “Validation Issuesfor Depletion and
Criticality Analysisin Burnup Credit,” pp. 167-179in Proc. of International Atomic Energy Agency
(IAEA) Technical Committee Meeting on the Evaluation and Review of the Implementation of
Burnup Credit in Spent Fuel Management Systems, Vienna, Austria, July 10-14, 2000
(August 2001).

C. V. Parks, M. D. DeHart, and J. C. Wagner, “Phenomena and Parameters Important to Burnup
Credit,” pp. 233-247 in Proc. of International Atomic Energy Agency (IAEA) Technical Committee
Meeting on the Evaluation and Review of the Implementation of Burnup Credit in Spent Fuel
Management Systems, Vienna, Austria, July 10-14, 2000 (August 2001).

C.V.Parksand J. C. Wagner, “ Issuesfor Effective Implementation of Burnup Credit,” pp. 298-308,
in Proc. of International Atomic Energy Agency (IAEA) Technical Committee Meeting on the
Eval uation and Review of the | mplementation of Burnup Credit in Spent Fuel Management Systems,
Vienna, Austria, July 10-14, 2000 (August 2001).

C. V. Parks, J. C. Wagner, I. C. Gauld, B. L. Broadhead, and C. E. Sanders, “U.S. Regulatory
Research Program for Implementation of Burnup Credit in Transport Casks,” 33334.pdf in Proc. of
The 13" International Symposium on the Packaging and Transportation of Radioactive Material
(PATRAMZ2001), Chicago, IL, September 3—7, 2001.

J. C. Wagner and C. V. Parks, “ A Critical Review of the Practice of Equating the Reactivity of Spent
Fuel to Fresh Fuel in Burnup Credit Criticality Safety Analysesfor PWR Spent-Fuel Pool Storage,”
Nucl. Technol. 136, 130-140 (October 2001).

I. C. Gauld, STARBUCS: A Prototypic SCALE Control Module for Automated Criticality Safety
Analyses Using Burnup Credit, NUREG/CR-6748 (ORNL/TM-2001/33), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, October 2001.

J. C. Wagner, Computational Benchmark for Estimation of the Reactivity Margin from Fission
Products and Minor Actinidesin PWR Burnup Credit, NUREG/CR-6747 (ORNL/TM-2000/306),
U.S. Nuclear Regulatory Commission, Oak Ridge National Laboratory, October 2001.

C. E. Sandersand M. D. DeHart, “Comparison of Computational Estimations of Reactivity Margin
From Fission Products and Minor Actinidesin PWR Burnup Credit,” 35765.pdf in Proc. of 2001
ANS Embedded Topical Meeting on Practical Implementation of Nuclear Criticality Safety, Reno,
NV, November 11-15, 2001. [ISBN: 0-89448-659-4; ANS Order No. 700284]

9/4/02 -19-



C. E. Sanders and J. C. Wagner, “Impact of Integral Burnable Absorbers on PWR Burnup Credit
Criticality Safety Analyses,” 35235.pdf in Proc. of 2001 ANS Embedded Topical Meeting on
Practical |mplementation of Nuclear Criticality Safety, Reno, NV, November 11-15, 2001. [ISBN:
0-89448-659-4; ANS Order No. 700284]

C. E. Sanders and J. C. Wagner, “Parametric Study of Control Rod Exposure for PWR Burnup
Credit Criticality Safety Analyses,” 35281.pdf in Proc. of 2001 ANS Embedded Topical Meeting on
Practical |mplementation of Nuclear Criticality Safety, Reno, NV, November 11-15, 2001. [ISBN:
0-89448-659-4; ANS Order No. 700284]

J. C. Wagner, “ Addressing the Axial Burnup Distributionin PWR Burnup Credit Criticality Safety,”
35218.pdf in Proc. of 2001 ANSEmbedded Topical Meeting on Practical |mplementation of Nuclear
Criticality Safety, Reno, NV, November 11-15, 2001.

[ISBN: 0-89448-659-4; ANS Order No. 700284]

I. C. Gauld and C. E. Sanders, “Development and Applications of a Prototypic SCALE Control
Modulefor Automated Burnup Credit Analysis,” 35238.pdf in Proc. of 2001 ANSEmbedded Topical
Meeting on Practical Implementaiton of Nuclear Criticality Safety, Reno, NV, November 11-15,
2001. [ISBN: 0-89448-659-4; ANS Order No. 700284]

C. E. Sanders and J. C. Wagner, Parametric Study of the Effect of Control Rods for PWR Burnup
Credit, NUREG/CR-6759 (ORNL/TM-2001/69), U.S. Nuclear Regulatory Commission, Oak Ridge
National Laboratory, February 2002.

C. E. Sandersand J. C. Wagner, Sudy of the Effect of Integral Burnable Absorberson PWR Burnup
Credit, NUREG/CR-6760 (ORNL/TM-2000/321), U.S. Nuclear Regul atory Commission, Oak Ridge
National Laboratory, March 2002.

J. C. Wagner and C. V. Parks, Parametric Study of the Effect of Burnable Poison Rods for PWR
Burnup Credit, NUREG/CR-6761 (ORNL/TM-2000/373), U.S. Nuclear Regulatory Commission,
Oak Ridge National Laboratory, March 2002.

J. C. Wagner and C. E. Sanders, “Investigation of the Effect of Fixed Absorbers on the Reactivity
of PWR Spent Nuclear Fuel for Burnup Credit,” Publication accepted for August 2002 issue of
Nuclear Technology.

J. C. Wagner and C. V. Parks, Recommendations on the Credit for Cooling Time in PWR Burnup
Credit Analyses, NUREG/CR- (ORNL/TM-2001/272), U.S. Nuclear Regulatory Commission,
Oak Ridge National Laboratory, To be published 2002.

C.E. Sandersand . C. Gauld, I sotopic Analysis of High-Burnup PWR Spent Fuel SamplesFromthe
Takahama-3 Reactor, NUREG/CR- (ORNL/TM-2001/259), U.S. Nuclear Regul atory Commission,
Oak Ridge National Laboratory, To be published 2002.

I. C. Gauld, Strategies for Application of Isotopic Uncertainties in Burnup Credit, NUREG/CR-
(ORNL/TM-2001/257), U.S. Nuclear Regulatory Commission, Oak Ridge National Laboratory, To
be published 2002.

9/4/02 -20-



J. C. Wagner, M. D. DeHart, and C. V. Parks, Recommendations for Addressing the Axial Burnup
Distribution in Burnup Credit Criticality Safety Analyses for Dry Cask Sorage and Transport,
NUREG/CR- (ORNL/TM-2001/273), U.S. Nuclear Regulatory Commission, Oak Ridge National
Laboratory, To be published 2002.

J. C. Wagner and C. E. Sanders, Assessment of Reactivity Margins and Loading Curves for PWR
Burnup Credit Cask Designs, NUREG/CR- (ORNL/TM-2002/6), U.S. Nuclear Regulatory
Commission, Oak Ridge National Laboratory, To be published 2002.

9/4/02 -21-



