
XAO102883
OVERVIEW OF THE BURNUP CREDIT ACTIVITIES
AT OECD/NEA/NSC

M.C. BRADY RAAP
Pacific Northwest National Laboratory,
Richland, Washington,
United States of America

Y.NOMURA
Japan Atomic Energy Research Institute,
Tokai-mura, Ibaraki-ken,
Japan

E. SARTORI
Organization for Economic Cooperation and
Development/Nuclear Energy Agency,
Issy-les-Moulineaux,
France

Abstract

This article summarizes activities of the OECD/NEA Burnup Credit Expert Panel, a subordinate group to the
Working Party on Nuclear Criticality Safety (WPNCS). The WPNCS of the OECD/NEA coordinates and carries
out work in the domain of criticality safety at the international level. Particular attention is devoted to
establishing sound databases required in this area and to addressing issues of high relevance such as burnup
credit. The activities of the expert panel are aimed toward improving safety and identifying economic solutions to
issues concerning the back-end of the fuel cycle.

The main objective of the activities of the OECD/NEA Burnup Credit Expert Panel is to demonstrate that the
available criticality safety calculational tools are appropriate for application to burned fuel systems and that a
reasonable safety margin can be established. The method established by the expert panel for investigating the
physics and predictability of burnup credit is based on the specification and comparison of calculational
benchmark problems. A wide range of fuel types, including PWR, BWR, MOX, and VVER fuels, has been or are
being addressed by the expert panel. The objective and status of each of these benchmark problems is reviewed
in this article.

It is important to note that the focus of the expert panel is the comparison of the results submitted by each
participant to assess the capability of commonly used code systems, not to quantify the physical phenomena
investigated in the comparisons or to make recommendations for licensing action.

1. INTRODUCTION

The importance of the safe handling of fissile materials was recognised at an early stage both
by the scientific community and the responsible authorities. In fact, nuclear criticality safety
was established as a discipline more than 50 years ago in response to several accidents that
had occurred in nuclear weapons programmes. At the beginning, intensive experimentation
with a large variety of configurations and materials took place in order to establish a basis of
knowledge for such systems. Over the years, substantial progress has been made in developing
nuclear data and computer codes to evaluate criticality safety for nuclear fuel handling. The
accuracy and reliability of computer code calculations has been extensively benchmarked



using the experimental data that had formed the foundation for criticality safety. These
validated criticality calculational tools can be utilized to evaluate proposed fissile equipment
designs and operational activities and establish limits and controls to assure safety. Within
regions of applicability established using the existing experimental information, new
experiments are not always needed. This application of state-of-the-art calculational tools for
criticality safety evaluations has led to reduction of the uncertainties in safety margins and has
allowed rational and more economical designs for manipulation, storage and transportation of
fissile materials.

A series of criticality benchmark studies addressing issues of storage, dissolution and
transportation of nuclear materials was carried out several years ago by an OECD/NEA
working group established under the leadership of G. Elliott Whitesides. The results of the
work have been published both as NEACRP and NSC reports and presented at international
conferences. Results from these benchmarks are widely used; this is confirmed by frequent
references made in publications.

OECD/NEA has coordinated the activities of this criticality safety benchmark group for more
than a decade. The group has addressed criticality safety issues associated with the storage,
dissolution and transportation of nuclear materials. Over time the issues tackled by the group
have evolved and expanded in line with needs expressed by the international criticality safety
community. The technical competence and composition of the group has also evolved through
calling in new members with expertise in the specific issues under investigation. The group
began to address broad issues such as methods development, experimental needs and
international handbook data in the field of nuclear criticality safety. In 1991, the benchmark
group elected to add to their agenda a study of burnup credit criticality benchmarks. [Burnup
credit is a term that applies to the reduction in reactivity of burned nuclear fuel due to the
change in composition during irradiation.] By 1997 the group and scope of work had grown to
such proportion that a formal OECD/NEA working party was organised. The Working Party
for Nuclear Criticality Safety was chartered to review the activities of the existing working
group and to propose establishing task forces (expert panels) corresponding to new demands
on methods development, experimental needs and international handbook data in the field of
nuclear criticality safety. [1]

2. WORKING PARTY FOR NUCLEAR CRITICALITY SAFETY (WPNCS)

The scope of the WPNCS covers technical away-from-reactor criticality safety issues relevant
to fabrication, transportation, storage and other operations related to the fuel cycle of nuclear
materials. Figure 1 illustrates the current scope of activities being addressed by the WPNCS.
The working party primarily provides guidance to promote and coordinate the identification
and investigation of high priority issues of common interest to the international criticality
safety community. In doing this, the WPNCS maintains a priority list of the needs of the
nuclear criticality safety community and submits proposals to the OECD/ Nuclear Science
Committee (NSC) on the setting up of specific expert panels to address these issues as
deemed appropriate.
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Figure 1. Existing relationship between working parties reporting to the OECD/NEA Nuclear
Science Committee and the criticality safety expert groups.

Expert groups have been established for:

1. Developing an experiments database for critical experiments - ICSBEP Project,
2. Developing experiments databases for sub-critical measurements - Sub-Critical

Measurements,
3. Identifying needs for critical, subcritical and supercritical experiments - Experimental

Needs,
4. Establishing/updating basic criticality condition data - Minimum Critical Values,
5. Verifying the adequacy of existing codes and data for application with burned fuel -

Burnup Credit Studies.

Code and data validation and benchmarking and criticality safety handbooks and standards are
common themes among the different expert groups. This overlap often requires integration
and coordination that is the responsibility of the WPNCS. A recent example that shows the
different levels of coordination for this working method is the following. Within the Burnup
Credit Expert group several issues were identified, which were of wider interest. These were
reported to WPNCS for further investigation, e.g.:

1. Numerical convergence in computing criticality of decoupled fissile systems such as
spent fuel assemblies. This problem needs to be addressed for both deterministic and
stochastic methods (a specific benchmark has been proposed for Monte Carlo methods).

2. Effects of geometrical approximations in pin cells, e.g. square versus cylindrical.
3. Mixed configurations of different units with fissionable material.

The focus of this paper is to report on the activities of the Burnup Credit Expert Group.

3. BURNUP CREDIT EXPERT GROUP

The main objective of the activities of the OECD/NEA Burnup Credit Expert Group is to
demonstrate that the available criticality safety calculational tools are appropriate for



application to burned fuel systems and that a reasonable safety margin can be established. For
this purpose the Expert Group established a suite of burnup credit criticality benchmarks that
assess both the capability to calculate both spent fuel composition and reactivity of spent fuel.
[2, 3] The benchmarks were carefully specified to allow a comparison of results using a wide
variety of calculational tools and nuclear data sets. Participants used a wide variety of codes
and methods based on transport theory, using SN, nodal and Monte Carlo techniques. Nuclear
data (both cross-section and decay data) were taken from a variety of sources multiple
versions of the Evaluated Nuclear Data Files (ENDF/B), the Japan Evaluated Nuclear Data
Libraries (JENDL) and the Joint Evaluated Files (JEF). Both multi-group and continuous
energy cross-section data were used in the study. Table I is a summary of the benchmark
problems addressed noting both the primary objective and current status of each.

Since the objective of the Burnup Credit Expert Group thus far has been to assess code
capabilities, the results are most often presented as the standard deviation among participants.
There has been no attempt to make a safety case for licensing nor to provide bounding values
on the observed trends or physical phenomena (e.g. the effect of axially distributed burnup).
However, the group does discuss specific or suspected sources of discrepancies, leading to the
identification of further studies.

Table I. Summary of benchmark problems addressedby the OECD/NEA Burnup Credit Expert
Group.

Benchmark Primary Objective

Phase I-A Examine effects of seven major actinides and 15 major fission
products for an infinite array of PWR rods. Isotopic
composition specified at 3.6 wt.% 235U at 0, 30 and
40 GWd/MTU and at one- and five-year cooled.

Phase I-B Compare computed nuclide concentrations for depletion in a
simple PWR pin-cell model, comparison to actual
measurements at three burnups (27.34, 37.12 and
44.34 GWd/MTU).

Phase II-A Examine effect of axially distributed burnup in an array of
PWR pins as a function of initial enrichment, burnup and
cooling time. Effects of fission products independently
examined.

Phase II-B Repeat study of Phase H-A in 3-D geometry representative of a
conceptual burnup credit transportation container. Isotopic
compositions specified.

Phase II-C Key sensitivities in criticality safety to burnup profiles.
Phase III-A Investigate the effects of moderator void distribution in

addition to burnup profile, initial enrichment, burnup and
cooling time sensitivities for an array of BWRpins.

Phase III-B Compare computed nuclide concentrations for depletion in a
BWR pin-cell model.

Phase IV-A Investigate burnup credit for MOX spent fuel pin-cell for three
plutonium vectors (first recycle, fifth recycle, weapons-grade)

Phase IV-B Compare computed nuclide concentrations for depletion in a
MOX super-cell.

Phase V W E R burnup credit. Similar to Phases I and II for PWRs but
with hexagonal geometry and WWER fuel specification

Status

Completed

Completed

Completed

Completed

Draft specification
Report to be
published in 2000

In progress

In progress

Draft Specification

In progress
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4. BURNUP CREDIT CALCULATIONAL BENCHMARK PROBLEMS

The benchmark problems were specified to permit the Expert Group to investigate code
performance over a variety of physics issues associated with burnup credit. Parameters and
effects that have been studied include:

1. The relative contributions from fission products and actinides to the reactivity reduction
(k) for burned fuel [light water reactors (LWRs) and WERs],

2. Trends with burnup and enrichment for LWRs, axially distributed burnup in LWRs,
3. Effects of void distribution for boiling water reactors (BWRs),
4. Identification of sensitive parameters for mixed oxide (MOX) fuels.

It is important to note that the focus of the working group is the comparison of the results
submitted by each participant to assess the capability of commonly used code systems, not to
quantify the physical phenomena investigated in the comparisons or to make
recommendations for licensing action.

4.1. PHASE MI: PWR Studies

The burnup covered in the PWR studies ranges from fresh fuel to 50 GWd/t and cooling
periods from one to five years and varying enrichments.

4.1.1.Phase I-A: Multiplication Factors- PWR Infinite Lattice Studies (ID)

This benchmark consists of 13 cases. Each case is an eigenvalue calculation of a simple
infinite lattice of PWR fuel rods. The investigated parameters were burnup, cooling time and
combinations of nuclides in the fuel region. The groupings of nuclides include four
subgroups: major actinides (U-234, 235, 236, and 238; Pu-239, 240 and 241); minor actinides
(Pu-238 and 242; Am-241 and 243; Np-237); major fission products (Mo-95; Tc-99; Ru-101;
Rh-103; Ag-109; Cs-133; Sm-147, 149, 150, 151 and 152; Nd-143 and 145; Eu-153; and Gd-
155) and minor fission products (all others available to participant). The fuel compositions for
each case by nuclide were provided as part of the problem specification [4] so that the results
could be focused on the calculation of (impacts on) the multiplication factor. In total, 25 sets
of results were submitted from 19 institutes in 11 countries. The detailed results are presented
inRef. 5.

Phase I-A is perhaps the most detailed of the benchmark problems in terms of types of data
collected and analyzed. Participants provided the following information: codes used, nuclear
data libraries, and energy grouping of libraries (group structure or continuous energy);
calculated multiplication factor; neutron spectrum in water; neutron spectrum in fuel;
absorption rates for all major and minor actinides, major fission products and oxygen; and
production rates and neutrons per fission for all major and minor actinides.

Results - Multiplication Factors: Only 17 of the original 25 participants providing solutions
were able to execute the problem as specified. Some participants had difficulty incorporating
the specified compositions and/or did not have cross section data for all the major fission
products. Approximately 23 of the participants were able to successfully complete the
actinide-only cases. The results presented in Table II are the average of the results of 17
participants.
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Table II. Results of Phase I-A: Average Multiplication Factor, k (2a ), Ref. 5.

NuclidesSet Fresh Fuel 30 GWd/MTU* 40 GWd/MTU* 30 GWd/MTU* 40 GWd/MTU*
1 yr cooled 1 yr cooled 5 yr cooled 5 yr cooled

All Actinides
All Fiss Prod. 1.4378(0.0175) 1.1080(0.0194)

All Actinides
No Fiss Prod.

Maj Actinides
No Fiss Prod.

All Actinides
Maj Fiss Prod.

1.0758(0.0185)

1.2456(0.0107) 1.1885(0.0110) 1.2284(0.0109) 1.1657(0.0099)

1.2635(0.0108) 1.2566(0.0109)

1.1402(0.0169) 1.0638(0.0170) 1.1123(0.0164) 1.0240(0.0156)

*Burnup is given in gigawatt days per metric ton initial uranium

An examination of the results in Table II suggest that the largest component of uncertainty
originates from the minor fission products as indicated by the larger 2a values in the cases of
"All Fission Products". For all other cases, including those with "Major Fission Products", the
2a values are smaller than for the case of fresh fuel. The agreement among participants for the
"No Fission Product" cases is significantly better than the fresh fuel and fission product cases.
No trends in the standard deviation among participants were observed with either burnup or
cooling time. Trends in the multiplication factors with burnup and cooling time were as
expected; k decreases as both burnup and cooling time increase. The larger 2a value for the
fresh fuel case was expected based on known biases which decrease with fuel depletion
[5, 8, 9].

Results - Neutron Spectra: Fourteen participants provided neutron spectra in both the fuel and
water. The number of energy groups varied from 27 to 247 and the maximum energy
boundaries vary from 20 MeV to 8.2 MeV. Results based on continuous energy data were
converted for mutual comparison. The spectra were in quite good agreement. The effects of
Pu resonances were clearly seen at approximately 0.3 eV and 1.0 eV in the fuel region and
smaller effects at these energies were observed in the moderator region. [5, 9].

Results - Reaction Rates: Seventeen participants supplied the requested reaction rate data.
Both the absorption rates and production rates were normalized to unity for comparison. A
comparison of absorption rates revealed differences of 0.4 - 0.7% of the total absorption rate
for U-238, U-235 and Pu-239. The production rates for these nuclides revealed observed
differences among participants of 0.6 to 0.8% of the total production rate. Differences were
also observed in the calculated values of neutrons per fission for these nuclides, however there
were some discrepancies among participants in the definition of this parameter so the results
are not conclusive. Smaller differences in absorption rates (less than 0.1% of the total
absorption rate) were observed for Pu-240, Pu-241, Gd-155, Nd-143, Rh-103, Sm-149, Sm-
151andTc-99.
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4.1.2. Phase I-B: Spent Fuel Compositions, PWR Fuel

The purpose of this calculational benchmark problem was to compare computed nuclide
concentrations for depletion in a simple pin-cell model. The detailed problem description and
results are given in Ref. 6. This benchmark consists of three cases, each with a different
burnup. The specific power and boron concentrations for each cycle and cumulative burnup
were given in the problem description. Initial isotopic compositions for both the fuel and the
moderator were given. Participants were requested to report calculated compositions for the
12 actinides and 15 fission products named in Phase I-A. A total of 21 sets of results were
submitted by 16 organizations from 11 countries.

Given that the objective is to ultimately calculate the reactivity of spent fuel, the significance
of the differences in nuclide concentrations should be examined from this perspective. As an
example of relative importance in the evaluation of multiplication factor, the change in
reactivity associated with a change in concentration equal to the observed standard deviation
among participants was evaluated.

Table III is a summary of Phase I-B results for important nuclides [have a standard deviation
greater than 10% among participants or a change in reactivity greater than 0.01%Ak (10 pcm)
per % change in concentration (%AN)]. A large standard deviation indicates poor agreement
in the calculation of the inventory of a given nuclide. Unlike Phase I-A, trends in the standard
deviation with burnup are evident in this study. For many nuclides this trend is relatively
small, however the trend of increasing standard deviation with increasing burnup appears to
be significant for U-235. A list of nuclides for which further study and comparison of
additional information (such as fission product yield data, thermal cross sections, etc.) would
be warranted is as follows: Pu-239, Gd-155, U-235, Pu-241, Pu-240, Sm-151, and Sm-149, as
these have the largest integral effect on k. Of these nuclides, only Gd-155 and Sm-149 exceed
both the 10% standard deviation and a Ak/%AN of 0.01%.

4.1.3. Phase II-A: Multiplication Factors-Distributed Burnup Studies (2D)

The configuration considered in this benchmark problem is a laterally infinite array of PWR
fuel assemblies with the following characteristics: initial enrichment equal to 3.6 wt % or 4.5
wt %; fuel radius equal to 0.412 cm and array pitch equal to 1.33 cm which leads to a
moderation ratio Vmod/Vox = 2.0; different burnups were considered (0, 10, 30 or 50
GWd/MTU) and two cooling times, 1 or 5 years; axially, a symmetrical configuration was
adopted including 9 fuel regions (total height = 365.7 cm); and an upper and lower plug and
water reflector (30 cm). Specific isotopic compositions were specified for each fuel region and
conditions. Cases were analyzed for the axially distributed burnup as well as a uniform burnup
assumption equal to the assembly average burnup. The axial burnup profiles used were
symmetric about the midplane. As in Phase I-A, the effects of major actinides and fission
products were also investigated. Participants were asked to provide calculated multiplication
factors and fission densities by axial zone for three cases. Approximately 22 sets of results for
the 26 configurations were calculated by 18 different participants from 10 countries.

Details of the problem specification and results for this benchmark are presented in Ref. 7.
The average multiplication factors and 2a values for the 26 cases are summarized in Table IV.

13



Table m. Summary of Phase I-B Results (Ref. 6).

Nuclide

U-235
Pu-238
Pu-239
Pu-240
Pu-241
Am-243
Ag-109
Sm-149
Sm-150
Sm-151
Sm-152
Gd-155

(27.35

ab

2.98
15.68
5.16
3.95
6.45
11.31
11.03
14.14
5.30

22.41
7.20

33.45

Case A
GWd/MTU)a

Akc

(xlOO)

0.4410
0.0329
0.7085
0.2054
0.2219
0.0079
0.0143
0.1386
0.0090
0.1502
0.0331
0.5252

(37.

a

6.01
14.80
6.08
4.27
5.97
10.41
10.61
15.01
7.07

21.72
9.01
33.28

CaseB
12 GWd/MTU)

Ak
(xlOO)

0.6485
0.0562
1.0611
0.2404
0.3248
0.0198
0.0191
0.1471
0.0177
0.1434
0.0469
0.8120

CaseC
(44.34 GWd/MTU)

a

8.12
13.86
7.12
5.27
6.86
10.40
10.21
15.61
8.50

22.31
9.68

32.97

Ak
(xlOO)

0.6285
0.0679
1.3962
0.2772
0.4583
0.0302
0.0214
0.1499
0.0255
0.1539
0.0503
0.9792

a Burnup is given in gigawatt days per metric ton uranium.
bThe standard deviation among participant results.
c Represents an example of the change in multiplication factor times 100 from a one a change in isotopic
composition. The quantity is given as a positive value since the change in composition may be +/-.

Results - Comparison of Multiplication Factors: No significant trends in the agreement among
participants (2a values) were observed with initial enrichment or bumup. As in Phase I-A, the
inclusion of fission products results in a greater deviation among participants (larger 2a
values). No clear trends were observed with the inclusion of the axially distributed bumup,
although cases with both high bumup (greater than 10 GWd/MTU) and with fission products
have some indications of increasing 2a when axially distributed bumup is considered. At
higher burnup (50 GWd/MTU with and without fission products) there is a suggestion of a
trend in 2a with cooling time. Comparisons of multiplication factors from this benchmark
with corresponding cases in Phase I-A indicate that the axial leakage is small. Overall, the
most interesting result in this benchmark is that the largest discrepancy (2a) among
participants is still seen for the fresh fuel cases.

Results - End Effect: In this study, the "end effect" was defined as the difference in the
multiplication factors between the corresponding cases with and without an axial bumup
distribution. Tendencies were observed in the multiplication factors that indicate an increase
in end effect with increasing bumup. It is very important to note that the end effect is
calculated as the difference of two close values and, therefore, has large calculated standard
deviations, from 25% to greater than 100% of the value calculated for the end effect (in most
cases approximately 75%). Although these tendencies are believed to be representative in
general, the effects of both neutron leakage and axial asymmetry of material composition
(which was not considered here) may make a considerable difference in the magnitude of the
end effect.

Results - Fission Density: The fission density data provided by the participants was found to
be in relatively good agreement. The data illustrate the importance of the end regions,
approximately 70% of the total fissions occurred in the upper 40 cm of the fuel (representing
approximately 22% of the total fuel volume). Therefore, adequate modeling and convergence
at the fuel ends are essential to obtain reliable eigenvalues for highly irradiated spent fuel
systems.
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Table IV. Summary of Phase II-A Results, Average Multiplication Factor (Ref. 7).

Case

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Initial
Enrichment
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt%
3.6 wt%
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt %
3.6 wt%
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %

Burnup
GWd/MTU

Fresh
10
10
10
10
30
30
30
30
30
30
30
30

Fresh
30
30
30
30
50
50
50
50
50
50
50
50

Cooling
time(yr)

N/A
1
1
1
1
1
1
1
1
5
5
5
5

N/A
1
1
1
1
1
1
1
1
5
5
5
5

Fission
Products

N/A
Yes
Yes
No
No
Yes
Yes
No
No
Yes
Yes
No
No

N/A
Yes
Yes
No
No
Yes
Yes
No
No
Yes
Yes
No
No

Burnup
Profile
N/A
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
N/A
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No
Yes
No

1.4335 (0.0217)
1.3053 (0.0161)
1.3126(0.0159)
1.3607(0.0175)
1.3665 (0.0174)
1.1360(0.0155)
1.1358(0.0138)
1.2339(0.0129)
1.2419(0.0119)
1.1160(0.0144)
1.1062(0.0136)
1.2176(0.0119)
1.2256(0.0113)
1.4783 (0.0232)
1.1996(0.0151)
1.2025 (0.0161)
1.2972 (0.0145)
1.3064 (0.0139)
1.0838 (0.0175)
1.0584 (0.0136)
1.1999(0.0121)
1.1983(0.0116)
1.0543 (0.0156)
1.0123 (0.0135)
1.1800(0.0104)
1.1734(0.0096)

4.1.4. Phase II-B: Multiplication Factors-Distributed Burnup Studies (3D)

In this benchmark problem, a realistic configuration of 21 PWR spent fuel assemblies in a
stainless steel transport cask was evaluated. A borated stainless steel basket centered in the
flask separates the assemblies. The basket (5x5 array with the 4 corner positions removed)
was fully flooded with water. The main characteristics of the fuel assembly are: 17x17 array
(289 rods, no guide tubes), water moderated cells with pitch equal to 1.25984 cm; initial fuel
enrichment equal to 4.5 wt %; fuel radius equal to 0.4096, fuel rod ID= 0.41785 cm and OD =
0.475 cm which lead to a moderation ratio Vmod/Vox=1.67; as in Phase II-A, the fuel was
divided axially into 9 symmetrical zones; burnups of 0, 30 and 50 GWd/MTU and 5 years
cooling were used; and the fuel compositions were as specified Phase II-A. Cases were
analyzed for the axially distributed burnup as well as a uniform burnup assumption equal to
the average burnup. Fourteen participants from 7 different countries submitted partial or
complete results (k-eff and fission densities) for the 9 cases specified.

Table V is a summary of the results from this benchmark exercise [8].
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Table V. Phase II-B Results - Average Multiplication Factors (Ref. 8).

Case Initial Burnup Cooling
Enrichment GWd/MTU time(yr)

Fission
Products

Burnup
Profile

k(2a)

1
2
3
4
5
6
7
8
9

4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt %
4.5 wt%
4.5 wt %
4.5 wt %
4.5 wt %

Fresh
30
30
30
30
50
50
50
50

N/A
5
5
5
5
5
5
5
5

N/A
Yes
No
Yes
No
Yes
No
Yes
No

N/A
No
No
Yes
Yes
No
No
Yes
Yes

1.1257(0.0135)
0.8934 (0.007)
0.9716(0.010)
0.8953(0.010)
0.9647(0.011)
0.7641 (0.005)
0.8737 (0.007)
0.7933 (0.008)
0.8791 (0.010)

Significant differences in the multiplication factors observed for this benchmark relative to
Phase II-A are due to differences in the configuration (radially finite, borated stainless basket
and stainless steel reflector) and differences in the moderation ratio. There are also significant
differences in the calculated standard deviations, which are systematically lower than the
corresponding Phase II-A cases, hi this benchmark, the trend previously observed indicating
increasing dispersion among participant results (higher values of 2a) for cases including
fission products is reversed, hi Phase II-B the results with fission products have smaller 2a
values than those cases with no fission products. Consistent with earlier results the highest
value of 2a is for the fresh fuel case. Overall, the agreement among participants is better for
Phase II-B than in the Phase II-A benchmark.

The results for the end effects are generally consistent with Phase II-A results. End effect is
positive (conservative) for low burnups (below ~30GWd/t) and is increasingly negative as
burnup increases above 30GWd/t. The effect of the presence of fission products is illustrated
in Figure 2. The "explicit" burnup profile is in reference to the 9-zone symmetrical profile
illustrated in Figure 3.

Two additional accident cases highlighted importance of profile if axial heterogeneity present.
This means that the importance of the end regions of the fuel is sensitive to the cask geometry,
particularly the presence/absence of poison materials under normal conditions at the ends of
the cask.

4.1.5.Phase II-C: Proposed Additional Distributed Burnup Studies (3D)

The axial distribution of burnup that is assumed in the evaluation of reactivity for a spent fuel
system has been identified as a key parameter for the analysis. Calculations performed to date
have shown that the effect varies based on burnup, cooling time and how the burnup
distribution and fuel isotopic composition are actually modeled (e.g., number of axial nodes
modeled and symmetrical/asymmetrical representations and actinide-only versus including
fission products). The reference profile in the above benchmark calculations utilized burnup-
dependent profiles based on post-irradiation measurements for a PWR assembly. The profiles
conservatively assumed symmetry about the axial midplane using a shape consistent with the
bottom half of the fuel assembly. Note that the 'real' profile is clearly asymmetric. Figure 3
illustrates the difference between the real profile (i.e., "continuous") and the 9-zone symmetric
representation used in the benchmarks, hi this figure, the axial position is the distance from
the bottom of the active fuel region of the assembly.
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4.2. PHASE HI: BWR Studies

4.2.1. Phase III-A: Reactivity Effects in an Array of BWR pins

This benchmark problem was developed to evaluate the criticality safety of spent boiling
water reactor (BWR) fuel in storage facilities or transportation casks. The main features of
BWRs important in criticality analyses that differ substantially from PWRs are the moderator
void distribution in the core and the complicated composition of a fuel assembly. In BWRs,
the moderator void volume fraction is about 70% near the top region of the core and nearly
zero near the bottom of the core. The core average void fraction is approximately 40%. A
BWR fuel assembly consists of many kinds of fuel rods whose initial enrichments are
different from each other. Some fuel rods contain Gd, which is a strong neutron absorber.
BWR assemblies also have a large water rod located at their center. For this benchmark
problem, the assembly geometry was simplified such that the composition of all the fuel rods
in an assembly is considered to be the same. The water rod, cladding, channel box, end plugs
and gas plenum are all modeled per the specification. Isotopic compositions for the fuel and
water are also given. Twenty-two cases were proposed where burnup varies from 0 to 40
GWd/MTU, fission products are included in some cases, an axial burnup distribution is
considered in some cases, an axial void distribution is used in some cases, 40% and 70%
uniform void cases are considered and cooling times of 1 and 5 years are specified.
Participants were asked to provide calculated multiplication factors and fractional fission
densities for five cases.

Results indicate that the largest differences among participants are for the 70% uniform void
cases (other than the fresh fuel case), hi these cases, the neutron energy spectrum is harder and
the plutonium production rate is high compared to the 40% cases and the cases with an axially
distributed void fraction.

Table VI. Preliminary Phase IH-A Results - Multiplication Factor Trends, based on Average
of Participant Results {all cases for 3.5 wt% U-235).

Burnup
GWd/MTU

20
20
30
30
40
40
40
40
40

40

40

40

40

Cooling
Time (yr)

1
5
1
5
1
5
5
5
5

5

5

5

5

Fission
Products

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
Yes

Yes

No

No

No

Burnup
Profile

Yes
Yes
Yes
Yes
Yes
Yes
No
No
No

No

No

No

Yes

Void Profile

Yes
Yes
Yes
Yes
Yes
Yes
Yes
No

40%
(uniform)

70%
(uniform)

40%
(uniform)

70%
(uniform)

Yes

Average k

1.194
1.182
1.111
1.091
1.027
0.998
0.989
1.104
0.958

0.998

1.072

1.114

1.100
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4.2.2. Phase III-B: Depletion for BWR Fuel

This benchmark was developed to investigate the ability of evaluation tools to calculate the
isotopic composition of irradiated BWR fuel. Unlike the problem specification for Phase HI-
A, the geometry of the BWR fuel assembly was not simplified for this benchmark. The fuel
assembly consists of fuel rods at 5 different initial enrichments and with and without
gadolinium (Gd). The initial isotopic composition of each rod and explicit geometry
descriptions were specified. As in the Phase III-A specification, the void fraction is varied,
cases are evaluated at 0, 40 and 70% uniform void fractions. Number densities for the 12
actinides and 15 fission products of Phase I-A are requested for each of 9 fuel pins in a 1/8
assembly model. The average composition of each of the 5 fuel rod types and assembly
average compositions are requested. The calculated burnup for each of the 9 fuel pins is also
requested. Participants are also asked to provide neutron multiplication factors for burnups of:
0, 0.2, 10, peak burnup, 20, 30, 40, 50 GWd/MTU for each of the three void fraction cases.

4.3. Phase IV: MOX Studies

4.3.1. Phase IV-A: MOX Pin-Cell Calculations

The first phase of problems to investigate burnup credit for MOX spent fuel pin-cell for three
plutonium vectors as indicated in Table VII (first recycle, fifth recycle, weapons-grade). This
benchmark problem was started in 1998 and is similar to Phase I-A for PWR UO2 fuel.
Isotopics for three types of fresh and burnt MOX assembly were specified in the benchmark
specification: single cycle Pu, weapons disposition Pu, and multi-recycle Pu. The isotopics
included curium isotopes. Preliminary results from 16 institutions show significantly larger
spread than for UO2 cases. The rate of change of k with burnup appears to be strongly related
to initial Pu content. Curium isotopes were found to contribute up to 1.5% of the change in
reactivity.

Table VII. Initial Distribution of Plutonium Isotopes in MOX Benchmark.

NUCLIDE

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

Isotopic Composition, wt

MOX Case A

1.8
59.0
23.0
12.2
4.0

MOX Case B

0.05
93.6
6.0
0.3

0.05

% in Putotai

MOX Case C

4.0
36.0
28.0
12.0
20.0

4.3.2. Phase IV-B: Depletion Calculations for MOX Fuel

The proposed specification has been developed to be consistent with the approach used for
studying LWRs. The second phase of the MOX studies are intended to compare computed
nuclide concentrations for depletion in a MOX super-cell.

4.4. Phase V: WER Studies

These studies are similar to Phases I and II for PWRs but with hexagonal geometry and VVER
fuel specification. Representatives from the Czech Republic are leading this benchmark.
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Preliminary results have been submitted from a number of countries operating VVER
reactors.

5. SUMMARY OF CURRENT FINDINGS

The areas that continue to be investigated due to their high importance in the evaluation of
burnup credit are isotopic composition and the axial distribution of burnup. The radial
distribution of burnup, or flux tilt across an assembly has also been investigated but is not
considered a primary effect and can be compensated for in a number of ways including
possibly a penalty expressed as a reduction in burnup.

5.1. Isotopic Composition

In support of the burnup credit studies, a Spent Fuel Isotopic Composition Database
(SFCOMPCO) has been developed containing data collected from 13 LWRs, including seven
PWRs and six BWRs in Europe, the USA and Japan. [10, 11, 12] It is also planned to include
measured axial profiles in the database at a later date.

Additionally, several international collaborative efforts have evolved to use to obtain
benchmark data to either validate isotopics calculations and/or to validate the reactivity worth
of individual fission products. [13, 14, 15, 16,] There are some restrictions on access to the
data derived from or to be derived from most of these programs. Examples of these programs
are the CERES, ARIANE and REBUS programs. Free access to data continues to be an issue.

5.2. Axial Burnup Distributions

Discussions in the group have led to the conclusion that the effect of the axial distribution of
burnup is not well characterized. Also, a "bounding" profile would be dependent on a specific
application due to variations in both fuel and flask designs. Accessibility of measured profile
data also hinders the determination of a bounding profile. The majority of axial burnup data is
derived from in-core measurements. Some participants have stated that they access to some
post-irradiation measured profiles that are proprietary and are not generally available. The
group reiterated the desire, expressed earlier at the WPNCS meeting, for the WPNCS to ask
the NSC to address getting this type of data released for use by the task force.

Phase IIC has been proposed to further study the effect of axial burnup profiles in PWRs. Two
separate issues were identified: (1) data needs (measured axial profile data and detailed power
history data) and (2) actual problem specification. The purpose of Phase IIC was to be a
"complementary study on the sensitivities due to different axial burnup profiles across the full
range of burnup". Phase EC was specifically to include the axial asymmetry. The details of the
proposed Phase IIC benchmark are to be presented at this meeting by J.C. Neuber. Measured
axial burnup profiles of PWR spent fuel from GKN have been released by Siemens/KWU in
the framework of the benchmark studies. Additionally computed axial burnup distributions
from 22 PWRs based on data from utilities in the USA have been compiled and are available
for use/study by the Expert Group.

5.3. Interface with Other Expert Groups

The group reviews criticality experiments that are applicable to burnup credit to assess their
suitability as burnup credit benchmarks. Based on these assessments, the Burnup Credit
Expert Group provides feedback to the Expert Group on Experimental Needs.
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A liaison is established with the Working Party on International Evaluation Cooperation (as
shown in Figure 1) to coordinate data needs. Nuclear data needs in burnup credit primarily
concern major and minor actinides as well as fission products. As far as fission products are
concerned, 15 fission products that are stable, non-volatile and which contribute to about 75%
of the total fission product absorption have been selected for the different studies. They are
Mo-95, Tc-99, Ru-101, Rh-103, Ag-109, Cs-133, Sm-147, 149,150,151, 152, Nd-143, 145,
Eu-153, and Gd-155. Important experimental programs have and are being conducted. They
aim at the validation of cross-sections in state-of-the-art evaluations such as ENDF/B-VI.4,
JEF-2.2 and JENDL-3.2, and to develop recommendations for needs of re-evaluation. For
instance, the JEFF project has set up a specific sub-group on fission product cross-sections
addressing these issues.

5.4. Concluding remarks

The issue of burnup credit is of particular importance today as it concerns the different
operations involving spent fuel. The number of sessions and papers in ICNC99 (more than 20)
was a clear expression of the real need for methods assessment felt in the different countries.
The organization of this technical coordination meeting further supports the expectation that
burnup credit will play a major role in future licensing evaluations for spent fuel storage,
transportation and dissolution.
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