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Abstract. This paper presents the work performed in the subgroup 16 of the Working Party for Nuclear
Criticality Safety (WPNCS) of the OECD Nuclear Energy Agency. The main goal was to define two decay
heat benchmarks for Spent Nuclear Fuel (one pincell and one assembly), perform calculations and compare
and analyze the results in light of existing calorimetric measurements. The selected case is the PWR UO»
assembly OE2, irradiated at the Ringhals-3 reactor and measured at the Clab facility in Sweden. In total, 21
institutes worldwide participated to the exercise, leading to 55 calculated results (named C). It was found
that the measured decay heat values (F) can be satisfactorily reproduced with two-dimensional assembly
calculations, leading to an average C/E value of 0.99, with an uncertainty (or one standard deviation) of
+0.01.
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1 Introduction

Decay heat is one of the most relevant quantities for the
characterization of spent nuclear fuel (SNF, or UNF for
Used Nuclear fuel) when considering interim storage and
deep geological repository. Its estimation also impacts
the design and operation at reprocessing facilities, SNF
transport, safeguard operations and fuel cycle decisions.
Maximum values on decay heat can be obtained once ther-
mal limits are known for a given installation, leading to a
limit for the number of SNF assemblies at a specific loca-
tion. Other quantities of high interest include the neutron
multiplication factor, the assembly initial material com-
position, burnup at the end of life, gamma and neutron
emission and initial fuel mass. Given the large number
of SNF assemblies worldwide, the dependence on decay
heat calculation is inevitable, with such estimations pos-
sibly being compared to direct measurements in a limited
number of cases. A review of the current knowledge on
SNF decay heat was recently performed at the OECD!
Nuclear Energy Agency by an expert group of the Working
Party of Nuclear Criticality Safety (WPNCS), and can be
found in reference [1]. The state of the art, at the time of
publication, for simulations, theoretical calculations, mea-
surements and standard methods is presented in this ref-
erence, leading to a number of recommendations. If the
situation regarding calorimetric measurements for assem-
bly decay heat has recently improved with the release
of reference [2] in 2024 (the previous reference publica-
tion dated from 2006 [3]), sensibly increasing the number
of available measurements for validation, previous related
experience indicated that a new blind benchmark exercise
would provide real value towards improving our computa-
tional models, methods, and analyses approaches for decay
heat calculation. In such an exercise, participants provide
the results of their calculations, which are later compared
with undisclosed experimental values of decay heat. The
value of this approach is to avoid being influenced by pub-
lished values, thus reflecting the real-life situation that
national experts might encounter. Reference [4] was a first
attempt of a blind benchmark for decay heat, including
many institutes, using different simulation tools, differ-
ent nuclear data libraries, and different analysts (called
users, or participants). Unfortunately, an unexpected bias
in the measurements did not allow to fully take advantage
of the effort. Still, the outcome provided valuable infor-
mation for establishing a more effective benchmark exer-
cise in the future, and calculated data C', compared with
experimental values F and with average calculated values
indicated tolerance limits of +5% (with 95% probability
that the limits contain 95% of the population) and a stan-
dard deviation close to 2%. Alternatively, reference [1] also
indicates a 2% standard deviation (Fig. 2 in the reference),
but for a set of published C/E values. There are con-
sequently indications that the SNF decay heat, for UO,
fuel, can be estimated globally with a 2% standard devi-
ation. Such results naturally raise other questions, such
as their generalization to other cases (different fuel types,
initial enrichments, and burnup values), their implications

1 Organisation for Economic Co-operation and Development.

to the estimations of relevant nuclides (relevant for decay
heat, but also for criticality-safety), and the extrapolation
to 2 or 3 standard deviations to correctly quantify the
population of C' and C/FE values. The current benchmark
exercise is not a blind benchmark as previously described,
but pursues the very ambitious goal of estimating biases
and uncertainties on calculated decay heat, in a case of a
SNF assembly with known design and operation history,
and decay heat measurements. It contributes to assessing
our prediction capabilities, and ultimately our ability to
correctly quantify the previously mentioned C/E distribu-
tion. As described in the next section, the decay heat of the
0E2 assembly, irradiated at the Pressurized Water Reac-
tor (PWR) Ringhals 3, was measured at the Clab facil-
ity [3]. Two benchmarks were defined by the “sub-group
16” (SG16) of the WPNCS (see details in the following),
and a number of participants calculated various quantities,
among them decay heat values at six cooling times, cor-
responding to six calorimetric measurements. In addition,
other quantities were requested from participants, to help
disentangling possible modeling differences. These calcu-
lated values will be analyzed in the following. Regarding
the decay heat calculations, the results of this study will
be presented and analysed as distributions of C//E ratios.
As the main results of the present study, the C/E distri-
butions are presented in Figure 1 for both defined bench-
marks: the pincell and assembly models.

As main conclusions, one can see that the results from
the pincell benchmark tend to overestimate the measure-
ments, whereas for the assembly benchmark, the average
C/E is close to 1, nonetheless with a spread close to the
previously mentioned standard deviations. These values, for
the decay heat as well as for nuclide concentrations, reac-
tion rates, ko, (or neutron multiplication factor in an infi-
nite medium) and decay heat contributions, are analyzed in
the present paper. The definition of the benchmarks are first
presented in Section 2, followed by the analysis approach
(Sect. 3), and the results in Section 4. The main outcomes
of the present study are presented in Section 5, followed by
the conclusions. Information on specific calculations, tabu-
lated values for averages, standard deviations and tolerance
limits are given in the appendices.

2 Definition of benchmarks

The benchmarks used in the SG16 were defined based on
the descriptions of the 0E2 assembly from the SKB report
R-05-62 [3]. As presented in the following, some additional
information are also extracted from references [5,6]. This
PWR assembly was irradiated in Sweden, at the Ringhals
3 reactor, for four consecutive cycles (noted C2 to C5, fol-
lowing the notation from the SKB report), reaching an
assembly-average final burnup of 41.6 MWd/kg?. It con-
sists of a 17x17 Westinghouse assembly design, with an
initial 23°U enrichment of 3.1%.

2 In the following, the unit will be MWd/kg, corresponding
to the notation sometimes found in publications of MWd/kgU
or MWd/kgHM; the term kg refers to the initial amount of
uranium in the fuel.
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Fig. 1. Distributions of the decay heat C/ E values for the 6 measurements. Left: pincell benchmark; Right: assembly benchmark.

n is the number of C/E values.

The benchmarks represent two different systems, both
being two-dimensional models: a single pincell from the
0E2 assembly, and the 0E2 assembly itself. In addition, the
decay heat rate measurements used in the present work
were obtained from the SKB report and reference [7], and
represent six experimental values from calorimetric mea-
surements performed at six different cooling times, for the
entire three-dimensional assembly. Details are provided in
the following sections and the full benchmark descriptions
can be found in reference [8].

If the pincell model is a simplistic approximation of
the OE2 assembly and its irradiation, the assembly model
is as close to reality as it can be, given the available public
information. It is therefore expected the bias between the
calculated and measured assembly decay heat will have a
reasonably small value. This is supported by recent studies
on the 0E2 assembly, for instance in references [5,7,9-12],
where the considered models of the OE2 assembly led to
acceptable results.

2.1 Assembly model

The description of the O0E2 assembly and its irradiation
history are presented in Tables A.1 to A.3. These dimen-
sions correspond to cold conditions and the benchmark
does not consider thermal expansion (expected to be neg-
ligible for decay heat calculations); references to publica-
tions are included. When an information provided in the
tables does not originate from a specific reference, a note
is added. The assembly average burnup is 41.6 MWd/kg,
and the initial enrichment in 23°U is 3.1%. The assembly
can be modeled using a quarter symmetry, as presented
in Figure 2 using CASMO5 and SCALE plots. For the 2D
simulation, no modeling for the spacers is required, and
no specific material at the top and bottom of the assem-
bly needs to be modeled. The necessary data for creating
the assembly model and its irradiation conditions are pre-
sented in Appendix A and correspond to reference [8].

2.2 Pincell model

The pincell considered in this exercise corresponds to a
UOs rod from the 0E2 assembly model described in the

Fig. 2. Quarter symmetry representations of the assembly
0E2. Right: CASMOS5 plot; Left: SCALE plot. Large blue cir-
cles are guide and instrument tubes, whereas green (left) and
red (right) circles are UO; rods.

Fig. 3. View of pincell benchmark. Colors represent the dif-
ferent zones of UO2 (green), air (white), cladding (gray) and
coolant (blue).

previous section. The same fuel pellet geometry, initial
fuel composition, cladding and irradiation history are to
be used for both the assembly and the pincell (see Fig. 3).

Details of the characteristics of the pincell model can
be found in Table A.4 and correspond to reference [8]. The
pin geometry data, including the pin pitch, and fuel com-
positions from the assembly have been kept unchanged
for this pincell model, and a reflective boundary condi-
tion is applied. Therefore, the moderation ratio (H/M) of
this pincell model is different than for the assembly model,
leading as expected to different ko, values (up to 1000 pcm
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for fresh fuel), 23Pu and minor actinides built-up, and
decay heat values.

2.3 Measurements

A total of six measurements were performed for assembly
0E2, using the Clab calorimeter. The first one is mentioned
in reference [3], and the five later ones in reference [7]. The
measurement data are summarized in Table 1, with the
cooling time being expressed as relative to the shutdown
date for cycle C5: July 7, 1988.

For all the calorimetric measurements, the contribu-
tion from the gamma-ray escape is considered constant
and equal to 15.5' W [3]. The values of the total decay heat
rate® (being the sum of the components from the gamma-
ray escape and from the calorimeter itself) are considered
as reference values in the present study. The total decay
heat rate values from Table 1 will be referred to as “E”
and the calculated decay heat rate values as “C”.

2.4 Calculated quantities

The main interest of the benchmark resides in the calcu-
lation of the decay heat values at the time of the measure-
ments (see Tab. 1). These six decay heat calculated values
are therefore required as output of the benchmark (both
for the pincell and assembly models):

— at the six cooling time of measurements, the calculated
decay heat values (in Watts),

— at the six cooling time of measurements, the contri-
butions (in %) to the total decay heat for 238=240py,
241 Ay, 2440y, 90Gy, 90y, 134137C 137m By and 154 R,

In addition, in order to help for the understanding of
possible spread of results, as well as to estimate possible
differences due to the depletion calculations, the following
quantities are also requested for both the pincell and the
assembly calculations:

— koo at the beginning and end of each of the four irra-
diation cycles,

— burnup value (MWd/kg) at the beginning and end of
each of the four cycles,

— similarly, mass densities (in g/tHM?) for 234-236:23877,
238-242py; 241,242m,243 Ay, 2422440y 90y 184,137 (g
18Nd and '"*Eu at the beginning and end of each of
the four cycles,

— the integrated number of fission for 23%238U and
239.241py (in % of the total fission) at the end of each
cycle.

Finally, the neutron and gamma-ray emission rates
were also requested at the time of decay heat measure-
ments. In the case of the gamma-ray emission, it was sug-
gested during the SG16 (and not given in the benchmark

3 In the following the word “rate” will not be repeated.

4 The unit g/tHM refers to grams per ton of initial heavy
metals; for the assembly 0E2, the heavy metals consist only in
uranium nuclides.

description [8]) to follow the 7 energy groups (in MeV):
[0.5 —0.7], [0.7 — 1.0], [1.0 — 1.5], [1.5 — 2.0], [2.0 — 2.5],
[2.5 — 3.0], and [3.0 — 4.0]. Participants did not system-
atically provide such information; consequently the neu-
tron and gamma emissions are not analyzed in the present
work.

For simplicity, the following notation will be used in
tables and in the text:

— For beginning of life (or irradiation): BOL, with a bur-
nup of 0 MWd/kg.

— For the end of 1st cycle: EOC2, with a burnup of
7.491 MWd /kg.

— For the beginning of the 2nd cycle: BOC3, with a bur-
nup of 7.491 MWd/kg.

— For the end of the 2nd cycle: EOC3, with a burnup of

20.5 MWd/kg.

— For the end of the 3nd cycle: EOC4, with a burnup of
31.8 MWd/kg.

— For the end of the 4nd cycle: EOL, with a burnup of
41.6 MWd /kg.

— For decay heat measurements: DH1 up to DHG6.

The notation C2 to C4 refers to the cycle number 2 to
4, as described in the original reference [3]; cycle C2 is the
first cycle where the assembly 0E2 was irradiated.

3 Analysis

The main goal of the analysis is to estimate how the
current calculations, with model descriptions based on
available information, can reproduce high-quality mea-
surements performed on the selected SNF assembly. This
study is not a full blind benchmark, as the experimental
reference data are already known and available at the time
of the study, but results as provided by participants were
shared prior to the present analysis.

If the model descriptions are unique, their implementa-
tions may vary depending on a number of criteria, such as
the considered transport and depletion code, the nuclear
data library (both for neutron transport, fuel depletion
and decay), and the user’s effect. These three “parame-
ters” (which are here referred to as ULC, U for user, L for
Library and C for code) may be the most relevant ones
for the estimation of the calculated decay values, and the
additional requested quantities, e.g. ko, nuclide concen-
trations and reaction rates. These observations on influ-
ential parameters are applied for the present analysis, as
described in the section devoted to the method (Sect. 3.1).

In support of the present analysis, the SG16 partic-
ipants have performed calculations for the benchmark
cases (both the pincell and the assembly), with the devel-
opment of their own models, and their choice of codes,
nuclear data libraries, and possibly other hidden param-
eters. A complete list is presented in Table 2. In total,
55 sets of simulations were performed by different users,
with a variety of codes and libraries. In this table, “XS”
refers to the cross section library, “DD” to the decay data
library, and “FY” to the fission yield library.

As indicated, participants may have performed calcu-
lations for the pincell or the assembly only (indicated with
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Table 1. Reported decay heat rate experimental values for the assembly 0E2.

Cooling time Measurement Total decay heat Reference

(days) date rate (W)

5823 16,/06,/2004 587.9+7.0 [3], pages 19, 34/253,
[7], Table A.2

6389 03/01/2006 566.0+£6.9 [7], Table A.2

6390 04/01/2006 567.7+£6.9 [7], Table A.2

7826 10/12/2009 522.4+6.6 [7], Table A.2

7837 21/12/2009 525.6+£6.6 [7], Table A.2

7970 03/05/2010 520.1+£6.6 [7], Table A.2

the letter “p” or “a” in the table, for the pincell and assem-
bly, respectively). The total numbers for the pincell and
assembly models are indicated in brackets in the table: 38
pincell calculations and 43 assembly calculations.

In Table 2, a number (last column) is assigned to each
user, allowing to estimate possible cases where one user
performed various calculations (either with the same or
different codes). This will be useful for the estimation
of so-called “unique’ cases, which are a list of indices
(from the first column of Tab. 2) corresponding to calcu-
lations with different ULC parameters (different nuclear
data libraries, codes and users, see the section on method
for details). Different calculation results were based on
different codes or a nuclear data library, as presented in
Table 3. In the case of calculations with ORIGAMI (index
#45), such results are counted as the ones from ORI-
GEN, as ORIGAMI uses ORIGEN as a depletion/decay
solver. It can be observed that the codes and libraries
are not evenly distributed, with a large majority of par-
ticipants using the neutron transport and depletion code
SERPENT, and the ENDF/B-VII.1 library being often
selected.

As presented in the following, the large representation
of the code SERPENT and of the nuclear data library
ENDF/B-VIIL.1 explain the difference between the calcu-
lated quantities called “All” and “ULC” in tables pre-
sented in the following. If the ones under the label “All”
correspond to the present distributions of results (without
any selection or rejection mechanism), the second ones,
based on selected cases (see next section), correspond to
distributions based on unique codes, libraries, and users.
Given this basis of calculations, the method of analysis is
then detailed in the next section.

3.1 Method

The present analysis is facing a number of challenges. The
first one concerns the large amount of data calculated by
each participant. In addition to the six decay heat values,
the other calculated quantities are helping to assess the
similarities in modeling (for instance at the start of irradi-
ation), and in the depletion process. The second challenge
concerns the inputs to the calculations, identified as three
main ones: user, library and code. They influence the inde-
pendence of each calculation, as well as their correlations.

It will be important in the following to assess the impact
of these three quantities: in a global way, but also indi-
vidually, if possible. Finally, the last aspect to take into
account is the overwhelming number of results based on
SERPENT and also on the ENDF/B-VIL.1 library (pos-
sibly together, but not systematically, see Tab. 3). These
characteristics affect statistical quantities such as averages
and standard deviations. Each of these points is detailed
in the following paragraphs.

3.1.1 Number of output quantities

With more than 160 requested quantities, including
nuclide concentrations, k.., and decay heat contributors,
the interpretation of the results will be presented in
Section 4 for the most relevant quantities. An emphasis
will be placed on reaction rates and k., at the begin-
ning of irradiation, where the depletion process does not
intervene. Then, the evolution of k., with irradiation will
also be analyzed as a data set. The main reason is that
it has also been studied in numerous other studies, for
instance to compare transport and depletion codes [13,14],
or libraries [15]. A third group of data will concern the evo-
lution of nuclide concentrations, which are at the origin of
the estimation of the decay heat. The nuclides of interest
are of relevance for decay heat, but also for criticality, link-
ing the present work (on decay heat) to criticality aspects.
The estimation of nuclide concentrations is also of interest
for code validation, as it is usually done with Post Irradi-
ation Examination (PIE) and measurements included in
database such as SFCOMPO [16]. Finally, the decay heat
values at measured cooling times, their contributors and
nuclide concentrations will be analyzed as a fourth cate-
gory of data.

3.1.2 Disentanglement of the ULC inputs

As previously mentioned, it is assumed that the different
calculations performed for both the pincell and assembly
cases can be approximated by a function of three different
input parameters, shortly named ULC for (1) the user,
(2) the nuclear data library, and (3) the transport and
depletion code. Each of these input parameters, or vari-
ables, is listed in Tables 2 and 3. For a specific calcu-
lated output value, e.g. ko, at the beginning of irradiation
(or kBOL) | different statistical quantities can be obtained
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Table 2. Description of the options used by participants. “p/a/pa” respectively means pincell, assembly and both
pincell and assembly benchmarks. Superscripts are the total calculation cases. A unique value for the library in column
3 indicates that all nuclear data (XS, FY and DD) comes from this library.

Index Code Transport, FY, decay data Benchmark Institute/
libraries (XS/FY/DD) (p/a/pa) user
1 CASMO5 v2.13 ENDF/B-VIIL1 pa 1
+ XS 239Py JENDL-4.0
2 SERPENT v2.2.0 ENDF/B-VIL1 pa 2
3 SERPENT v2.1.30 ENDF/B-VII.O pa 3
4 SERPENT v2.2.1 ENDF/B-VIIIL.O a 4
5 SERPENT v2.2.1 JEFF-3.2 a 4
6 SERPENT v2.2.1 JEFF-3.3 a 4
7 SCALE/TRITON v6.2.4 ENDF/B-VIIL1 pa 4
8 SERPENT v2.2.1 ENDF/B-VII1 pa 4
9 SCALE/Polaris v6.3.1 ENDF/B-VIL1 (XS+FY) pa 5
JEFF-3.0/A (DD)
10 SERPENT v2.2.1 ENDF/B-VII1 pa 5
11 SERPENT v2.2.1 JEFF-3.2 (XS) pa 5
JEFF-3.1.1 (FY+DD)
12 DARWIN v2.3 JEFF-3.1.1 pa 6
13 EVOLCODE v2.0 ENDF/B-VIIIL.O pa 7
14 EVOLCODE v2.0 JEFF-3.3 pa 7
15 SCALE/ORIGEN v6.3.1 ENDF/B-VIL1 a 8
16 MVP v3 JENDL-4.0 (XS+FY) pa 8
JENDL/DDF-2015 (DD)
17 MVP v3 JENDL-4.0 (XS+FY) pa 8
JENDL-5.0 (DD)
18 MVP v3 JENDL-5.0 (XS+FY) pa 8
JENDL/DDF-2015 (DD)
19 MVP v3 JENDL-5.0 (XS+FY) pa 8
JENDL-5.0 (DD)
20 VESTA v2.2/MORET v5 ENDF/B-VIIL1 pa 9
21 SCALE/ORIGEN v6.0 wl7x17 v5.1 (XS) a 10
ENDF/B-V (FY+DD)
22 SCALE/TRITON v6.3.2 ENDF/B-VII1 pa 11
23 MCNPX v2.60 JEFF-3.1.1 pa 12
+ ORIGEN2
24 HELIOS2 v2.04.02 ENDF/B-VII.1 pa 13
25 SERPENT v2.2.1 ENDF/B-VIIIL.O p 14
26 SERPENT v2.2.1 ENDF/B-VIL1 p 14
27 SERPENT v2.2.1 ENDF/B-VIIILO p 14
+ DBRC
28 SERPENT v2.2.2 JEFF-3.2 (XS) pa 15
JEFF-3.1.1 (FY+DD)
29 SERPENT v2.2.2 ENDF/B-VIIIL.O pa 15
30 SERPENT v2.2.2 JENDL-4.0 pa 15
31 SERPENT v2.2.2 ENDF/B-VIL1 pa 15
32 SERPENT v2.2.1 JEFF-3.1.1 p 14
33 SERPENT v2.2.1 ENDF/B-VIII.1 p 14
34 SERPENT v2.2.0 ENDF/B-VIL1 pa 16
35 SCALE/TRITON ENDF/B-VIL1 (XS+FY) pa 17
v6.3.1 ENDF/B-VILO (DD)
36 SERPENT v2.2.1 ENDF/B-VIL1 pa 18
37 ALEPH2 v2.9.2 ENDF/B-VIL1 a 19
38 ALEPH2 v2.9.2 ENDF/B-VIIILO a 19
39 ALEPH2 v2.9.2 ENDF/B-VIII.1 a 19
40 ALEPH2 v2.9.2 JEFF-3.3 a 19
41 ALEPH2 v2.9.2 JEFF-3.1.1 a 19
42 ALEPH2 v2.9.2 JENDL-5.0 a 19
43 SNF v1.07 ENDF/B-VIL1 a 1
44 SCALE/ORIGEN v6.3.1 ENDF/B-VIL1 a 20
45 SCALE/ORIGAMI v6.3.1 ENDF/B-VIL1 a 20
46 DRAGON v5.0.8 ENDF/B-VII1 p 21
47 DRAGON v5.0.8 ENDF/B-VIIL.O p 21
48 DRAGON v5.0.8 ENDF/B-VIII.1 p 21
49 DRAGON v5.0.8 JEF-2.2 p 21
50 DRAGON v5.0.8 JEFF-3.3 p 21
51 DRAGON v5.0.8 JEFF-3.1.1 p 21
52 DRAGON v5.0.8 JENDL-5.0 p(38) 21
53 CASMOS5 v3.08 ENDF/B-VIL1 a 9
+ XS 239Py JENDL-4.0
54 CASMOS5 v3.08 ENDF/B-VII.1 a 9
55 HELIOS2 v2.04.02 (no spacers) ~ ENDF/B-VIIL1 a(43) 13
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Table 3. Type of neutron transport and depletion codes and libraries, associated with the model case.

Code Pincell Assembly Library Pincell  Assembly
SERPENT 16 14 ENDF/B-VII.O 1 1
MVP 4 4 ENDF/B-VIL.1 15 19
MCNP(X) 3 9 ENDF/B-VIII.O 5 4
SCALE/TRITON 3 3 ENDF/B-VIIL.1 2 1
SCALE/ORIGEN 0 4 JEFF-3.1.1 4 3
SCALE/Polaris 1 1 JEFF-3.2 2 3
DARWIN 1 1 JEFF-3.3 2 3
HELIOS2 1 2 JENDL-4.0 3 3
VESTA 1 1 JENDL-5.0 3 3
CASMO5 1 3 JEF-2.2 1 0
SNF-1.7 0 1 Other 0 3
DRAGON 7 0

(see Sect. 3.2), the most simple being the average or the
standard deviation. As an illustration, Figure 4 presents
the k29T distribution for the pincell (left) and assembly
(right) models, based on all calculations. The following
quantities can be extracted (see Tabs. B.1 and B.5 for the
complete set of values):

— Averages: kBOL = 1.27266 for the pincell model, and
1.28571 for the assembly model.

— Standard deviations: 1o = 482pcm for the pincell
m0d5e1 and 381 pcm for the assembly model (1 pecm =
107°).

Other statistical quantities can be obtained, but for
the sake of simplicity, we will focus only on the average
value (mean value) and standard deviation (1o). These
two values are representative of all calculations performed
with the current population of cases. But given the repeti-
tion of certain inputs (ULC), and the over-representation
of some codes and libraries, these average and standard
deviation do not represent a population of inputs with
equal weights.

It is therefore of interest to also consider distributions
not biased towards a specific set of ULC. It is for instance
unlikely that future studies based on large numbers of fuel
assemblies will be performed with Monte Carlo transport
codes (because of the high number of SNF per country,
thousands or tens of thousands of spent fuel assemblies),
simply due to the large required calculation time. The gen-
eral use of the ENDF/B-VII.1 library as observed in this
work might also not be representative of studies performed
in organizations with a strong experience and development
in nuclear data libraries. It is possible to estimate the val-
ues of kBOY and o from simulation cases with unique val-
ues of ULC; for instance, for the pincell model, one can
select from Table 2 the calculations with the indexes 1, 19,
23, 26 and 50, for which the same code, user, or library is
not used twice or more. One can also select 1, 3, 12, 14, 16,
20 and 47. For these two cases, one obtains the following
values:

— cases 1, 19, 23, 26, 50: kBOL =
411 pcm,

— cases 1, 3, 12, 14, 16, 20 and 47: kBOT = 1.27463 and
o =871 pcm.

1.27085 and o =

Clearly, these two examples do not lead to similar
standard deviations. It is certainly more informative to
generalize these two cases by selecting all the possible com-
binations with unique values of ULC. Given the number
of indexes in Table 2, and by randomly searching thou-
sands of times, there is a total of 2364 combinations lead-
ing to unique cases of ULC. By taking all of them into

account and calculating the averages of kBOL and of o
(among the 2364 ULC k2O values), one obtains 1.27236
and 456 pcm, respectively. These values can be considered
as more representative of what would be obtained from
independent calculations, without any overlap from simi-
lar nuclear data libraries, transport and depletion codes,
or users. Consequently, such values from unique ULC will
also be reported in the next sections and tables.

Following the same approach, one can also have solely
a unique parameter among the ULC (for instance, L), and
letting the other ones be freely selected. For instance, if
one is interested by repeating the previous example, but
considering unique libraries (for instance, with indexes 1,
3,11, 13,14, 17,19, 23, 24, 33 and 49), a total of 9764 com-
binations is found based on a Monte Carlo combinatorial
search. By generalization, the following values summarize
the results, in the case of k3O for the pincell model:

All calculations (i.e. all indexes): kBOL = 1.27266 +

482 pcm;

— Unique ULC (2364 combinations): kBOL = 1.27236 +
456 pcm;

— Unique U (5975 combinations):
597 pcm;

— Unique L (9764 combinations):
700 pcm;

— Unique C (3924 combinations):

418 pcm.

KBOL — 127277 +
KBOL — 127476 +

1.27119 +

BOL
koo
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Fig. 4. Distribution of the kEO for the pincell (left) and assembly model (right), from all participants (indexed from 1 to 55

from Tab. 2).

The numbers after the + sign correspond to the aver-
age of the standard deviations. Some remarks can be made
based on these quantities. First, the averages are different,
but globally within a few hundreds pcm. As there are no
measurements to compare to, it can simply be noted that
for this koo quantity, the value of “unique ULC” is close
to the one obtained with a simple average of all data. The
one with unique libraries is the most different, indicating
the strong impact of nuclear data libraries on the calcu-
lation of k. Regarding the standard deviations, the one
from “unique ULC” is also very similar to the simple aver-
age of all results. The three other standard deviations (for
unique U, unique L and unique C) help to quantify the
impact of the three parameters. For instance, the effect of
the nuclear data library is the largest. This is expected, as
different cross sections are known to strongly impact crit-
icality values. The effect of different codes is the smallest
of the three. This is also an indication that codes similarly
handle neutron transport at beginning of life. Finally, the
user effect is not negligible. It can for instance influence
kBOL through different user interpretations of the bench-
mark description.

In the following, similar decomposition of effects will
be presented for other quantities, including for the decay
heat C/FE values.

3.2 Statistical quantities

As previously mentioned, different distributions can be
considered: directly from the simulations, or processed
to obtain unique ULC, or unique U, L or C. Each case
presents some interests, and they will therefore be pre-
sented in the following.

For each distribution, a number of representative quan-
tities will be presented: the average, the standard devia-
tion o (often interpreted as the uncertainty), and tolerance
limits. Other parameters can be calculated, such as the
median, the median average deviation, or the confidence
on the average. Even if useful, these parameters will not
be provided. In the case of the tolerance limits, the case
of 95%/95% will be given (95% probability that the limits
contain 95% of the population). An example is given in
Table 4 for some quantities of the pincell and assembly
benchmarks at beginning and end of life. Generally, the

values obtained from unique ULC will be the reference
values for the analysis.

All values presented in the examples will be repeated
in the Appendixes, but the main tables inserted in the
main text will only include the ULC results.

4 Results

4.1 Beginning of irradiation

The beginning of the 0E2 irradiation is of interest due
to the expected agreement between participants’ results.
Only a few representative quantities can be analyzed
to quantify similarities between the different modeling
approaches. As the initial composition of the UQO5 fuel is
clearly specified in the pincell and assembly benchmarks
(being equal to each other), the reported initial concen-
trations of 234U°, 235U, and 238U are expected to be the
same among participants. Similarly, no indication of the
presence of 236U was given. Values of interest can be found
in Tables B.1 to B.9.

Concerning 22°U, and 23U, the reported concentra-
tions are indeed very consistent, with standard deviations
smaller than 0.05%. The data provided in Table B.1 for the
BOL mass of 225U per MTHM show that the user-applied
enrichment for 23°U was on average 3.1005%, which differs
from the 3.103% value provided in the benchmark, indicat-
ing that most of the users did not apply the benchmark-
provided value. The standard deviation shown for 23°U at
BOL seems small in value, however its impact is not triv-
ial on ko, at BOL. If for the pin cell model, this standard
deviation is added to the enrichment value, ko, varies by
~120 pcm.

A larger spread for 23U is found (between 1 and 2%),
but based on past experience, this is not expected to
impact the simulations. The main reason for such changes
can be related to default values of 2*4U added to the ini-
tial fuel content by specific codes. Leaving aside 234U, such
general agreement will therefore facilitate comparisons for
increasing burnup values, understanding that the initial
models are highly equivalent from a fuel content aspect.

5 The notation BOC is not added in this section as there is
no ambiguity on the considered quantities.
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Table 4. Example of calculated quantities in the case of the pincell and assembly benchmarks. Values with a =+ sign
are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the
reference values. RR refers to reaction rates (fractions of the total fission rate).

Quantity kBOL 238 7BOL 235{7BOL 148\ qEOL

) RR (%)  RR (%) (g/tHM)

Pincell model
All [1.26094 — 1.28439]  [5.7—6.7] [93.2 —94.3] [450.5 — 472.9]
All 1.27266 £ 0.00482 6.24+0.2 93.84+0.2 461.7+4.6
ULC 1.27236 +£0.00456 6.44+0.3 93.84+0.3 462.3 +4.2
U 1.27277 £ 0.00597 6.3+0.3 93.7+0.3 462.5+4.8
L 1.27476 £ 0.00700 6.3+0.3 93.7+0.3 462.24+4.2
C 1.27119 £ 0.00418 6.3+0.3 93.7+0.3 462.6 +4.4
Assembly model

All [1.27645 — 1.29497]  [5.0 —6.3] [93.7—94.9] [451.7 — 473.0]
All 1.28571 +£0.00381 5.7+0.3 94.34+0.3 462.3+4.5
ULC 1.28538 +£0.00371 5.7+0.2 94.3+0.2 462.6 + 4.6
U 1.28539 +0.00411 5.7+0.2 94.34+0.2 463.5+4.3
L 1.28591 £ 0.00305 5.6+0.2 94.3+0.2 461.84+4.8
C 1.28488 + 0.00482 5.84+0.3 94.2+0.3 462.7+ 3.9

For 236U, though no indication was given in the bench-
mark description, different initial concentrations were
used by the participants. Most of them used a concen-
tration of zero, and two are equal to 10713 g/t. High con-
centrations of 236U can modify the ko, value, as well as the
calculated decay heat (due to a higher build-up of 233Pu).
The consistent use of (almost) zero concentration at BOL
implies that possible differences in decay heat cannot be
attributed to the initial models.

Three other quantities were requested at BOC: kg,
as well as the fission rates from 23°U and #**U (named
RR). Given that the initial fuel contents are on aver-
age similar between participants, deviations in these three
quantities would likely reflect differences in the geometri-
cal models (User effect), or in the transport calculations
(Library and Code effects). Values of interest are pre-
sented in Table 4 (and in the appendix). The uncertainty
(1o) on ke is 456 pcm and 371 pem in the pin and assem-
bly benchmarks for unique ULC, which is larger than the
value of 300 pcm reported in reference [17] for another
PWR assembly depletion benchmark exercise. Figure 4
presents the distribution of k., at BOL for both bench-
marks and all provided participants contributions. One
value is beyond 3¢ for the pincell benchmark (value from
index #3), and removing it brings the standard deviation
close to 360 pcm. It is a known deficiency of the standard
deviation to be sensitive to extreme values, making it sen-
sitive to individual values for small populations. One can
also note that the effect of the nuclear data library uncer-
tainty was estimated about 600 pcm to 900 pcm for LCT
benchmarks®, being thermal systems, with lattice of UO,
fuel pins, similar to the 0E2 assembly [19,20]. These val-

6 LCT stands for LEU-COMP-THERM following the ICS-
BEP definition [18].

ues are close to the one for the pincell benchmark and
unique libraries (700 pcm). The tolerance limits are nev-
ertheless indicating a large spread, due to very different
minimum and maximum as indicated in Figure 4 for the
pincell model.

Regarding the fission rates, average values also differ,
but uncertainties are very similar in absolute terms. The
origin of these differences in terms of fission rates can lie
in the values of recoverable fission energy, which might be
code specific.

Given the values of Table 4 and the expected dif-
ferences based on the mentioned references, it is con-
cluded that the simulations of the BOC are similar enough
between participants; next burnup steps are then ana-
lyzed, keeping in mind the mentioned minimal differences
at BOC.

4.2 Neutron multiplication factor k.,

The comparison of the evolution with burnup of k., is part
of for the present analysis. All burnup steps and cooling
time between cycles are fixed by the benchmark defini-
tions and k., values were requested at different burnup
points. The spread of the results, in terms of one stan-
dard deviation, is presented in Table 5, in pcm and in
percentage.

These values correspond to the ULC calculations, i.e.
excluding all repetitions in the inputs (users, libraries and
codes). All other values are presented in Table B.1 of the
appendix (for the BOC and EOC, Fig. 5 presents the his-
tograms of the k., distributions for the assembly bench-
mark, for all individual participant contributions). The
main trend is the increase of the widths of the distribu-
tions with increased burnup values. This increase is more
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Table 5. Calculated k., standard deviations based the ULC approach.

BOL EOC2 EOC3 EOC4 EOL
MWd/kg 0 7.5 20.5 31.8 41.6
Pincell model
koo (—) 1.27236 1.15939 1.01274 0.93981 0.88767
lo (pcm) 456 1150 501 524 551
lo (%) 0.36 1.00 0.49 0.56 0.62
Assembly model
koo (—) 1.28538 1.17367 1.02544 0.94277 0.88014
lo (pcm) 371 854 1390 1230 1125
1o (%) 0.29 0.73 1.35 1.30 1.28
12 12
BOL t1o EOL s +lo
101 - sg 10 1 p=37
=8 | mean=1.28538 o8 | mean=0.88
2 lo= 371 pcm £ |lo=1125p
Z6 Zo |
5 3
04 04
2 4 2 |
0 \ 1 \ 0 4
1.24600 1.26350  1.28100 1.29850 1.31600 0.84500 0.86250  0.88000  0.89750  0.91500
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Fig. 5. Distributions of the k5O (left) and k9% (right) for the assembly benchmark, from all participants (indexed from 1 to

55).

pronounced in the case of the assembly, compared to the
pin case. It can be noted that the propagation of nuclear
data uncertainties usually do not indicate an increase in
koo uncertainties (mainly due to the fact that the uncer-
tainties due to 23°U are generally larger than the ones
from 239Pu [20]); the present observation might therefore
not be correlated with the effect of nuclear data. One
can also observe that the distributions seem to signifi-
cantly deviate from Normal distributions, which modifies
our usual understanding of a standard deviation. In the
present cases, one standard deviation does not represent
68% of the population.

In Figure 5, one can observe the spread at the BOL
and EOL, with the same x-scale in both parts of the figure.
Three groups of trends can roughly be observed at EOL, and
the tendencies are emphasized in Figure 6 as a function of
the burnup values. In this figure, the curves are colored to
differentiate the calculations based on SERPENT, MCNP
(corresponding to MCNP, EVOLCODE and ALEPH) and
“other codes” (e.g. Polaris, DARWIN, SNF). Points repre-
sents the average differences of k. at specific burnup steps
for the group considered. The three groups were created by
grouping calculations leading to similar results. They are
not systematically clearly separated, as there are some over-
laps, but different directions between the MCNP and SER-
PENT calculations can still be seen. If the first code does not
present a strong change of slopes for increasing burnup val-

4000 F To0 3
+lo
Others —
/g 2000 | Serpent = )
é MCNP
g 0
4
3
=4 2000 E
-4000 £ ‘ w \ ‘ L
0.0 7.5 20.5 31.8 41.6

Assembly burnup (MWd/kgU)

Fig. 6. Evolution of ko, (relative to the average @) as a
function of burnup for the assembly benchmark.

ues, results from SERPENT does, with an inflection point
close to mid-EOL burnup.

Such separation is not seen if one differentiates nuclear
data libraries or users. In summary, in addition to an
increase of spread of k., values with increasing burnup,
the code effects seem to lead to different k., trends.

Regarding the different uncertainties obtained consid-
ering unique sets of inputs (U, L, and C) or not, variations
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Table 6. Calculated 1“8Nd (in g/t) in the case of the pincell and assembly benchmarks. Only direct (named “All”)
and ULC values are presented here, and other values can be found in Appendix B.

Quantity 148NdEOCQ 148NdEOC3 148NdEOC4 148NdEOL
Pincell model
All 84.4+1.0 229.1+3.3 353.94+4.3 461.7+4.6
ULC 84.5+1.0 229.5+2.9 354.5+3.8 462.3+4.2
Assembly model
All 84.4+0.9 230.1£2.1 355.14+3.3 462.3+4.5
ULC 84.6+1.0 230.5+2.4 355.5+3.7 462.6+4.6

as a function of burnup are globally similar, with some spe-
cific local changes (see Tab. B.1). At EOL, the standard
deviations from unique users (U) and unique libraries (L)
are nevertheless more important than the one from unique
codes (C). This might be not surprising in the case of
nuclear data, as it was already observed in a number of
publications, but the present study also points out that
the choices made by the analysts (users) are not without
consequences.

4.3 Concentration of 1*8Nd

The evolution of the concentration of '#8Nd as a function
of the pincell or assembly burnup is of high importance,
not only with respect to the decay heat calculations. 148Nd
is considered as a burnup indicator, as its build-up dur-
ing irradiation is experimentally quasi linearly increasing.
This nuclide production mainly depends on fission yields
of 235U and 23°Pu (with second order effects from the fis-
sion yields of 23U and ?4'Pu and the *"Nd(n,y) cross
section) [21].

Similarly, the calculated concentration increase is
therefore almost linear, and this characteristics is expected
from each of the cases of Table 2. The calculated averages
and standard deviations are presented in Table 6 (see also
B.34 and B.35), and the evolution of the *®Nd concen-
tration is presented in Figure 7, relative to the average
values, given in %.

One can see that the uncertainty is relatively flat with
burnup, with one standard deviation being close to 1%.
The ULC standard deviations seem to be systematically
higher than the values directly obtained from the data, but
remaining in the vicinity of 1%. Two standard deviations
cover most of the cases. The second observation is that
most of the calculated trends are linear with burnup, and
one can see two exceptions.

The first one (case 23) is showing a strong change of
gradient, which is not expected for the usual ***Nd build-
up. The library and code used in this case are also similar
to other cases, maybe except for the coupling between
the transport and depletion calculations. The second case
(number 42) is showing the lowest value at EOL (2% from
the average). This trend is in fact shared between all cases
37 to 42, and case 42 is the most pronounced one. As many
nuclear data libraries are varied from case 37 to 42, the

observed difference is likely to originate from the user or
code effect.

Spreads of calculated 8Nd were also observed in the
literature. Reference [4] indicates a standard deviation
of 1.6% for the decay heat blind benchmark, whereas
in reference [17], one finds 1%. In addition, an analy-
sis of the uncertainties due to nuclear data and other
operating parameters [22—-24] presents calculated standard
deviations on '*®Nd ranging from 0.5 to 1%, depend-
ing on assumptions and nuclear data libraries. Another
important quantity for the evolution of the '#8Nd and
its comparison between different simulations is the fis-
sion @-value. This quantity can vary between simulation
codes and also nuclear data libraries [25], and affect the
evolution of the *®Nd as a function of the pincell or
assembly burnup. The standard deviation obtained in the
present analysis is therefore in agreement with the litera-
ture results.

Based on the present results, one should not expect
the precision of the calculations to be better than 1 to
2% for “8Nd concentrations. The effect of nuclear data
(148Nd originates from both the fission of 23°U and 23Pu,
with possible compensations due to variations of fission
yields), depletion codes (with possible different recover-
able energies per fission) and users can certainly lead to
such spread of results, even for fixed burnup values.

4.4 Concentrations of 235U and 29Pu

The two nuclides 22U and 23°Pu evolutions with burnup
are also of prime interest for the depletion calculation.
Their estimations can impact any quantities during, or at
the end of the irradiation, such as nuclide concentrations,
decay heat, and neutron multiplication factor.

235U is naturally being depleted during irradiation,
mainly through fission reactions, and 23°Pu is primarily
built-up through neutron captures on 238U, partially com-
pensated by its own neutron capture and fission. The con-
centration of these nuclides can therefore vary for differ-
ent nuclear data libraries, codes (for instance with differ-
ent ()-values, fission energy release and deposition models)
and benchmark models (e.g. with slightly different water
to fuel ratios). The summary for the different concentra-
tions for these nuclides is presented in Tables 7 and 8, with
details in Appendix B. As mentioned in Section 4.1, the
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Table 7. Calculated 23°U (in g/t) in the case of the pincell and assembly benchmarks. Only direct (named “All”) and
ULC values are presented here, and other values can be found in Appendix B.

Quantity ~235UBOC 2357EOC2 235(7EOC3 2357EOC4 235 JEOL
Pincell model
All 31005 +£11 23408 =62 14302 £+ 158 9032 £ 154 5841 + 154
ULC 31005+8 23415+55 14310+147 9038+144 5894+125
Assembly model
All 31007 +12 23291470 13812+ 121 8326 £119  5122+137
ULC 31004 +8 23285+61 13811+107 8321+102 5125100

Table 8. Calculated 23°Pu (in g/t) in the case of the pincell and assembly benchmarks. Only direct (named “All”)
and ULC values are presented here, and other values can be found in Appendix B.

Quantity 239PuPOC2  239pyEOC3  239p,EOCA  239pEOL
Pincell model
All 3129442  5367+76  6094+69 6362+ 76
ULC 3138 +47 5382+77 6099+62 6356+63
Assembly model
All 2876 +54  4802+72  52934+80  5389+103
ULC 2884 +47 4802+57 5288+71 5382496

initial concentration of 23U is not exactly the same for
all participants, with small variations for both the pincell
and assembly models. Regarding the ULC values, uncer-
tainties are generally slightly smaller than in the case of
direct calculations from the raw distributions. Changes are
nevertheless not significant compared to the amplitude of
average concentrations.

Additionally, differences appear for these concentra-
tions between the pincell and assembly models, imply-
ing a lower 235U fission rate in the pincell model, and
more 23°Pu build-up also in the pincell model (the neu-
tron spectrum is more thermal in the assembly case). As
indicated for the analysis of the decay heat values, dif-
ferent actinide concentrations lead in the present case
to similar decay heat values. This can be expected, as
the decay heat contribution from these two nuclides is
minor, but it also indicates that different criticality values

(about 600-800 pcm difference between the pincell and the
assembly models) and different fissioning actinides can be
obtained, while having similar decay heat values. In the
case of the assembly model, the distributions for these
nuclides at EOL are presented in Figure 8 (left part),
with the variations of the distributions as a function of
the assembly burnup (right part). For both nuclides, val-
ues outside the two sigma bands can be observed (with
non-monotonic changes in the case of 23°U, as indicated
in green in the figure), but the main feature is the increase
of the uncertainty for the 235U concentrations and rela-
tively stable values for 229Pu. As mentioned above, these
behaviors do not strongly affect the decay heat values,
given that compensations can appear for the production
of fission products between these two actinides. On the
contrary, such spread of concentrations for these two key
actinides can impact criticality calculations. Uncertainties
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Fig. 8. Same as Figure 7, but for the ?**U (top) and *°Pu (bottom) nuclide concentrations.

of 1.8% and 2.7%, as presented in Figure 8 would signif-
icantly affect ko, or keg values for SNF criticality mod-
els. For comparison, uncertainties due to nuclear data,
as presented in Section 4.2 range between 1 and 4% for
these nuclides. In summary, such concentrations cannot be
assumed to be perfectly known, and uncertainties (as one
standard deviation) for SNF shall not be assumed lower
than 2%.

In combination with the distributions of these two
important nuclide concentrations, it is also of relevance
to associate these conclusions with the ones from the fis-
sion rates. This is presented in the next section.

4.5 Fission rates

Fission rates are directly linked to the nuclide concentra-
tions, but as the burnup values for both the pincell and
assembly benchmarks are fixed, the recoverable energies
calculated or used by the depletion codes are also influ-
encing quantities. In the present calculations, fission rates
were provided by participants for four nuclides: 2352387
and 239241py. They are expected to cover most of the fis-
sion rates, and the sum of their contributions is normalized
to 100% (values can be found in Tabs. B.10 to B.13).

At the BOL, only two nuclides contribute to the fission
rates: 23°U and 238U. The differences among participants
in the concentrations for these two nuclides are relatively
small, in the order of 0.02 to 0.05% (1) for both the pin-
cell and assembly benchmarks. For the assembly (and the
same conclusions can be obtained for the pincell), 23°U
contributes to about 94% of the total fission rates and
2381 fills the remaining 6%. The 1o uncertainty obtained
directly for the values of the participants is for both
nuclides 0.2% (or in relative terms 0.2 and 3.2% for both

nuclides and the pincell benchmark). This spread is sig-
nificantly larger than for the initial concentrations and
potentially indicates an effect from nuclear data libraries
(cross sections, Q-values), possibly in combination with
the effect from codes. The ULC analysis indicates that
when unique codes are selected, the above uncertainty
increases to 0.3% (for the pincell model), pointing to the
use of different recoverable energies (given as fixed quan-
tities in the source code).

Figure 9 presents the changes of the reaction rates with
respect to the burnup and until EOL. As the total of the
reaction rates is summing to 100%, the values from the
different nuclides are correlated. This can be observed for
the highlighted cases. A few cases differ from the general
trends: cases 1, 10, 11, 12 and to a lesser extent case 24.

Generally, similar observations can be made for the
four considered nuclides: (1) uncertainties are larger for
fission rates compared to uncertainties in nuclide con-
centrations, and (2) the analysis with unique codes also
increases the uncertainty on all fission rates. In addition,
relatively large variations were observed at EOL for 235U
fission rates, with extreme values for the summed contri-
butions larger than 10%.

In conclusion, the above observations indicate that the
current burnup calculations are likely affected by different
recoverable energies provided by the depletion codes. As
shown in Section 4.8 and besides these differences, per-
forming calculations with fixed burnup at EOL leads to
similar decay heat values.

4.6 Other nuclide concentrations

Several concentrations for other nuclides were asked from
the participants, such as some minor actinides (Pu, Am
and Cm) and fission products (Cs, Sr, Eu). The choice of
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Fig. 9. Evolution of reaction rates as a function of burnup for relevant actinides for the assembly benchmark.

these nuclides was motivated by their effects on the bur-
nup calculations, neutron multiplication values and nat-
urally on decay heat. The most important contributors
to the decay heat, for the selected cooling times, were
included: 2°Sr (its decay “°Y was not requested due to its
short half-life and direct proportionality to ?°Sr), 137Cs
(similarly, 137 Ba was also not part of the list of nuclides),
238Py, 241Am, ?**Cm and of less importance: **Eu and
240pPy1. Concerning minor actinides, their burnup evolu-
tions with respect to the calculated average concentra-
tions are presented in Figure 10. Averages and standard
deviations can be found in Appendix B. As for the pre-
vious figures, standard deviations, in terms of 1 and 20,
are included, and some outliers (at EOL) are indicated in
different colors. Each curve represents the difference with
the average concentration for a specific calculation case
(from Tab. 9). For these nuclides, it was checked that the
indicated trend did not change during the cooling times
of interest (for both the individual curve trend and the
spread of results). Some remarks are presented in the fol-
lowing, focusing on the impact such evolutions can have
on the estimation of decay heat. As mentioned, one of the
drawbacks of the standard deviation is that it is sensitive
to extreme values (contrary to other quantifiers such as
the average deviation or the median average deviation).
This can be observed in the figure for nuclides with low
concentrations (>4' Am, and also 241243 Am and 242Cm not
presented in the figure); but due to its common usage, we
will continue to present results based on this quantity.
Complete distributions should nevertheless be taken into
account when available.

The concentration of 234U is globally similar for all
calculation types (parallel curves as a function of bur-
nup), and the spread is relatively limited. Given that 234U
weakly contributes to the decay heat for the cooling time
of interest (about 1072 W/t), it is considered not impor-

tant for decay heat in the case considered here. It is never-
theless one of the considered actinides for burnup credit,
and its concentration is of interest for k., calculations.
Uncertainties due to nuclear data strongly vary from one
library to the other (see values in Ref. [22]: from a few
tenths of percent up to 10%), and the standard devia-
tion obtained in the present work is of the same order of
magnitude.

In the case of 235U, the concentrations at BOL
(before depletion calculations) are zero, as indicated in
Section 4.1. Initial concentrations of 236U can impact the
amount of 23¥Pu during cooling; no relevant changes are
observed.

238Py is one of the important contributors to the decay
heat for the present study (about 10% of the total decay
heat for the six measured values). The standard devia-
tion for its concentration at EOL is close to 4% for the
assembly and pincell benchmarks. The highlighted case
#6 (ounly for the assembly benchmark; no results were
provided for the pincell model) shows a steady increase
of the 238 Pu concentration, even if the 236U concentration
is well within other participants’ values. Additionally, the
nuclear data library used in this calculation (JEFF-3.3) is
similar for the 23%Pu cross sections to cases based on the
ENDF/B-VIL.1 and JENDL-4.0 libraries (these libraries
share the same thermal cross sections); but on the con-
trary, 23*Pu(n,7y) thermal values from JEFF-3.2 (case #5)
and JEFF-3.3 differ by more than 20%, which can lead to
final different 23®Pu concentrations. In addition, higher
concentrations are also found for cases #13 and #14.

24Py is a fissile nuclide, with a cumulative fission rate
close to 15% at the EOL; it is therefore of direct inter-
est for burnup and criticality calculations. Both results
for the pincell and assembly models are similar, with a
standard deviation close to 2% at EOL. One can observe
high variations for low concentrations (low burnup), but
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Fig. 10. Evolution of concentrations as a function of burnup for minor actinides for the assembly benchmark.

the convergence seems to increase with higher burnup. As
mentioned in Section 4.5, the standard deviation on its
fission rate is higher, close to 15% (due to two outliers
being half the values of the others: #1 and #12 for both
models). With a half-life of 14.3 years (about 5200 days),
it decays to 4! Am and both isotopes are important decay
heat contributors depending on the cooling time of inter-
est. Note that the measurements of the decay heat occur
between 5823 and 7970 days after EOL, corresponding to
1 to 2 half-lives. The estimation of the 2*'Pu concentra-
tion will therefore impact 24! Am and its contribution to
decay heat.

As mentioned, 2*' Am is also a relevant contributor,
with about 8% of the total decay heat. Due to the decay
of 21Pu, the concentration of ' Am strongly increases
after EOL, from 50-100g/t to 10 times more during the
measurement period. Its standard deviation, being large
at the EOL (about 20-30% for both models), decreases
to about 2% at the measurement time. In addition, the
two outliers indicated in green in the figure are becoming
closer to the average after EOL, which lowers the standard
deviation. As mentioned in Section 4.8, the standard devi-
ation of the 24! Am contribution to the total decay heat is
also about 2%, corresponding to its concentration spread
after EOL.

Finally, 2#*Cm also contributes to about 10% of the
total decay heat. Due to its relatively short half-life
(18.1years), its concentration is decreasing by a factor
two to three during the decay heat measurements, but
the standard deviation is not changed and stay constant
at about 7% for the assembly model (and 4% for the pin-
cell model). The two outliers indicated in green (#13 and
#14) strongly increases the standard deviation, and rep-
resent higher 244Cm (with ?4?Pu and 2*3Am, as they are
in the build-up chain of ?#*Cm) from the first cycle.

A final remark for the minor actinides and their
calculated concentrations concerns branching ratios for
capture cross sections leading to ground or metastable
states. The most relevant example is for the reactions
241 Am (n,7)?42™ Am and 24! Am(n,y)?*29 Am (similarly for
243Am). Such branching ratios define the proportions of
metastable and ground states and can influence number
densities for heavier actinides. Depending on the simula-
tion code, options used during the depletion calculation
and the information provided in the nuclear data library,
branching ratios can be considered as incident-neutron
energy dependent or constant derived from a single energy
value or from a (PWR) spectrum average. Such differences
may lead to disagreements between actinide concentra-
tions predicted by different codes for 242 Am.



16 D.A. Rochman et al.: EPJ Nuclear Sci. Technol.

900Gy - 05 (%)

0.0

7.5 20.5 31.8 41.6

Assembly burnup (MWd/kg)

41.6

31.8
Assembly burnup (MWd/kg)

7.5 20.5

12, 20 (2026)

+20
+lo

10 F# 23 —

134Cg

\ i

-20%

31.8

41.6

7.5 20.5
Assembly burnup (MWd/kg)

0.0

PRy - B4R (%)

0.0 7.5 20.5 31.8 41.6

Assembly burnup (MWd/kg)

Fig. 11. Evolution of concentrations as a function of burnup for relevant fission products for the assembly benchmark.

30
+lo EOL s

25
=920 | mean=>54.8
2 lo=12%
oo}
£15 4
g
O 10

5

0 4 . _ mmmm

39 63 87 111 135

HAm (g/t)

30

7970 days > tlo

[\
t
L

mean=1042
1lo=17%

Counts/bin
—_ — o]
(=) [ (=)
s A

ot
L

0 T
896

1042 1188 1334

HAm (g/t)

Fig. 12. Evolution of the ?*' Am concentrations from EOL to the cooling time of 7970 days, from the assembly benchmark.

Same relative z-scale is used in both histograms.

Regarding fission products, four examples are pre-
sented in Figure 11 for cases contributing to the total
decay heat.

998r and '37Cs each contribute to about 30%, when
considering their respective decay daughters Y and
13TmBa. 1% Eu and ¥*Cs contribute to about 1% each,
but are among the 11 most important contributors for
this specific cooling period. For the most relevant fis-
sion products, the spread of calculations is relatively nar-
row, even considering the outliers highlighted in green.
For both the pincell and assembly models, standard
deviations for the most relevant fission products are
less than 1%.

In the case of 37Cs, all low values are obtained with
the same burnup code (cases #37 to #42). The outlier
(number #42) uses the JENDL-5 fission yield library,
which contains lower cumulative fission yields for 37Cs,
from 23°U and #*°Pu, as presented in reference [26]. In
reference [27], the standard deviation obtained for this
nuclide during the blind benchmark is close to 1.4%, well
in agreement with the values obtained here for the pincell

and assembly benchmarks (1.2% at EOL, as indicated in
Tab. B.33).

For 13Cs and '*Eu, some outliers can be observed
(still having little impact on the decay heat values), espe-
cially for case #23.

Regarding the values from the ULC calculations, very
similar averages and standard deviations are obtained (see
Appendix B), for all the relevant fission products. In gen-
eral, the standard deviations for the pincell benchmark
are smaller than those for the assembly benchmark. The
simplicity of the pincell model can partly explain these
differences, even if there is not a full overlap between par-
ticipants for both benchmarks.

4.7 Concentrations during cooling times

The cooling times of interest correspond to the period of
calorimetric measurements, from 5823 to 7970 days (or
almost 16 to 22 years). Depending on the half-life and
decay mode of the nuclides of interest, concentrations can
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Table 9. Fractions to the total decay heat (DH1) at 5823 days, for both benchmarks (average and one standard
deviation). Only ULC values are presented, as other analyses lead to similar values.

Pincell model

238y, 239py, 240py, 241 A1 2440y
0.116 +0.003 0.010+0.000 0.016+0.000  0.089+0.001 0.106 +0.003
90g, 90y 34 37 (g 37TmR,
0.050+0.002 0.243+0.002 0.009+0.000 0.076 +0.002 0.259 +0.004
15dgy Sum Sum actinides Sum Fiss. Prod.
0.01940.001 0.99340.002 0.3374+0.002  0.656 +0.002 -

Assembly model
238py, 239py, 240py, 24T A pZEYCH,
0.106 =0.004 0.008 +=0.000 0.015+0.000  0.080+0.001 0.100 = 0.004
90Gy 90y 134 137 (g 37TmR,,
0.0524+0.002 0.2554+0.002 0.0084+0.000 0.07940.002 0.268 +0.003
14y, Sum Sum actinides Sum Fiss. Prod.
0.017+0.000 0.989+0.002 0.310+0.002  0.679+0.002 -

change (as for 2! Am, ?44Cm, 137Cs or ?°Y) and impact
the decay heat values (and standard deviations).

A specific example of the impact of the cooling time
is 2’ Am. As previously mentioned, its concentration is
strongly changing (increasing), due to the decay of 4'Pu.
Therefore, the EOL concentration of 24! Am is negligible
compared to the part coming from ?4'Pu, and the *'Am
spread (standard deviation) at the time of decay heat
measurement is similar to the one of ?*!Pu. This case
is presented in Figure 12. One can observe an important
reduction in the spread of calculated values after 22 years.

For other cases of relevance for the decay heat, distri-
butions of nuclide concentrations are relatively similar at
EOL and measurement times (changes in the spread of the
concentration can be observed when a nuclide is decaying
into another one, leading to very different concentrations
for the considered daughter).

4.8 Decay heat contributors

As mentioned, the decay heat measurements were per-
formed between 5823 and 7970 days of cooling time.
For this cooling period, the main contributors were iden-
tified in a number of publications (see for instance
Refs. [9,12,28]). They were requested from each par-
ticipant, at the measurement times. The contributions
from these eleven nuclides (5 actinides 238=240Py, 241 Am,
244Cm, and 4 fission products *°Sr, 134137Cs, ®*Eu and 2
short-lived daughters of relatively long-lived fission prod-
ucts °Y, 13"mBa) are presented in Figure 13 from the
calculations of the assembly benchmark. Values of the
relative contributions are also presented in Table 9 (and
in Appendix B), in the case of the pincell and assembly
benchmarks. Additionally, the ULC values are very close
to the ones from the direct analysis, and only the ULC
set is presented in the Table 9. The sum of these contri-
butions is not 1, but close to 0.99 for both models, indi-

cating the decay heat component of the nuclides not given
in this list. These values are in good agreement with the
literature values, and the changes for the decay heat mea-
surements at longer cooling time (DH2 to DHG6) slightly
modify the amplitudes of the contributions. One can note
that the standard deviations (1o) given in the table are
relatively small, indicating very good agreement between
all individual values.

Additionally, small but significant differences can be
seen between the pincell and the assembly benchmarks:
actinides are contributing more in the case of the pin-
cell (the sum of the actinide contribution is 0.337 for the
pincell model, vs. 0.310 for the assembly model). This dif-
ference originates in the higher actinide production for
the pincell model, due to a different moderator to fissile
value H/M. As an example, such a difference represents
46 Watts for actinides and 2W for fission products, in
the case of the first cooling time (5823 days). As shown in
the next section, differences of about 40 to 50 W modify
the C'/E values by 2 to 3%.

Individual nuclide contributions to the decay heat are
presented in Figure 13 (along with C/E values), with z-
scales kept the same in relative values so that all spreads
can be compared. One specific histogram is obtained from
all participants’ calculated values. It can be observed that
the spread of the DH1 C/FE values is very similar to the
one of 13"Ba, 99Y and ' Am. These three nuclides con-
tribute to about 60% of the total decay heat, and their
standard deviations are naturally close to the one for the
sum of the DH1 distribution.

As indicated, the main contributors to the six decay
heat measurements are limited in number and well iden-
tified. Therefore the comparison with decay heat values,
within this cooling range, can help to validate only at max-
imum these 11 nuclides, for both the pincell or assembly
benchmarks. In the next section, the values of the calcu-
lated decay heat will be compared to the measured ones.
For the calculations of the total decay heat, all relevant
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contributors are considered by the participants, i.e. not
only the eleven mentioned nuclides.

4.9 Decay heat C/E values

In this section, the analysis of the calculated decay heat
values with respect to the measured ones is presented. As
indicated, all relevant decay heat contributors are consid-
ered, extending the previous list of 11 nuclides. For conve-
nience, the analysis is separated between the pincell and
assembly benchmarks. The main reason is that for the pin-

cell, the calculated decay heat values are generally overes-
timated, due to its lowed H/M moderation ratio compared
to the assembly.

4.9.1 Pincell model

As previously mentioned, the calculated decay heat is
expected to be higher than the measured one due to
the low moderation ratio for the pincell model. As indi-
cated earlier, this leads to an overproduction of actinides
contributing to the decay heat (such as 23¥Pu, 244Cm).
The values of the averages and one standard deviation
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Table 10. Calculated over Experimental values (C'/E) in the case of the pincell benchmark, for the six decay heat
measurements (average and 1 standard deviation), obtained from all participants. Only direct (named “quantity All”)
and ULC values are presented here, and other values can be found in appendix.

Pincell model C/E values

Quantity DHI DH2 DH3 DH4

All 1.024+£0.009  1.030+£0.009  1.027+0.009  1.034+0.010
ULC 1.020+0.009 1.026+0.009 1.023+0.009 1.030-+0.010
Quantity DH5 DH6 All DH

All 1.027+£0.010  1.032+£0.009  1.029+0.011

ULC 1.024+0.009 1.028+0.009 1.026 +0.009

are presented in Table 10, and histograms are plotted in
Figure 1 (left). Individual values for each of the six decay
heat values are presented in Figure 14. The z-axis corre-
sponds to the index given in Table 2. Additional statistical
values can be found in Tables B.38 and B.39.

The first remark is that for all measurements, the
C/E values are higher than 1, and consequently, the

average C/E is also higher than 1, reaching 1.03. The
standard deviations are small enough to make all results
consistently higher than 1 with a high degree of proba-
bility, which is reflected in the tolerance limits given in
Appendix B. This is expected for the mentioned reasons,
but it is worth observing that all calculations are system-
atically higher than the measurements (only three sets of
calculations are within one experimental standard devia-
tion). Small differences are obtained from the simple aver-
age and the ULC approach, indicating that results are
independent of the considered codes, libraries, and possi-
ble effects from users.

Cases the closest to C/E = 1 (#11, #12, #24, or #51)
have a limited overlap in terms of codes and libraries, and
originate from different institutes; there is no preferred
sets for decay heat calculations given the pincell bench-

mark, but a tendency to low C/FE values is observed for
previous JEFF libraries (JEF-2.2, JEFF-3.1.1 and JEFF-
3.2), in contrary to JEFF-3.3. With the exception of cases
#51 and #52, a common trend can be observed: similar
differences between the six measurements are obtained:
for a given participant, the highest C'//E is obtained for
DH4, followed by DH6, DH2, DH5, DH3 and DH1. Such
pattern is less pronounced for the results of the assem-
bly model, possibly due to the complexity of the assembly
model, leading to more diverse model variations.

On average, 2 to 3% overestimation of the measured
decay heat (with a small standard deviation) can be
considered adequate, depending on the user’s criteria of
acceptance. The systematic overestimation is nevertheless
an indication that this benchmark model leads to a bias,
which is not present for the assembly model. A possibility
to avoid such systematic overestimation is to modify the
pincell dimensions to obtain a moderation ratio close to
the assembly model.

4.9.2 Assembly model

Similar to the pincell model, results are presented in
Table 11, Figure 15 and in Appendix B. Both Figures 10



20 D.A. Rochman et al.: EPJ Nuclear Sci. Technol. 12, 20 (2026)

DH1
DH2 m
41 DH3 m
DH4
2 DH5
X —T-www 0] e I T e e
0 T |||II"'||| g T I |"||-|
m
~
O 921
44

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
12345678 910111213141516171819202122232428293031343536373839404142434445535455
calculation index
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Table 11. Calculated over Experimental values (C'/E) in the case of the assembly benchmark, for the six decay heat
measurements (average and 1 standard deviation), obtained from all participants. Only direct (named “quantity All”)
and ULC values are presented here, and other values can be found in appendix.

Assembly model C/E values

Quantity DHI1 DH2 DH3 DH4

All 0.9864+0.014 0.9914+0.014 0.987+0.014 0.993 +£0.014
ULC 0.986 +0.012 0.990+0.012 0.987+0.012 0.993+0.012
Quantity DH5 DH6 All DH

All 0.9874+0.014 0.9914+0.014 0.989+0.014

ULC 0.986 +0.012 0.990+0.012 0.989-+0.012

and 15 have the same y-scale to ease the comparison of
results. The main difference with the pincell benchmark is
that C'/FE values are more varying between each partici-
pant (or index), and are also lower and higher than 1. The
majority of calculations are nevertheless lower than the
measurements, leading to an average C'/E close to 0.99.
This value indicates a small bias, close to —1%, similar in
magnitude to the experimental uncertainties.

The assembly benchmark is more realistic than in the
case of the pincell, leading to an average bias closer to
zero with a larger standard deviation. In addition, the
ULC standard deviation is lower than the one obtained
directly from averaging all results together, as indicated
in the mentioned tables: from 0.015 to 0.012, while the
average C'/E values are similar. The use of unique trans-
port and depletion code (line “C” in Tabs. B.38 and B.39)
is lowering most the standard deviations, while increasing
the average C'/E. This can also be observed in Figure 15,
where the group of indexes from #37 to #42, leading to
low C/E values, are obtained with the same code (see
Tab. 2). These six cases (from #37 to #42) underline the
effect of nuclear data, as they only differ by the use of
the nuclear data library (note that calculation #40, per-

formed with JEFF-3.3, represents the smallest bias from
the group).

As this set of indexes also corresponds to a specific
institute, results from unique users also lead to low stan-
dard deviations and higher C'/E.

From Figure 15, one can see that a small number of cal-
culations have C'/E values systematically above 1. Given
the number of participants, a similar observation can be
made for reference [4], where 3 sets (participants) out of 31
also provide values with C//E > 1 (in this work, numbers
are 6 out of 43). The amplitude of the bias is nevertheless
smaller for the present benchmark (—1.1% compared to
—2.0% in Ref. [4]).

4.10 Standard methods

Standard methods are often used to calculate assembly
decay heat in a simplified manner, based on a set of pre-
defined functions and parameters, possibly complemented
with simplified depletion chains. The most common decay
heat standards are the DIN 25463-1:2014 [29] (called DIN
2014), the ANSI/ANS-5.1:2014 [30] (called ANS 2014),
and more recently the US NRC Regulatory guide 3.54,
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Table 12. Calculated over Experimental values (C'/F) with standard methods.

Standard DH1 DH2 DH3 DH4 DH5 DH6 Average
ANS 2014 1.113  1.122 1.118 1.140 1.132 1.138 1.13
RG-3.54 2018 1.067 1.067 1.064 1.062 1.055 1.059 1.06
RG-3.54 2022 1.033 1.033 1.030 1.029 1.022 1.025 1.03
ISO 2022 1.033 1.037 1.034 1.037 1.030 1.034 1.03
DIN 2014 0.994 0.999 0.996 1.005 0.998 1.002 1.00

revision 2 [31] (called RG-3.54 2018), the US NRC Reg-
ulatory guide 3.54, revision 3 [32] (called RG-3.54 2022)
and the ISO 10645:2022 [33] (called ISO 2022).

The results of standard methods are provided here as
an indication of what they provide for the 0E2 assembly.
They are not based on the benchmark descriptions. These
methods do not require a geometry description, but sim-
plified information such as cooling time, initial fuel com-
position, mass and burnup. They are often conservative
in the sense that they provide decay heat values higher
than those obtained from a detailed calculation, except for
the DIN standard, which is expected to be closer to best-
estimate values. Each of these standards has its own range
of applicability (limits in final burnup, initial enrichment,
cooling range), and for the considered assembly 0E2, all
the mentioned standards can be applied. Table 12 presents
the C/E values obtained with the four standards, using
the implementation from the Studsvik code called stdsnf
(as applied in Ref. [1]), except for the standard RG-3.54
2022, for which the decay heat estimator widget as imple-
mented in a beta version of SCALE 7.0 is used [34].

As observed, apart from the DIN 2014 standard, other
ones provide C'/F values greater than 1, and also gener-
ally greater than the values obtained with transport and
depletion codes. Standard values for the current bench-
mark are similar to the ones from reference [9]. If one is
interested by conservative values of the decay heat, or by
obtaining values without setting up a geometrical model,
these standards offer a convenient solution. They are nat-
urally limited to specific fuel enrichment, content, burnup
and cooling time, which can justify the use of transport
codes. Additionally, if one needs less conservative values,
standards are generally not recommended (it was shown
in Ref. [9] that the DIN standard might not be systemat-
ically conservative).

4.11 Detailed operational history

Additional information can potentially influence the esti-
mation of the calculated decay heat. For the assembly
0E2, SKB has access to a more detailed operational his-
tory than the one provided to the other participants in
this study. To investigate the effect of this detailed his-
tory, a calculation of the decay heat was made with an
operational history consisting of approximately 25 steps
for each cycle. Each step was depleted with an individual
value on moderator-and fuel-temperature, boron concen-
tration and power, for each of the 24 axial nodes. To make

Table 13. Comparisons of the calculated over Experi-
mental values (C'/E —1) with detailed operational history,
and without (simplified 2D calculation). Calculations were
performed with SNF-1.8: coupled to a 3D core simulator
for the left column, and using information as provided in
this benchmark for the right column.

Measurement, date C/E -1 (%)

Detailed operational 2D averaged

history history
16/06/2004 (DH1) —1.0 —1.6
03/01/2006 (DH2) —0.5 —-1.1
04/01/2006 (DH3) —0.9 —-14
10/12/2009 (DH4) —0.4 -0.8
03/05/2010 (DH6) —0.8 -1.2
Average —0.7 -1.2

a comparison, a calculation was also made with the code
SNF-1.8 and the nuclear data library ENDF/B-VII.1. with
the same data as provided to the other participants. The
results can be seen in Table 13. The C/E — 1 average for
the detailed operational history is 0.5 percent higher than
the 2D average data. The results for the 2D average data
are very close to the average result of the other partici-
pants in this study. To further investigate how much of
this difference is due to 2D/3D effect and how much is
depending on the detailed history a comparison was made
with Polaris using the same input, only changing 2D to
3D, see results in Table 14.

One can conclude that most of the difference between
the cases in Table 13 are due to the 2D /3D effect. Detailed
operational history for an assembly with long cooling
times as 0E2 only effects the results with a few parts of a
percent.

5 Main outcomes

General conclusions and outcomes from the present study
are succinctly summarized in the following. Details can be
found in the previous sections and in Appendix B. Partic-
ipants, codes and libraries can be found in Table 2, and
individual details are provided in Appendix C.

For the pincell benchmark:
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Table 14. Comparisons of the calculated over Experimental values (C/E — 1) with detailed operational history (3D),
and without (simplified 2D calculation). Calculations are performed with Polaris (see text for details).

Measurement date

Simplified 2D (W)

Detailed 3D (W) Difference (%)

16/06/2004 (DH1) 579.0 583.3 —0.7
03/01/2006 (DH2) 560.5 564.5 -0.7
04/01/2006 (DH3) 560.0 564.0 -0.7
10/12/2009 (DH4) 518.8 522.0 —0.6
03/05/2010 (DH6) 514.6 517.8 —0.6
Average —-0.7

Table 15. Summary table of the calculated uncertainties (A corresponds to 1o) for both benchmarks. For the decay
heat, the C/E — 1 +10 over the six measurements is given. RR means fission reaction rates. For all quantities except
the decay heat, values are given at EOL. If not specified, uncertainties concern nuclide concentrations. Data comes
from the ULC analysis.

Pincell Assembly Pincell Assembly

Decay heat (+2.6+0.9)% (-1.1£1.2)% Ake 4551 pecm  +1225 pem
RR AU £1.9% +1.8% RR A2¥U  £3.1% +1.1%
RR A2¥Pu  +0.4% +0.7% RR A%YPu  £1.3% +1.2%
AU +2.6% +2.0% A?350 +2.1% +1.9%
A6y +1.0% +0.7% AZ38U +0.08% +0.08%
A238Py +3.7% +3.9% APy +1.0% +1.8%
A240py +1.8% +2.5% APy +1.8% +1.3%
A242py +2.9% +1.6% A2 AmM! +9.7% +12%
A242m Ay +23% +20% A8 Am +4.8% +6.4%
A?*2Cm +7.0% +8.1% A?43Cm +12% +14%
A% Cm +6.5% +5.2% A8y +1.0% +0.9%
A3 Cs +4.8% +5.3% AY7Cs +1.2% +0.9%
AM8Nd +0.9% +1.0% A Eu +6.1% +3.1%

Notes. DFor 2! Am, the uncertainties are strongly changing with cooling time, to reach 1.3% after 22 years.

38 different calculations were performed for this bench-
mark (see Tab. 3).

It has the advantage to require a limited amount of
computer power, but it was observed that the mod-
eration H/M ratio for the pincell benchmark is too
low compared to a realistic assembly case, leading to
a larger production of actinides heavier than uranium.
The decay heat is overestimated by all participants
with an average bias of (+2.6 £0.9)% (being C/E —
1+ 10) (see Tab. 10 and Fig. 14).

For the assembly benchmark:

43 different calculations were performed for the 2D
assembly benchmark. It is more realistic than the
pincell benchmark, but requires more computational
power, especially for Monte Carlo transport simula-
tions.

Results of all participants indicate a good agreement
with the measurements, corresponding to an average
bias of (—1.1£1.2)% (being C/E —1=+10). Given the
experimental uncertainty of 1.2 to 1.3%, the agreement

between calculated and measured values is judged to
be satisfactory (see Tab. 11 and Fig. 15).

Additionally, general remarks about the calculations

performed in this work are as follows.

— A majority of participants used a Monte Carlo neutron

transport code (SERPENT) and the ENDF/B-VII.1
nuclear data library. Simple analysis of results are
therefore biased towards this code and library. It is pro-
posed to use statistical quantities (among which aver-
ages and standard deviations) obtained from unique
sets of codes, libraries and participants. These val-
ues are recommended (named “ULC” and presented
in bold in various tables).

Given the long cooling time of the six considered mea-
surements for the PWR UQOs assembly 0E2, a lim-
ited number of nuclides contributes to the decay heat,
mainly 37Ba/137Cs, %0Y/%Sr, 244Cm, 2**Pu and
241 Am (see Tab. 9). These nuclides are in fact the main
contributors to a vast majority of calorimetric decay
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heat measurements performed at long cooling times,
as noticed in various publications.

— The present study provides averages and standard
deviations for other nuclides of interest to decay heat
and criticality-safety calculations, along with quanti-
ties such as ko, and reaction rates. Uncertainties (as
the standard deviations from the values of partici-
pants) for these values are given in the summary pro-
vided in Table 15 (at EOL, except for the decay heat,
given as an average at the measurement times). These
standard deviations (10) can be useful when evaluating
uncertainties to be taken into account for criticality-
safety calculations and burnup credit.

— Two additional sets of calculations, performed outside
the benchmark exercise (1) confirmed that the stan-
dard methods are generally conservative, except the
DIN standard which is closer to the benchmark val-
ues, and (2) indicated that additional consideration of
the assembly detailed operating and nodal data mod-
ifies the calculated decay heat by a few tenths of a
percent.

6 Conclusion

Two decay heat benchmarks were created in the context of
the OECD NEA WPNCS subgroup 16, based on the PWR,
UOs Westinghouse 17 x 17 assembly, named 0E2, from
the Ringhals-3 reactor, in Sweden. One simplified bench-
mark consists of a pincell model, and the other benchmark
represents an assembly, both being two-dimension models.
The 0E2 assembly had an initial 22U enrichment of 3.1%,
was irradiated for four cycles, up to 41.6 MWd/kg. Six
calorimetric decay heat measurements were realized for
this assembly, between 16 and 22 years of cooling time.

A total of 38 pincell and 43 assembly calculations
were performed by 21 participants, providing the following
quantities: decay heat at the time of measurements, koo,
reaction rates, nuclide concentrations and decay heat con-
tributors. Such benchmark calculations were performed
while the measurement values were already available, but
calculation results have been submitted by each partici-
pant without knowing the results of others.

A large variety of codes, libraries and modeling
approach has been used, covering deterministic and Monte
Carlo neutron transport (and depletion) codes, and mod-
ern nuclear data libraries as well as early ones. The Monte
Carlo code Serpent was used a large number of times,
and similarly, the nuclear data library ENDF/B-VIIL.1
was also over-represented. In order to compensate for this
effect, averages and standard deviations based on a single
code/library /participant representation are also provided
with the values directly obtained from the unprocessed set
of results.

It was found that the decay heat values are over-
estimated by all participants in the case of the pincell
benchmark, with C/E — 14 1o of (+2.6 +£0.9)%. This is
expected as the moderation ratio is under-estimated in the
pincell benchmark, compared to a realistic fuel assembly.
For the assembly model, the average bias is smaller, with
(-1.1+£1.2)%.

In addition, uncertainties are provided for other not-
measured quantities, such as k., at the beginning of irradi-
ation and for each cycle, the nuclide concentrations at the
end of irradiation, and fission reaction rates. The uncer-
tainties correspond to the spread (1o) of the results com-
pared to the average calculated quantities. These quanti-
ties are also of interest for criticality-safety calculations.
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Appendix A: Additional benchmark descriptions
In the following, a number of additional tables are provided, allowing a complete description of the pincell and

assembly models. The information provided corresponds to the one used during the SG16 exercise. Specific notes,
detailing specific aspects of the selected data are also given (see notes 1 to 6).

Table A.1. General information for assembly 0E2 — part 1.

Generic data Values References
Reactor type Westinghouse  [3]
3 loop PWR
Reactor name Ringhals 3 [3], page 15/253, Table 3-2
Reactor coolant system pressure 155 bar [3], page 226/253
Number of assemblies in core 157 [3], page 226/253
Centrum distance between 21.50 cm [3], page 226/253
fuel assemblies
Active length 3658 mm [3], page 227/253
Average temperature into core 600 K See note 1
at full power
Average temperature in pellets 900K See note 1
at full power
Coolant density 0.72¢g/cm? [5], page 84/180
Reactor power 2775 MW [3], page 226/253, see note 4

Note 1. The original temperatures for the coolant and pellets at full power are assumed to be 600 and 900K,
respectively. The original values from reference [3] (page 226/253) are 576 and 850 K. These new benchmark values
are assumed in order to ease the nuclear data processing at default temperatures available in most of the processed
libraries.

Note 2. For the initial concentration of 2*4U, no information is given in reference [3]. A correlation with the 235U
concentration is then assumed, being 0.89% [6], leading to an initial 234U concentration of 0.276%. The initial
concentration of 23U provided in reference [3] is then reduced by the same amount. Regarding the 23U initial
concentration, it is assumed to be zero. Note that this concentration does not correspond to typical Swedish fuel.

Note 3. The effective fuel density is calculated from the active length and the initial heavy mass weight provided in ref-
erence [3]. The value of pellet density (10.45 g/cm?) and pellet density including chamfer, dishing, etc. (10.35 g/cm?)
provided in reference [3] (page 227/253) is not used. Instead, the following effective fuel density d is derived:

~ m(HM)/rods = m(UOy)

d=
LxnRZ " m(0)
| 463598/264 270
©365.8 x « (28191)7 7 238
= 10.34 g/cm® (A1)

This value is very close to the one provided in reference [3], being 10.35 g/cm?.
Note 4. The value of the reactor power is given, as in reference [3], but shall not be used in the benchmark. Instead,
participants are required to use the assembly burnup values, as given in Table A.3.
Note 5. These quantities were not provided in the references [3] and [7] and correspond to ad-hoc assumptions.
Note 6. Mass ratio of boron, as part of the boric acid added to clean water, to mass of borated water.
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Table A.2. General information for assembly 0E2 — part 2 (cold dimensions).

Generic data Values References

Fuel assembly type W 17x17 [3], page 227/253

Number of fuel rods 264 [3], page 227/253

Number of guide tubes 24 [3], page 227/253

Number of instrument tubes 1 [3], page 227/253

Initial weight of heavy metal 463.598 kg [3], page 228/253

Average Initial enrichment wt% 234U 0.028% See note 2

Average Initial enrichment wt% 235U 3.103% [3], page 228/253

Average Initial enrichment wt% 238U 96.869% [3], page 228/253 and note 2

Effective fuel (smeared) density 10.34g/cm? See note 3

Pellet density UOq 10.45 g/cm? [3], page 227/253

Density incl. chamfer, dishing, etc. 10.35g/cm? [3], page 227/253

Pellet diameter 8.191 mm [3], page 227/253

Rod diameter 9.5 mm [3], page 227/253

Rod cladding thickness 0.572mm [3], page 227/253

Rod cladding material Zr4 [3], page 227/253

Guide tube material Zr4 [3], page 227/253

Instrument tube material Zr4 [3], page 227/253

Rod cladding temperature 600K See note 5

He gap temperature 600 K See note 5

Rod cladding density 6.55g/cm? See note 5

He gap density 1.3 x 1073 g/cm®  See note 5

Spacer Material Inc 718 [3], page 227/253

Spacer Mass 753¢g [3], page 227/253

Outer diameter guide tube 12.24 mm [3], page 227/253

Guide tube thickness 0.406 mm [3], page 227/253

Outer diameter instrument tube 12.24 mm [3], page 227/253

Instrumentation tube thickness 0.406 mm [3], page 227/253

Rod pitch in fuel assembly 12.6 mm [3], page 227/253

Number of spacers 8 [3], page 227/253

Burnable poison rods No [3], page 227/253

Table A.3. General information for assembly 0E2 — part 3.

Assembly 0E2 Cycle C2 Cycle C3 Reference
Power operation 305 days 323 days [3], page 226/253
Subcritical 47 days 49 days [3], page 226/253
Start date 24/07/1984 11/07/1985 [3], page 226/253
Stop date 25/05/1985 30/05/1986  [3], page 226/253
Average Boron content (see note 6) 389 ppm 452 ppm [3], page 226/253
Assembly burnup (MWd/kg) 7.496 13.034 [3], page 228/253
Assembly 0E2 Cycle C4 Cycle C5 Reference
Power operation 335 days 338 days 3], page 226/253
Subcritical 47 days - 3], page 226/253
Start date 18/07/1986  04/08/1987  [3], page 226/253
Stop date 18/06/1987 07/07/1988  [3], page 226/253
Average Boron content (see note 6) 402 ppm 401 ppm 3], page 226/253
Assembly burnup (MWd/kg) 11.308 9.790 3], page 228/253
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Table A.4. Description of the pincell model.

Generic data Values References
Average initial enrichment wt% 234U 0.028% See note 2
Average initial enrichment wt% 23°U  3.103% [3], page 228/253
Average Initial enrichment wt% 233U 96.869% [3], page 228/253 and note 2
Effective fuel (smeared) density 10.34g/cm®  See note 3

Pellet diameter 8.191 mm [3], page 227/253
Rod diameter 9.5 mm [3], page 227/253
Rod cladding thickness 0.572mm [3], page 227/253
Rod cladding material Zr4 [3], page 227/253
Rod cladding temperature 600 K See note 5

He gap temperature 600 K See note 5

Rod cladding density 6.55g/cm? See note 5

He gap density 1.3e—3g/cm®  See note 5

Rod pitch in fuel assembly 12.6 mm [3], page 227/253

Appendix B:
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Table B.1. Calculated k., values for the pincell and assembly models. Values with a =+ sign are average +o (o are
given in pem), whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the

reference values.

BOL EOC2 EOC3 EOC4 EOL

Pincell model
[0.99005 — 1.03747]

All [1.26094 — 1.28439]  [1.13041 — 1.18908] [0.92079 — 0.95942]  [0.86952 — 0.90631]

All 1.27266 + 482 1.15974 4+ 1207 1.01376 £ 972 0.94011 + 792 0.88791 + 754

ULC 1.27236 +456 1.15939 +1150 1.01274 + 501 0.93981 £ 524 0.88767 £ 551

U 1.27277 £ 597 1.15830 + 1382 1.01412 £ 878 0.94068 £ 771 0.88883 + 866

L 1.27476 £+ 700 1.16189 + 936 1.01350 £ 771 0.93871 £ 724 0.88629 + 646

C 1.27119 £ 418 1.15567 £ 1556 1.01215 £ 518 0.93996 + 503 0.88805 + 591
Assembly model

All [1.27645 — 1.29497)  [1.13834 — 1.20621]  [0.98570 — 1.07095]  [0.90727 — 0.98215]  [0.84666 — 0.91619]

All 1.28571 £ 381 1.17227 £ 1396 1.02833 £ 1748 0.94471 £ 1535 0.88143 + 1426

ULC 1.28538+371 1.17367 + 854 1.02544 +1390 0.94277 +1230 0.88014 +£1125

U 1.28539 £411 1.17168 £ 1522 1.02412 £ 1535 0.94088 £ 1372 0.87839 £ 1267

L 1.28591 4 305 1.17369 £ 1097 1.03070 £1714 0.94634 £ 1618 0.88357 + 1473

C 1.28448 +482 1.17307 £ 1094 1.02206 £ 1148 0.94012+1033 0.87841+961
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Table B.2. Calculated values for the pincell and assembly models for the 234U concentrations. Values with a + sign
are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the

reference values.

234UBOL (g/t)

234UEOC2 (g/t)

234UEOCS (g/t)

234UEOC4 (g/t)

Pincell model

All [270.2 — 291.1] [240.4 — 259.1]  [191.6 — 211.6]  [155.6 — 174.9]
All 280.7+4.3 249.8+3.9 201.6+4.1 165.2+4.0
ULC 281.6+4.4 250.7+ 3.9 202.5+4.0 166.2+ 3.9
U 280.6 £3.5 249.6 + 3.2 201.3+3.5 165.0+ 3.5

L 281.6 £4.7 250.6 4.2 202.5+4.4 166.0 4.3

C 281.0+3.6 250.0+3.3 201.7+3.5 165.4+ 3.5

Assembly model

Al [272.0 —287.2] [243.6—257.5] [197.1 —210.8]  [160.7 — 174.9]
All 279.6 £3.2 250.5+2.9 204.0+2.9 167.8+3.0
ULC 280.2+2.0 251.0+ 2.2 204.3+2.5 168.1 +2.7
U 279.3+3.8 250.24+3.5 203.5+3.2 167.2+3.2

L 279.9+2.0 250.8+2.0 204.1+2.2 167.8+2.4

C 279.4+5.0 250.4+4.6 204.0+4.2 168.1+4.1

Table B.3. Calculated values for the pincell and assembly models for the 234U concentrations (during irradiation and
cooling). Values with a+ sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits.
In bold are indicated the reference values.

234UEOL (g/t) 234U5823 (g/t)

234U797O (g/t)

Pincell model

All [129.6 — 147.2] [164.8 — 181.2] [176.4 — 193.5]
All 138.4+3.6 173.0+3.4 184.9+3.5
ULC 139.4+3.6 173.7+3.4 185.5+3.4
U 138.3+3.4 172.8+3.5 184.6 + 3.6

L 138.9+£3.9 173.0+£3.8 184.9+4.0

C 138.8£3.2 173.3+£3.0 185.1+3.0

Assembly model

All [133.2 — 147.9] [163.9 —179.4] [174.1 —190.4]
All 140.5+ 3.1 171.6 £3.2 182.2+3.4
ULC 140.7+2.8 171.4+ 3.2 181.8+3.5
U 139.9+3.2 170.9+ 3.5 181.5+ 3.6

L 140.4+2.5 170.9+3.2 181.3+3.5

C 140.9+4.0 172.0+£4.0 182.5+4.1
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Table B.4. Calculated values for the pincell and assembly models for the 235U concentrations. Values with a + sign
are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the

reference values.

235UBOL (g/t)

235UEOC2 (g/t)

235UEOCS (g/t)

235UEOC4 (g/t)

Pincell model

All [30979 — 31030] [23257 — 23559] [13918 — 14687]  [8659 — 9405]

All 31005+ 11 23408 + 62 14302 + 158 9032+ 154

ULC 31005+8 23415+ 55 14310+ 147 9038 +144

U 31007 £ 12 23394+ 75 14263 + 152 9001 £+ 150

L 31002+ 6 23405 £ 69 143124193 9027 £ 190

C 31007 £ 12 23400 + 54 14279+ 124 9024 + 126
Assembly model

All [30977 — 31037] [23124 — 23458] [13521 — 14103] [8042 — 8610)]

All 31007 +12 23291 +70 13812+ 121 8326 +119

ULC 31004+8 23285+ 61 13811 +107 8321 +102

U 31007+ 13 23291+ 63 13825+ 122 83324107

L 31004+9 23269+ 76 13775+ 138 8280+ 130

C 31008 £ 13 23297 £ 57 13832492 8359 + 86

Table B.5. Calculated values for the pincell and assembly models for the 23°U concentrations (during irradiation and
cooling). Values with a+ sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits.
In bold are indicated the reference values.

235UEOL (g/t)

235 U5823 (g/t)

235 U797O (g/t)

Pincell model

All [5566 — 6215]  [5466 — 6214]  [5468 — 6214]

All 5891 + 134 5840 + 154 58414154

ULC 5894+125 5849 + 147 5850 + 147

U 5870+ 134 5841 +139 5842 4+ 139

L 5871+ 165 5796 + 180 5798 + 180

C 5895+ 118 5867 +139 5868 + 139
Assembly model

All [4793 — 5451]  [4795 — 5453]  [4796 — 5454]

All 51224137 5124 +£137 5125+ 137

ULC 5125+100 51274+ 100 5128 +100

U 5120 £+ 148 5122 + 148 5123 4148

L 5083 + 130 5085+ 130 5086 + 130

C 5161 + 88 5164 + 88 5165 + 88
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Table B.6. Calculated values for the pincell and assembly models for the 23U concentrations. Values with a + sign
are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the

reference values.

236UBOL (g/t)

236UEOCQ (g/t)

236UEOC3 (g/t)

236UEOC4 (g/t)

Pincell model

All 0 [1364 — 1444] [2878 — 3089] [3653 — 3887]
All 0 1404 + 17 2984 +43 3770+ 48
ULC 0 1403 +14 2985+ 38 3772+41

U 0 1407+ 14 2992 + 32 3778+ 35

L 0 1401+ 17 2977 +£47 3762+ 51

C 0 1408 £13 2994 + 32 3780 + 36

Assembly model

All 0 [1355 — 1425] [2927 — 3059] [3718 — 3869]
All 0 1390+ 14 2993 + 27 3794 + 32
ULC 0 1393 +14 2997 + 26 3797+ 28

U 0 1390+ 12 2991 +24 3793 +25

L 0 1393+ 16 2996 + 29 3794 + 32

C 0 1391 £11 2995 + 20 3796 + 23

Table B.7. Calculated values for the pincell and assembly models for the 236U concentrations (during irradiation and
cooling). Values with a+ sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits.
In bold are indicated the reference values.

236UEOL (g/t)

236U5823 (g/t)

236 U797O (g/t)

Pincell model

All [4010 — 4247]  [4028 — 4247]  [4030 — 4249]
All 4128 +49 4138 +45 4139 £ 45
ULC 4132+43 4141+ 39 4142+ 39
U 4136 £ 36 4143+ 33 4145433
L 4119+ 52 4131447 4132447
C 4140+ 37 41474+ 35 4149 + 35
Assembly model
All [4066 — 4237]  [4071 —4241]  [4072 — 4243]
All 4151 4+ 36 4156 + 36 4158 £ 36
ULC 4154+30 4158 + 30 4160 + 30
U 41514+ 30 4155+ 30 4157 £ 30
L 4147+ 35 4151435 4153 £35
C 4157+ 27 4162 + 27 4163 + 27
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Table B.8. Calculated values for the pincell and assembly models for the 233U concentrations. Values with a + sign
are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the

reference values.

238UBOL (g/t)

238UEOCZ (g/t)

238UEOC3 (g/t)

238UEOC4 (g/t)

Pincell model

All [968335 — 969250] [962906 — 963863]  [952282 — 954095]  [941895 — 944773]
All 968793 £+ 188 963385 + 197 953188 £373 943334 £+ 592
ULC 968766 +150 963339+171 953146 + 375 943332+ 531

U 968767 £ 167 963362 £+ 195 953083 £ 345 943155 + 626

L 968844 + 204 963426 + 234 953308 £+ 396 943323 £ 867

C 968727 +£ 113 963306 £+ 139 953036 £ 345 943243 £ 437

Assembly model

All [967575 — 970001] [962661 — 964662]  [953005 — 955202]  [943404 — 946194]
All 968788 £+ 507 963662 + 418 954104 £+ 459 944799 4+ 583
ULC 968853 +295 963667 + 288 954078 + 360 944772 + 482

U 968847 £+ 364 963708 £+ 325 954127 £ 373 944710 4+ 546

L 968789 £+ 460 963687 £+ 429 954170 £ 485 944714+ 770

C 968876 + 228 963690 £+ 194 954085 £ 260 944827 + 341

Table B.9. Calculated values for the pincell and assembly models for the 233U concentrations (during irradiation and
cooling). Values with a+ sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits.
In bold are indicated the reference values.

238UEOL (g/t)

238U5823 (g/t)

238 U7970 (g/t)

Pincell model

(931253 — 936943]
934098 + 1171
934153 + 763
933810 + 1540
933819 + 2030
934118 + 530

(931359 — 936441
933900 £ 1046
933975 + 501
933685 £ 1471
933536 £ 1880
934002 £ 311

[931359 — 936441]
933900 £ 1046
933975 + 501
933685 £ 1471
933536 £ 1880
934002 £ 311

Assembly model

(933360 — 938579
935970 + 1090
935958 -+ 744
935760 + 1391
935612 + 1884
936082 + 469

(933345 — 938577
935961 + 1093
935946 - 745
935749 + 1395
935602 + 1890
936073 + 469

(933345 — 938577
935961 + 1093
935946 + 745
935749 + 1395
935602 + 1890
936073 + 469
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Table B.10. Calculated values for the pincell and assembly models for the 235U fission reaction rates (RR), given in
%. Values with a+sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In
bold are indicated the reference values.

235(JBOL 235(JEOC2 235JEOC3 2351JEOC4 235(JEOL
RR (%) RR (%) RR (%) RR (%) RR (%)
Pincell model
All [93.2 —94.3] [64.3 —74.6] [39.9 —50.5] [27.3—34.3] [19.0—23.9]
All 93.8+0.2 69.4+2.0 45.24+2.1 308+1.4 21.4+1.0
ULC 93.6+0.3 68.9+1.0 44.8+0.8 30.6 +0.5 21.3+0.4
U 93.7+0.3 69.4+1.8 45.1+1.6 30.7+1.1 21.4+0.9
L 93.7+0.3 69.4+1.6 45.24+1.7 30.7+1.2 21.3+0.8
C 93.7+0.3 68.9+1.0 44.74+0.8 30.5+0.5 21.3+0.4
Assembly model
All [93.7 —94.9] [66.7 —75.8] [42.2—52.6] [28.6—35.9] [19.3 — 24.6]
All 94.3+0.3 71.3+1.8 474421 323+14 21.9+1.1
ULC 94.3+0.2 70.9+0.8 47.0+0.8 32.1+0.5 21.84+0.4
U 94.3+0.2 71.2+1.7 47.3+1.7 322+1.2 22.0+1.0
L 94.3+0.2 71.2+1.1 472+1.2 32.1+0.8 21.8+0.7
C 94.2+0.3 70.7+0.7 46.9+0.8 32.0+0.5 21.8+0.4

Table B.11. Calculated values for the pincell and assembly models for the 233U fission reaction rates (RR), given in
%. Values with a+sign are average o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In
bold are indicated the reference values.

23817BOL 2387JEOC2  238[JEOC3  238JEOC4  238(JEOL
RR (%) RR (%) RR (%) RR (%) RR (%)
Pincell model
All [6.7—6.7 [6.7—77 [7.9—89] [8.8—9.7 [9.3—10.5]
All 6.2+0.2 7.2+0.2 8.4+0.2 9.2+0.2 9.9+0.2
ULC 6.4+03 7.3+0.2 8.44+0.2 9.24+0.1 9.8+0.3
U 6.3£0.3 7.2+£0.2 8.4+0.2 9.2+£0.2 9.8+£0.3
L 6.3£0.3 7.2+£0.2 8.4+0.2 9.2+0.2 9.8+£0.2
C 6.3£0.3 7.3+£0.2 8.4+0.2 9.2+0.2 9.8+£0.3
Assembly model

All [5.0-6.3] [6.0—7.1] [7.1-82] [8.1-8.9 [8.8—9.6]
All 5.7+0.3 6.5+£0.2 7.6+£0.2 8.5+£0.2 9.2+0.1
ULC 5.7+0.2 6.7+£0.3 7.6+0.3 8.5+0.2 9.240.1
U 5.7+£0.2 6.6 £0.2 7.6+£0.2 8.5+£0.2 9.2+0.2
L 5.6£0.2 6.6 £0.2 7.6+£0.2 8.5+£0.2 9.2+0.1
C 5.8+£0.3 6.7+0.2 7.6+£0.3 8.5£0.2 9.2+0.2
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Table B.12. Calculated values for the pincell and assembly models for the 239Pu fission reaction rates (RR), given
in %. Values with a 4 sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In
bold are indicated the reference values.

239pBOL  239p, EOC2 239p,, EOC3 239 EOC4 239p,, EOL
RR (%) RR (%) RR (%) RR (%) RR (%)
Pincell model
All [17.8 —26.7] [36.1 —43.1] [45.8—-49.9] [51.4 —54.0]
All 22.2+1.7 39.6+1.4 47.9+0.8 52.7+0.5
ULC 22.74+0.9 39.9+0.7 48.0+0.4 52.8+0.2
U 22.2+1.6 39.7+1.1 47.9+0.7 52.7+0.4
L 222+14 39.5+1.2 47.9+0.7 52.7+0.4
C 22.8+0.9 40.0£0.7 48.1+0.5 52.8+0.2
Assembly model
All [17.3 —25.1] [34.9—41.7] [44.9—49.0] [50.9 —53.7]
All 21.2+1.6 38.3+1.4 47.0+0.8 52.3+0.6
ULC 21.44+0.6 38.4+0.7 47.1+0.5 52.4+0.4
U 21.2+14 38.3+1.1 47.0+0.7 52.3+0.5
L 21.2+1.0 38.2+0.9 47.0+0.6 52.4+04
C 21.6+0.6 38.6+0.5 4724+0.5 52.5+0.4

Table B.13. Calculated values for the pincell and assembly models for the 24'Pu fission reaction rates (RR), given
in %. Values with a & sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In
bold are indicated the reference values.

241pBOL  241p EOC2  241p EOC3  241p EOC4 241p ,EOL
RR (%) RR (%) RR (%) RR (%) RR (%)
Pincell model
All 05— 15 [5.0—83] [10.1—134] [14.4—16.7]
All 1.0+0.2 6.7+0.7 11.8+0.7 15.6£0.5
ULC 1.0+£0.1 6.8+0.3 11.94+0.3 15.6 +0.2
U 1.04+0.2 6.7£0.6 11.8+0.6 15.6£0.4
L 1.04+0.2 6.7+0.6 11.8+0.5 15.6£0.4
C 1.14+0.1 6.8+£0.2 11.8+0.4 15.7£0.2
Assembly model
All 05— 15 [48—-83] [10.5— 135 [14.9—17.2]
All 1.0+0.2 6.6 £0.7 12.0£0.6 16.1£0.5
ULC 1.0+£0.1 6.8+0.4 12.14+0.3 16.1+0.2
U 1.0+0.2 6.7£0.6 12.0£0.5 16.1£0.4
L 1.04+0.2 6.7£0.6 12.1+04 16.1£0.3
C 1.04+0.1 6.7£0.3 12.14£0.2 16.1£0.2
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Table B.14. Calculated values for the pincell and assembly models for the 2*®Pu concentrations during irradiation.
Values with a 4 sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

238PuE002 (g/t)

238PuE003 (g/t)

238PuEOC4 (g/t)

238PuEOL (g/t)

Pincell model

All [3.6 — 4.2] [42.4 — 53.0] [129.7 — 158.1] [249.1 — 299.8]

All 3.9+0.1 47.7+2.2 143.9+5.9 274.4+10.4

ULC 3.9+0.1 47.5+2.1 143.0+5.5 272.3+10.1

U 3.9+0.1 479+1.7 144.0 £ 4.7 274.2+9.3

L 3.8+0.1 46.9 + 141.9+6.3 270.8 £12.1

C 3.9+0.1 479+1.7 143.8 +4.6 273.7+£8.8
Assembly model

Al [2.9-3.9] [37.9 — 46.4] [116.0 — 140.8]  [220.3 — 269.6]

All 3.4+0.2 42.2+1.8 128.4+5.2 245.0£10.3

ULC 3.4+0.2 42.0+1.4 127.2+4.3 241.5+9.5

U 3.4+0.2 42.1+1.7 128.4+4.8 245.2+10.1

L 3.4+0.2 41.7+1.9 126.6 +£5.8 240.6 £11.8

C 3.4+0.1 42.1+1.3 127.9+3.8 244.1+8.0

Table B.15. Calculated values for the pincell and assembly models for the 23*Pu concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average +o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

238Pu5823 (g/t)

238Pu7970 (g/t)

238pu823 Contrib. (%)

Pincell model

All [247.3 —287.7]  [236.1 —274.7]  [10.8 — 12.4]
All 267.5+8.3 255.4+8.0 11.6+0.3
ULC 265.1+8.1 253.1+7.8 11.6 £0.3
U 265.7+ 8.6 253.7+8.3 11.54+0.4
L 265.7+10.7 253.7+10.2 11.6+0.4
C 265.5+7.5 253.5+£7.1 11.6+0.3
Assembly model

Al [214.2—259.9] [204.5—248.2] [9.9 —11.6]
All 237.1+9.6 226.3+9.1 10.8+0.4
ULC 233.5+8.8 222.9+8.4 10.6 +£0.4
U 236.84+9.7 226.1+9.2 10.7+0.4
L 232.8+10.8 222.3+10.3 10.6 +0.4
C 236.3+ 7.4 225.6 £7.1 10.7+0.3
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Table B.16. Calculated values for the pincell and assembly models for the 2*Pu concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

239PuE002 (g/t)

239PuEOCS (g/t)

239PuEOC4 (g/t)

239PuEOL (g/t)

Pincell model

All [3027 — 3231] [5183 — 5552] [5925 — 6262] [6178 — 6546]
All 3129 +42 5367+ 76 6094 + 69 6362+ 76
ULC 3138447 5382+ 77 6099 + 62 6356 £ 63
U 3138+ 53 5375+ 84 6096 + 68 6356 £ 71

L 3118 +45 5348 + 6077 £ 80 6343 £ 85

C 3145+49 5391+ 69 6105 £ 58 6364 + 63

Assembly model

All [2748 — 3004] [4630 — 4974] [5102 — 5483] [5142 — 5635]
All 2876 4+ 54 4802 £ 72 5293 + 80 5389 + 103
ULC 2884147 4802 £ 57 5288+ 71 5382+ 96

U 2872+ 59 4788 £ 80 5279+ 87 5374+ 108

L 2869+ 51 4786 £ 68 5285+ 71 5384+ 89

C 2890+ 45 4815+ 63 5296 + 75 5391+ 98

Table B.17. Calculated values for the pincell and assembly models for the 239Pu concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average +o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

239Pu5823 (g/t)

239Pu7970 (g/t)

239pu823 Contrib. (%)

Pincell model

All (6271 — 6618] [6271 — 6617] [0.9 — 1.0]
All 6445+ 71 6444+ 71 1.0+0.0
ULC 6438158 6438 £ 58 1.0+0.0
U 6435 + 66 6434 + 66 0.9+0.0
L 6429 + 81 6428 + 81 1.0+0.0
C 6444 £ 59 6443 + 59 1.0+0.0
Assembly model
All [5225 — 5706] [5224 — 5706] [0.8 —0.9]
All 5466 + 101 5465 + 101 0.8+0.0
ULC 5459+94 5458 + 94 0.8+0.0
U 5449 + 103 5448 + 103 0.8+0.0
L 5460 + 86 5459 + 86 0.8+0.0
C 5467 + 95 5466 + 95 0.8+0.0
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Table B.18. Calculated values for the pincell and assembly models for the 24°Pu concentrations during irradiation.
Values with a 4 sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

240PuE002 (g/t)

240PuEOC3 (g/t)

240PuEOC4 (g/t)

240PuEOL (g/t)

Pincell model

All [386.9 — 432.1] [1379 — 1569] [2166 — 2395] [2709 — 2936]
All 409.54+9.3 1474+ 39 2281 +47 2822 +47
ULC 408.6+9.9 1474+ 40 2279 + 48 2816 +50

U 412.14+9.4 1479 + 42 2284 + 54 2825 +55

L 407.4+8.6 1462 + 2266 + 51 2808 +51

C 412.24+10.9 1487 + 40 2294 + 48 2834150

Assembly model

All [371.4 — 410.9] [1318 — 1539] [2043 — 2369] [2540 — 2876]
All 391.14+8.3 1428 + 46 2206 + 68 2708+ 70
ULC 393.7+9.1 1431 +47 2209+ 66 2710+ 68
U 394.0+74 1432+ 44 2213 +£62 2715+ 64

L 389.44+9.2 1408 + 52 2178+ 79 2680 + 83

C 394.6 + 8.0 1446 + 41 2228 + 58 2728 £ 62

Table B.19. Calculated values for the pincell and assembly models for the 24°Pu concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average +o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

240Pu5823 (g/t)

240Pu7970 (g/t)

240pyy5823 Contrib. (%)

Pincell model

All [2768 — 2967] [2776 — 2975] [1.5 — 1.6]
All 2867 +41 2875 +41 1.6+0.0
ULC 2860148 2868 +48 1.6 £0.0
U 2866 + 50 2874450 1.6+0.0
L 2858 + 51 2866 + 51 1.6+0.0
C 2874 + 46 2882 + 46 1.6+0.0
Assembly model
Al [2572 —2908]  [2579 —2915]  [1.5 — 1.6]
All 2740+ 70 2747+ 70 1.5+0.0
ULC 2742+67 2749 + 67 1.5+0.0
U 2747+ 63 2754+ 63 1.5+0.0
L 2712483 2719+ 83 1.5+0.0
C 2760 + 62 2767+ 61 1.6+0.0
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Table B.20. Calculated values for the pincell and assembly models for the 24!Pu concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold
are indicated the reference values.

241PuEOCQ (g/t)

241 PuEOC3 (g/t)

241 PuEOC4 (g/t)

241PuEOL (g/t)

Pincell model

All [134.0 — 158.1] [780.2 — 955.7] [1340 — 1518] [1681 — 1859]
All 146.0 +5.0 867.9+36.1 1429 4+ 37 1770 +£ 37
ULC 145.14+4.9 866.6 £33.1 1429+ 34 1771 +£32

U 147.0+4.9 876.7+32.3 1435 4+ 28 1770+ 31

L 144.7+5.2 864.2 + 1424 +41 1765 + 36

C 146.9+4.9 872.9+28.1 1435+ 29 1774+ 30

Assembly model

Al [114.9—145.2]  [743.2—83838]  [1233 — 1325] [1485 — 1614]
All 130.0+6.3 791.0 +20.0 1279+ 19 1549 + 27
ULC 131.5+5.9 798.0+21.1 1282+16 1550+ 20

U 131.5+6.3 795.5+22.5 1282+ 18 1549 + 28

L 131.0+6.0 797.0+24.5 1277+ 18 1540+ 24

C 129.8+5.4 790.4+17.2 1281+ 18 1555 +23

Table B.21. Calculated values for the pincell and assembly models for the 24'Pu concentrations during cooling.
Values with a & sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold
are indicated the reference values.

241 Pu5823 (g/t)

241 Pu7970 (g/t)

Pincell model

[794.7 — 847.4]  [597.7 — 637.3]
821.14+10.8 617.5+8.2
821.0+9.0 617.5+6.7
821.24+7.9 617.7+5.9
819.5+10.5 616.4+7.8
822.24+8.3 618.4+6.2
Assembly model

[687.7 — 744.8]  [517.2 — 560.2]
716.3+11.9 538.7+9.0
716.8 £ 8.7 539.2+6.6
716.9+12.0 539.2+9.0
712.44+11.2 535.9+8.5
718.1+10.1 540.1+7.6
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Table B.22. Calculated values for the pincell and assembly models for the 242Pu concentrations during irradiation.
Values with a 4 sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

242PuEOCQ (g/t)

242PuEOC3 (g/t)

242PuEOC4 (g/t)

242 PuEOL (g/t)

Pincell model

All [8.0 — 10.3] [144.7 — 194.7] [421.4 — 522.3] [747.2 — 870.8]
All 9.2+0.5 169.7+10.3 471.9420.8 809.0 +25.4
ULC 9.1+0.5 168.5+9.5 469.9+19.3 807.2+23.5
U 9.3+0.5 172.0+ 8.6 476.2+16.5 814.34+19.3

L 9.0+0.5 167.2+ 467.0 +22.6 802.94+27.0

C 9.3+0.5 171.0+8.3 474.24+16.4 812.04+19.7

Assembly model

All [6.3 —10.7] [153.8 — 181.5] [456.9 — 504.1] [798.1 — 875.5]
All 8.5+0.9 167.7+5.8 480.5+9.9 836.8 +16.2
ULC 8.6+0.7 168.6 +4.9 482.6 + 8.5 839.0+13.3
U 8.6+0.9 169.0£6.1 484.0 8.7 841.8+13.8

L 8.6+0.8 168.2+5.8 480.4+10.4 833.7+16.9

C 8.4+0.6 167.2+4.6 480.1 +8.8 837.24+13.5

Table B.23. Calculated values for the pincell and assembly models for the 242Pu concentrations during cooling.
Values with a & sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold

are indicated the reference values.

242Pu5823 (g/t) 242Pu7970 (g/t)

Pincell model

All [782.7 — 850.3]  [782.8 — 849.7]
All 816.5+13.9 816.3+13.8
ULC 813.8+12.3 813.7+12.2
U 818.8+10.6 818.7+10.5

L 813.5+14.7 813.3+14.5

C 816.2+10.5 816.2+10.5

Assembly model

All [798.2 — 875.5]  [798.2 — 875.5]
All 836.8 +16.2 836.8 +£16.2
ULC 839.0+13.2 839.0+13.2
U 841.84+13.7 841.8+13.7

L 833.7+16.9 833.7+16.9

C 837.2+13.5 837.2+13.5
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Table B.24. Calculated values for the pincell and assembly models for the 24 Am concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold
are indicated the reference values.

241AmEOCQ (g/t)

241AmEOCB (g/t)

241AmEOC4 (g/t)

241 AmEOL (g/t)

Pincell model

All [1.0 — 2.1] [10.9 — 18.5] [32.1 — 45.5] [31.7 — 97.5]
All 1.6+0.2 14.7+1.6 38.8+2.8 64.6 £ 13.5
ULC 1.5+0.1 14.5+1.0 38.5+2.0 64.0+6.2
U 1.6+0.3 15.1+1.7 39.6+3.0 67.6+19.0
L 1.5+0.1 14.3+ 38.2+2.6 62.6 £5.0

C 1.6+0.2 14.7+1.1 39.0+£2.0 65.6 £9.7

Assembly model

Al 0.8 —2.1] [10.0 — 17.2] [28.7 — 40.4] [26.8 — 81.3]
All 1.44+0.3 13.6+1.5 34.5+24 54.0+114
ULC 1.4+0.2 13.5+1.0 34.6 +2.0 54.8+6.5
U 1.54+0.3 13.6+1.3 34.7+23 56.5+16.1
L 1.54+0.3 13.7+1.4 34.8+25 54.8+9.4
C 1.4+0.1 13.2+0.7 342+14 53.7+4.0

Table B.25. Calculated values for the pincell and assembly models for the 4! Am concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

241Am5823 (g/t)

241Am7970 (g/t)

241 A 823 Contrib. (%)

Pincell model

All [970.2 — 1038] [1157 — 1238] [8.4 —9.3]
All 1004+ 14 1197+ 17 8.84+0.2
ULC 1004+12 1197 +15 8.9+0.1
U 1005+ 10 1198 +£12 8.84+0.2
L 1002+ 14 1195+ 17 8.9+0.1
C 1006 £ 11 1199 +13 8.9+0.2
Assembly model
All [837.2 — 910.6] [999.1 — 1086] [7.6 — 8.4]
All 873.9+15.3 1042 +18 8.0+0.2
ULC 874.5+11.4 1043 +13 8.0+0.1
U 875.0+15.1 1044 +18 8.0+0.2
L 869.3+13.6 1037+ 16 8.0+0.1
C 877.0+12.9 1046 +£ 15 8.0+0.1




42 D.A. Rochman et al.: EPJ Nuclear Sci. Technol. 12, 20 (2026)

Table B.26. Calculated values for the pincell and assembly models for the 244Cm concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

244 CmEOCZ (g/t)

244 CmEOCB (g/t)

244 CmEOC4 (g/t)

244 CmEOL (g/t)

Pincell model

All [0.02 — 0.03] [3.0 — 5.0] [23.1 — 35.8] [73.7 — 103.5]

All 0.02£+0.02 4.0+04 29.5+2.6 88.6 £ 6.1

ULC 0.02+0.00 3.9+04 29.2+2.4 87.9+5.7

U 0.024+0.00 4.0+0.3 29.8+2.1 89.1+4.9

L 0.02£0.00 3.9+ 28.8+2.9 87.4+6.7

C 0.02£0.00 4.1+0.3 29.7+2.1 88.8+4.8
Assembly model

Al [0.00 — 0.03] 2.2 —4.4] [20.5 — 31.4] [67.9 — 94.3]

All 0.02£0.01 3.3+0.5 26.0+2.3 81.1+5.5

ULC 0.02+0.00 3.3+0.3 25.9+1.6 81.0+4.2

U 0.02£0.01 3.44+0.5 26.3+2.1 81.9+5.2

L 0.02£0.00 3.3+0.4 25.9+2.1 81.1+5.3

C 0.024+0.00 3.3£0.3 25.7+1.5 80.3+3.9

Table B.27. Calculated values for the pincell and assembly models for the 24*Cm concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average +o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

244 Cm5823 (g/t)

244 Cm7970 (g/t)

24405823 Contrib. (%)

Pincell model

All [43.5 — 54.6] [34.7 — 43.6] [9.9 — 11.6]
All 49.0+2.3 39.1+1.8 10.7£0.3
ULC 48.5+2.2 38.7+1.8 10.6 £0.3
U 49.0+2.0 39.1+1.6 10.74+0.4
L 48.7+2.5 38.9+2.0 10.74+0.4
C 48.8+1.9 39.0+1.5 10.74+0.3
Assembly model

Al [36.9—51.3] [20.4 — 40.9] [8.6 — 11.3]
All 44.1+3.0 35.2+2.4 10.04+0.6
ULC 44.0+2.3 35.1+1.8 10.0+0.4
U 44.6 £2.8 35.6 2.2 10.14+0.5
L 441429 35.2+2.3 10.0£0.5
C 43.6 £2.1 34.8+1.7 9.9+0.4
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Table B.28. Calculated values for the pincell and assembly models for the ®“Sr concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold
are indicated the reference values.

90 SrEOCZ (g/t)

QOSrEOCS (g/t) 9OSI,EOC4 (g/t)

90 SrEOL (g/t)

Pincell model

All [146.6 — 153.6]  [345.9 — 368.7]  [486.5 — 514.0]  [586.7 — 617.9]
All 150.1+1.4 357.3+4.7 500.2 £5.7 602.3+6.4
ULC 149.9+4+1.2 357.2+3.9 500.2+5.0 602.2+6.0
U 150.5+1.6 358.6+4.0 501.6 +4.7 603.0+5.8

L 150.0+ 1.8 356.7 + 499.7+7.1 602.0+ 7.6

C 150.3+1.4 358.0+£3.5 500.7+4.4 602.3+5.6

Assembly model

All [147.9 — 155.5]  [356.0 — 372.6] [499.4 — 520.1]  [597.9 — 626.0]
All 151.7+ 1.6 364.3+3.5 509.7+4.3 611.9+5.9
ULC 151.8+1.5 364.4+3.3 509.8+£4.0 611.5+5.3
U 152.1+1.6 364.9+ 3.8 511.0+3.9 613.1+6.0

L 151.9+1.8 364.3+3.8 509.4+4.5 610.9+5.5

C 152.0£1.3 365.0+2.7 510.6 £3.4 612.8+4.6

Table B.29. Calculated values for the pincell and assembly models for the %°Sr concentrations during cooling and
908r+ 90Y contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a + sign are average
+0, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

90 SI‘5823 (g/t)

90 SI‘7970 (g/t)

9055823 4 90y5823 Contrib. (%)

Pincell model

All [402.2 — 421.8] [349.1 —366.2] [27.9 — 30.5]
All 412.0+4.0 357.7+3.5 29.24+0.3
ULC 411.8+3.8 357.4+3.3 29.3+0.3
U 412.3+34 357.9+3.0 29.3+0.4
L 412.24+4.7 357.8+4.1 29.2+0.3
C 411.54+3.7 357.3+£3.3 29.3+0.3
Assembly model
All [408.0 — 426.1] [354.1 — 369.9] [29.6 — 32.0]
All 417.0+3.8 362.0+3.3 30.7+0.3
ULC 416.4+3.0 361.3 +2.7 30.84+0.3
U 418.1+3.6 362.94+3.2 30.8+0.3
L 416.1+3.3 361.14+2.9 30.8+0.4
C 417.5+3.0 362.4+2.6 30.94+0.3
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Table B.30. Calculated values for the pincell and assembly models for the **Cs concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

134CSEOC2 (g/t)

134 CSEOCB (g/t)

134 CSEOC4 (g/t)

134CSEOL (g/t)

Pincell model

Al [7.2-87]

All 7.9+0.3
ULC 7.9+0.4
U 7.9+0.3
L 7.9+0.3
C 7.9£0.3

[152.8 — 200.9]
176.9+9.9
176.7+8.5
174.0 £12.0
177.94 7.0
174.84£9.5

Al [6.3—28.3
Al 7.3+£04

ULC 7.4+04
U 73+£04
L 74+04
C 7.3+£04

[50.1 — 62.1] [107.3 — 130.6]
56.1+2.5 119.0+4.8
56.1+2.5 118.8+4.9
55.8+2.1 118.1+4.3
56.0 + 119.0+4.9
56.0+2.1 118.2+4.5
Assembly model

[1318 — 1539 [101.1 — 123.2]
1428 + 46 112.2+4.6
52.6+2.4 112.2+5.0
52.3+2.1 111.9+4.1
52.8+2.5 112.6 £5.0
52.2+2.3 111.3+4.6

[146.6 — 189.9]
168.24+9.0
167.6+ 8.9
166.2 +10.7
168.449.6
166.9+7.6

Table B.31. Calculated values for the pincell and assembly models for the '3*Cs concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

134085823 (g/t)

134 CS7970 (g/t)

134055823 Contrib. (%)

Pincell model

All [0.8 —0.9] [0.1 —0.1] [0.8 —0.9]
All 0.9+0.0 0.1+0.0 0.94+0.0
ULC 0.8+0.0 0.1+0.0 0.9+0.0
U 0.8+0.0 0.1£0.0 0.94+0.0
L 0.9+0.0 0.1£0.0 0.94+0.0
C 0.8+0.0 0.1£0.0 0.94+0.0
Assembly model
All [0.7 —0.9] [0.1 —0.1] [0.8 —0.9]
All 0.8+0.0 0.1+0.0 0.8+0.0
ULC 0.8+0.0 0.1+0.0 0.8+0.0
U 0.8+0.0 0.1+0.0 0.8+0.0
L 0.8+0.0 0.1£0.0 0.94+0.0
C 0.8+0.0 0.1£0.0 0.8+0.0
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Table B.32. Calculated values for the pincell and assembly models for the *"Cs concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold
are indicated the reference values.

137CSEOC2 (g/t)

137CSEOCS (g/t)

137CSEOC4 (g/t)

137CSEOL (g/t)

Pincell model

All [271.0 — 285.1] [719.9 — 784.9] [1111 — 1198] [1447 — 1538]
All 278.0+2.9 752.4+13.4 1154+ 18 1492 +£19
ULC 277.9+4+2.7 752.4+13.1 1154 +18 1491 +18

U 278.8+3.3 755.5+11.8 1158 £15 1494+ 17

L 277.8+3.4 750.0 + 1151 £22 1489 + 22

C 279.0+3.1 755.7+11.8 1158 £15 1495 + 16

Assembly model

All [271.9 — 286.1] [738.6 — 776.2] [1136 — 1185] [1463 — 1532]
All 279.0+ 3.0 757.4+7.8 1160+ 10 1497+ 14
ULC 280.2+3.0 760.3 £ 8.1 1165+10 1501 +13

U 279.5+3.2 758.6+9.3 1163+ 9 1500+ 14

L 279.6+3.1 758.1 +8.6 1161 +£12 1496 + 16

C 279.8+2.9 759.8+6.9 1163+ 9 1500+ 11

Table B.33. Calculated values for the pincell and assembly models for the 37Cs concentrations during cooling and
137Cs+ 137mBa contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a +sign are
average o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference

values.

137CS5823 (g/t)

137CS797O (g/t)

137085823 + 137mBa5823 Contrib. (%)

Pincell model

All [1027 — 1050] [896.6 — 917.4]  [31.9 — 34.7]
All 1039+ 5 907.0+4.3 33.3+04
ULC 103745 905.8 +4.3 33.5+0.3
U 1039+ 5 907.2+4.2 33.4+0.5

L 1038 £ 6 906.3+ 5.5 33.3+0.3

C 1038 +4 906.8+ 3.9 33.4+04

Assembly model

All [1015 — 1059] [886.5 — 925.1]  [33.2 — 35.8]
All 1037+9 905.8 +8.1 34.5+04
ULC 104048 908.0+ 7.1 34.7+0.4
U 1040+ 7 908.0+6.5 34.6+0.4

L 1037+ 10 905.1 +£8.7 34.7+0.4
C 1039+ 7 907.6+5.9 34.6+0.3
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Table B.34. Calculated values for the pincell and assembly models for the 48Nd concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

148NdEOC2 (g/t)

148NdEOC3 (g/t)

148NdEOC4 (g/t)

148NdEOL (g/t)

Pincell model

All [81.8 — 86.9] [221.0 — 237.2] [343.4 — 364.4] [450.5 — 472.9]
All 84.4+1.0 229.1+3.3 353.9+4.3 461.7+4.6
ULC 84.5+1.0 229.5+2.9 354.5+ 3.8 462.3 +£4.2
U 84.6+1.2 230.1+34 355.0+4.3 462.5+4.8

L 84.5+1.0 229.1 + 354.14+4.0 462.2+4.2

C 84.7+1.1 230.2+3.0 355.1+3.9 462.6 +4.4

Assembly model

Al [82.3—86.5] [225.1 —235.1]  [347.2—363.0]  [451.7 — 473.0]
All 84.4+0.9 230.1+2.1 355.1+3.3 462.3+4.5
ULC 84.6+1.0 230.5+2.4 355.5+3.7 462.6 4.6
U 84.6+0.8 230.5+2.1 355.9+3.2 463.5+4.3

L 84.5+0.9 230.1+2.2 354.9+3.6 461.8 +4.8

C 84.5+0.9 230.5+2.3 355.5+3.2 462.7+3.9

Table B.35. Calculated values for the pincell and assembly models for the *8Nd concentrations during cooling.
Values with a & sign are average +o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold

are indicated the reference values.

148Nd5823 (g/t) 148Nd7970 (g/t)

Pincell model

All [452.6 — 475.3]  [452.6 — 475.3]
All 463.9+4.7 463.9+4.7
ULC 464.4+5.2 464.4+5.2
U 463.9+4.2 463.9+4.2

L 465.4+5.6 465.4+5.6

C 463.9+£4.7 463.9+4.7

Assembly model

All [451.7 — 473.0]  [451.7 — 473.0]
All 462.3+4.5 462.3+4.5
ULC 462.6+4.6 462.6 4.6
U 463.5+4.3 463.5+4.3

L 461.8 +4.8 461.8 +4.8

C 462.7+3.9 462.7+3.9
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Table B.36. Calculated values for the pincell and assembly models for the **Eu concentrations during irradiation.
Values with a +sign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold

are indicated the reference values.

154EuEOC2 (g/t)

154EuEOCB (g/t)

154EuEOC4 (g/t)

154EuEOL (g/t)

Pincell model

All [1.2 — 1.6] [9.9 — 12.8] [21.0 — 29.0] [29.5 — 45.1]
All 1.4+0.1 11.44+0.6 25.0+1.6 37.3+3.2
ULC 1.4+0.1 11.44+0.5 25.1+1.3 37.5+2.3
U 1.4+0.1 11.44+0.4 24.9+1.0 36.9+2.1

L 1.4+0.1 114+ 25.2+1.8 37.9+3.2

C 1.4+0.1 11.44+0.5 25.0+1.1 37.1+1.9

Assembly model

Al [1.1-1.5] (9.2~ 11.2] [17.5 — 26.3] [20.7 — 35.7]
All 1.3+0.1 10.24+0.4 21.9+1.8 32.7+1.3
ULC 1.3+0.1 10.1+0.4 21.84+0.9 32.5+1.0
U 1.3+0.1 10.24+0.5 21.9+1.6 32.7+1.5

L 1.3+0.1 10.14+0.4 21.9+0.8 323+1.2

C 1.3+0.1 10.34+0.3 22.1+1.2 33.0+0.9

Table B.37. Calculated values for the pincell and assembly models for the ®*Eu concentrations during cooling and
contribution to decay heat at 5823 days (last column, named “Contrib.”). Values with a 4 sign are average +o, whereas
values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated the reference values.

154Eu5823 (g/t)

154Eu7970 (g/t)

154F15823 Contrib. (%)

Pincell model

All [8.1 —12.7] [5.1—17.9] [1.8 —2.1]
All 10.4+0.9 6.5+ 0.6 1.9+0.1
ULC 10.5+0.6 6.5+0.4 1.9+0.1
U 10.3£0.5 6.4+0.3 1.9+0.1
L 10.6 +1.0 6.6 +0.6 1.9+£0.0
C 10.3£0.5 6.4+0.3 1.9+0.1
Assembly model
Al [83—9.8 (5.2 — 6.1] [1.6 — 1.9]
All 9.1+£0.3 5.6 +0.2 1.8+£0.1
ULC 9.0+0.2 5.61+0.1 1.8+0.0
U 9.14+0.3 5.64+0.2 1.8+0.1
L 8.9+0.3 5.64+0.2 1.7+0.1
C 9.1+0.2 5.7+0.1 1.84+0.0
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Table B.38. Calculated values for the pincell and assembly models for the decay heat DH1 to DH3. Values with
a+sign are average o, whereas values within solid brackets ([ ]) are 95%/95% tolerance limits. In bold are indicated

the reference values.

DH1 C/E (-) DH2C/E (-) DH3C/E (-)
Pincell model
All [1.001 —1.047] [1.007 — 1.053] [1.004 — 1.050]
All 1.024 +0.009 1.030 +0.009 1.027 4+ 0.009
ULC 1.020+0.009 1.026+0.009 1.023+0.009
U 1.023+0.010 1.029 +0.009 1.025 4+ 0.009
L 1.022 +0.009 1.028 +0.009 1.025 4+ 0.009
C 1.022 +0.009 1.028 +0.009 1.025 4+ 0.009
Assembly model

All [0.953 — 1.020] [0.956 — 1.025] [0.954 — 1.021]
All 0.986 +0.014 0.9914+0.014 0.9874+0.014
ULC 0.986+0.012 0.990+0.012 0.987+0.012
U 0.989 £0.011 0.9944+0.012 0.990 +0.011
L 0.9834+0.014 0.987+0.014 0.9844+0.014
C 0.986 £0.011 0.991 +0.011 0.988 +0.011

Table B.39. Calculated values for the pincell and assembly models for the decay heat DH4 to DH6. Values with
atsign are average +o, whereas values within solid brackets ([ |) are 95%/95% tolerance limits. In bold are indicated

the reference values.

DH4 C/E (—) DH5C/E (-) DH6 C/E (—)
Pincell model
All [1.008 — 1.051] [1.009 — 1.059] [1.004 — 1.055]
All 1.034+0.010 1.027+0.010 1.032+0.010
ULC 1.030+0.010 1.024+0.009 1.028+0.009
U 1.033 £ 0.009 1.026 + 0.009 1.031+0.009
L 1.031+0.011 1.025+0.010 1.030+0.010
C 1.032+0.009 1.025 4+ 0.009 1.030 £ 0.009
Assembly model

All [0.960 — 1.020] [0.957 — 1.027] [0.953 — 1.024]
All 0.9934+0.014 0.987+0.014 0.9914+0.014
ULC 0.993+0.012 0.986+0.012 0.990+0.012
U 0.9974+0.011 0.990 +0.012 0.994 4+ 0.011
L 0.9904+0.014 0.983+0.014 0.9874+0.014
C 0.994 +0.011 0.987+0.011 0.991 +0.011

Appendix C: Descriptions of calculations

C.1. ALEPH2

The following description concerns the calculations of index #37 to #42. ALEPH2 Monte-Carlo burn-up code [35]
version 2.9.2 was used to estimate the decay heat on assembly-level. In ALEPH2, neutron spectra are calculated
by MCNP6, and the depletion part is handled by a stiff ODE solver from the RADAU family. JEFF-3.1.1, JEFF-
3.3, ENDF/B-VIIL.1, ENDF/B-VIIL.O, ENDF/B-VIIL.1 and JENDL-5 nuclear data libraries have been used in the
calculations.
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C.2. CASMO-5

The following description concerns the calculations of index #1 in Table 2. The code CASMO-5, version 2.13 [36,37]
was used for the calculation of decay heat, in combination with the nuclear data library ENDF/B-VII.1, version
“e7r1.202.586”. Similar calculations were performed for the Clab measurements in reference [9]. The nuclide concen-
trations after burnup are calculated with the option SNFlite. The default method in CASMO-5 for the calculation of
the energy release corresponding to the capture reaction is to use constants based on reference [38].

C.3. DARWIN2.3

The following description concerns the calculation of index #12 in Table 2. The DARWIN2.3 code package [39] is
used for this case. This is a 2-steps calculation. First, a neutron transport calculation with the APOLLO2.8.5 2D
deterministic code [40] is performed using a first collision probability method in 281 energy groups (SHEM energy
mesh). The space-dependent self-shielding (used only above 22.5eV which is the upper limit of the fine energy mesh
SHEM, a Doppler broadening is performed under this limit), using a resonant mixture model is repeated at recom-
mended burnup steps (0, 4, 8, 12, and each 12 GWd/t). Moreover, the ! Am energy-dependent branching ratios are
calculated at the beginning of irradiation and after each self-shielding calculation. At the end of irradiation an output
file is provided, containing the multigroup effective cross-sections and the neutron spectra tabulated as a function of
burnup.

Second, a depletion calculation is performed with the DARWIN2/PEPIN2 code [41]. This calculation is performed
with complete depletion chains, same nuclear data library and uses as input the file containing the cross-sections and
neutron spectra calculated at the first step.

For this benchmark, dedicated code libraries mainly based on the JEFF-3.1.1 evaluation [42] were used. All the
specifications of the benchmark were followed and applied.

C.4. DRAGON

The following description concerns the calculations of index #46 to #52 in Table 2. DRAGON version 5.0.8 revi-
sion 2417 is used for these cases. The pincell was modeled using a P;; multicell method. The fuel is submeshed in 4
equal area rings to capture the spatial self shielding. The resonance self-shielding calculation relies on the subgroup
method and probability tables. U-235, 238 and Pu-239 are specified as resonance isotope for self-shielding treatment. A
SHEM-295 energy group library is generated using PyNJOY 2016 for various nuclear data libraries (JEFF, ENDF/B,
JENDL). A predictor-corrector approach using a constant power normalisation approach is involved in the depletion
calculation.

C.5. EVOLCODE

The following description concerns the calculations of index #13 and #14 in Table 2. The EVOLCODE burn-up
simulation system, reference [43], was used for the calculation of the decay heat in this work. EVOLCODE is based
on the use of MCNP [44] for the neutron transport calculations and the Activation Abacus code (ACAB) [45] for
isotope generation and depletion. Calculations have been made using both JEFF-3.3 and ENDF/B-VIIIL.0 nuclear
data libraries, including information about decay data, fission product yields, cross sections and branching ratios.

C.6. HELIOS

The following description concerns the calculations of index #24 and #55 in Table 2. The HELIOS2 [46] is a general
geometry neutron and gamma transport 2D code system to perform multi-group calculations at a pin-cell, an assembly
or a reactor. It includes collision probability and method of characteristics transport solvers, resonance self-shielding
with interference effects by the subgroup method, depletion with post-shutdown cooling, a variety of output edits, and
a powerful output post-processor. The calculations are performed with cross-section library primarily derived from
ENDF/B-VII.1.

The difference in modeling between #24 and #55 is that the first case include the smeared Inconel spacers, whereas
the second one does not.



50 D.A. Rochman et al.: EPJ Nuclear Sci. Technol. 12, 20 (2026)

C.7. MONTEBURNS

The following description concerns the calculations of index #24 and #23 in Table 2. The MONTEBURNS is a code
developed by LANL, part of the SEADEP fuel depletion methodology developed by SEA. It combines the neutron
spectrum and cross-section collapsing made by MCNPX 2.6.0 and the nuclide depletion code ORIGEN-2. The libraries
used in this exercise are the JEFF 3.1.1 corresponding to 900 K. SEADEP has been applied for more than 15 years for
the modeling of the fuel with nuclide experimental data taken from the SFCOMPO database [16]. For the SEADEP
calculations for the present decay heat benchmark, a set of 69 nuclides is considered including the major and minor
actinides (Np-237 to 239, Pu-238 to Pu-244, Am-241 to Am-243 and Cm-242 to Cm-246) and the long lived fission
products (lanthanides, Cs, Ce and insoluble metals important for credit to burnup) with their immediate ancestry.
This set is considered adequate for the accurate prediction of the nuclides usually measured a few years after EOI and
includes the main contributors to the residual heat (Tab. 13) or their peers (Cs/Ba-137, Sr/Y-90), hence the results
for this magnitude are considered correct.

Nevertheless, the same cannot be said for the calculation of the k., value and that is due to two reasons. The first
is that MONTEBURNS does not provide this magnitude at end points, i.e. BOC and EOC, but at the mid-point of
every depletion step, hence requiring the extrapolation to such end points with the additional challenge of considering
the contribution of Xe-135 and Sm-149 at BOC. The second reason is more complex since it involves the difference
between those nuclides explicitly considered in the calculation as is the case for the above mentioned 69 set and the
rest of nuclides which are correctly considered by ORIGEN2 but which quantities are not explicit and if so wished
require the definition of the cross-section library in the input. This task has been tried to its maximum reaching a
total of 104 nuclides having cross section in the JEFF3.1.1 library. The impact in reactivity is very small and the effort
required to transfer manually the EOC concentrations of one cycle to the BOC of next cycle makes it impractical.
Therefore, the system is not ready to provide ko, along the four cycles.

C.8. MVP

The following description concerns the calculations of index #16 to #19 in Table 2. MVP version 3 (MVP3) was used
for these cases. MVP3 is a continuous energy Monte Carlo transport calculation code developed by Japan Atomic
Energy Agency (JAEA). MVP3 includes a burnup calculation solver based on the Bateman method. Two types of
cross-section libraries, JENDL-4.0 and JENDL-5, were used for neutron transport calculations. A detailed burnup
chain model based on JENDL-4.0 was adopted for burnup calculations. Decay heat was evaluated from the calculated
nuclide concentration using two types of decay data, JENDL-DDF /2025 and JENDL-5.

C.9. SCALE/ORIGAMI

The following description concerns the calculations of index #45 in Table 2. The code SCALE/ORIGAMI, version 6.3.1,
using the nuclear data library ENDF/B-VII.1, was used to calculate the decay heat. The predefined ORIGEN reactor
library “w17x17” and four burnup interpolations per cycle were used.

C.10. SCALE/ORIGEN

The following description concerns the calculations of index #44 in Table 2. The code SCALE/ORIGEN, version 6.3.1,
using the nuclear data library ENDF/B-VII.1, was used to calculate the decay heat. The ARP module was used to
perform the interpolation on the predefined ORIGEN reactor library “w17x17”.

C.11. SCALE/POLARIS

The following description concerns the calculations of index #9 in Table 2. Polaris is a 2D LWR lattice physics sequence
included in the SCALE code package. It applies a method of characteristics transport solver with the Embedded Self
Shielding Method (ESSM) for multigroup cross-section processing and integrates ORIGEN for depletion. For the
calculation Polaris from SCALE 6.3.1 [47] was used, applying the 252 group ENDF /B-VIL.1 cross-section library for
neutron transport. ORIGEN uses a combination of ENDF /B-VII.1 (decay and fission yields) and JEFF3.0/A (neutron
reactions) data. In the assembly case, the geometry was modeled using the standard PWR assembly definition with
a quarter symmetry representation. Pre-defined material compositions were used for cladding, gap and moderator
materials, using the mass densities given in the benchmark descriptions. For the fuel material the Uranium composition
was defined using the weight percent values. A single burnable material was used for the assembly case. The CRAM
solver option was chosen for the depletion and the power history was subdivided into five steps per cycle.
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C.12. SCALE/TRITON

The irradiation history for the assembly (or pin) benchmark model was simulated using the TRITON reactor physics
and depletion sequence in the SCALE 6.3.2 code system. TRITON can be used in combination with several of SCALE’s
neutron transport solvers. Here, the TRITON 2D depletion sequence was applied to simulate the irradiation history
for the considered benchmark model. This 2D depletion sequence iteratively couples the deterministic transport code
NEWT and the ORIGEN point depletion solver. A 252-group ENDF /B-VII.1 cross section library was used with the
transport code. The fission yield and decay data used with ORIGEN are based on ENDF/B-VII.1. The ORIGEN
concentration file created as a byproduct by TRITON, which stores the nuclide inventory of all depleted mixtures in
the problem as a function of time (or equivalently, burnup), was used as input for standalone ORIGEN decay-only
simulations to decay all nuclide inventory, from the time of the fuel discharge to the time of the considered decay heat
measurement. This approach is more flexible and time-effective than running TRITON six times, one for each of the
considered decay heat measurements. ORIGEN decay simulations are very fast (seconds) and allows the use of the
full nuclide inventory as input of the decay calculation.

C.13. SERPENT

Cases #4 to #6 and #8

Serpent version 2.2.1 was used for these cases in combination with the nuclear data libraries ENDF/B-VIIL.1, ENDF /B-
VIIL.0, JEFF-3.2/3.1.1 and JEFF-3.3. The fuel pins were divided into 4 radial depletion zones, and in the assembly
models, all pins were depleted separately, taking into account quadrant symmetry. Depletion time steps of up to
50 days each were used. For the calculations with the ENDF/B-VIIL.1, 20 million neutron histories per depletion step
were used. For the calculations with the other nuclear data libraries, 1 million neutron histories per depletion step
were used. For the time-dependent nuclide transmutations, a predictor-corrector approach with linear extrapolation
and quadratic interpolation, each with 10 substeps was adopted.

Cases #10 and #11

Serpent version 2.2.1 in combination with nuclear data libraries ENDF/B-VIL.1 and JEFF-3.2 (decay and fission
yield libraries from JEFF-3.1.1) was used for the calculations. For the ENDF/B-VIL.1 a custom file for isomeric
branching ratio data file which was extracted from the original ENDF/B-VIL.1 data was used, whereas for the JEFF-
3.2 calculation the JEFF-3.1A branching ratio data file delivered with Serpent was used. Both the pin cell and the
assembly calculations were performed with a single burnable fuel material. There was no further subdivision of the
fuel zones. In the simulation a total of 2 million neutron histories in 500 active generations where used per depletion
step. Each cycle was subdivided into 5 depletion steps. The default CRAM solver option in conjunction with the linear
interpolation, constant extrapolation predictor-corrector was applied.

Cases #28 to #31

Serpent 2 development version 2.2.2 was used in combination with the nuclear data libraries JEFF-3.2 (with decay and
fission yield libraries from JEFF-3.1.1), ENDF/B-VIL.1, JENDL-4.0 and ENDF/B-VIIL0. In the pincell calculations,
the pincell was divided into 10 equal volume radial depletion zones. In the assembly calculations, quarter symmetry
was used and each pincell was treated as a single depletion zone. Altogether 50 million neutron histories were modeled
in 500 active cycles. In cases 22, 23, 24 and 24 depletion steps were applied to model the depletion in the cycles c2,
¢3, ¢4 and c5, respectively. CRAM was used as the burnup mode and DBRC was applied to the main uranium and
plutonium nuclides.

C.14. SNF

The following description concerns the calculations of index #43 in Table 2. The Studsvik code SNF, version 1.07.01 [48]
was used in combination with CASMO-5 (as presented in paragraph C.2). The method consists in combining nuclide
concentrations, cross sections and fluxes obtained with CASMO-5 with irradiation history and nuclide decay data.
Such data are used by the SNF code to provide nuclide concentrations and decay heat as a function of cooling time.

C.15. VESTA

The following description concerns the calculations of index #20 in Table 2. The VESTA 2.2 Monte-Carlo depletion
code, reference [49], was used for the calculation of the decay heat in this work. It is based on the use of MORET 5,
reference [50] for the neutron transport calculations and the PHOENIX module for the time dependency. Calculations
have been made using the ENDF /B-VII.1 nuclear data library, including information about cross-sections, decay data,
and fission yields.
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