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Abstract. In this paper the isotopic compositions from 8 Boiling Water Reactor samples are analyzed
following different irradiation assumptions as well as different simulation tools. These samples are part of a
proprietary experimental program by a Spanish consortium, and they were obtained from a GE14 assembly
irradiated in Sweden. Calculated nuclide concentrations are compared with measured ones providing biases
for a selection of isotopes and samples; calculated uncertainties are also provided. Finally, the decay heat
from one the sample segment is calculated and compared among the different simulation assumptions. It is
shown that depending on the considered nuclear data library and modeling, different contributors affect the
calculated quantities, indicating a certain level of prediction power.

1 Introduction

The analysis of Post Irradiation Examination and more
particularly of the isotopic composition from irradiated
samples is a necessary step for estimating the perfor-
mances of neutronics simulation tools such as CASMO5
or SCALE [1,2]. A large number of validation reports
and journal articles can be found in the open literature
as such code users are required to compare measured
and calculated nuclear quantities, for instance within
the framework of criticality-safety, Spent Nuclear Fuel
characterization, and many others. The present work is
also part of the validation of specific calculation scheme,
representing the modelization of a specific irradiation
environment (for instance a two- or three-dimensional
assembly), the irradiation history (cycle parameters, cool-
ing time), boundary conditions and finally the simulation
tool (including neutronic transport, depletion and decay).
Recently, a consistent method was applied to the Pressur-
ized Water Rector (PWR) UO2 samples GU1 and GU3
and to the PWR MOX samples BM1 and BM3 [3–5] (sim-
ilar hypothesis with respect to the simulation codes and
methods, nuclear data libraries, uncertainties), allowing to
compare the prediction capabilities, as well as calculated
uncertainties.
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To complement the previous analysis with BWR sam-
ples, the analysis of 8 BWR samples, taken from the same
assembly rod, namely the so-called “ENRESA” samples
is presented in this paper. They are part of a proprietary
experimental program organized by a Spanish consortium,
consisting of ENRESA, ENUSA and CSN, represent-
ing the Spanish nuclear waste organization, fuel vendor,
and regulatory body, respectively. The isotopic measure-
ments and details of the irradiation conditions are not
publicly available and the information presented in the
following is obtained from references [6–8]. The present
simulations, nevertheless, are based on non public infor-
mation, available within the European EURAD project,
work package 8 [9], and provided by ENRESA [10]. The
isotopic compositions were calculated with two different
codes (CASMO5 and POLARIS), in four different simula-
tions. For the POLARIS simulations (called POLARIS-1
and POLARIS-2 in the following), the same irradiation
descriptions were used, following reference [10] for a single
assembly irradiation with reflective boundary conditions.
These simulations were performed by independent groups
(Nagra and ENRESA/ENUSA). For the two CASMO5
simulations, called CASMO5-1 and CASMO5-2, differ-
ent assumptions were considered and the simulations were
also independently performed (by PSI and Studsvik). The
CASMO5-1 calculations are also following reference [10]
for a single assembly case, whereas the CASMO5-2
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case represents an attempt to model a 3 × 3 cluster of
assemblies, based on reference [10].

Results concerning comparisons between measured and
calculated isotopic concentrations and calculated uncer-
tainties, as well as a comparison between calculated decay
heat values (and uncertainties) are presented in the fol-
lowing. Apart from helping for the validation of the
mentioned codes, this work contributes to the studies
performed in the European Project called EURAD, and
more specifically in the work package 8, dedicated to
“Spent Fuel Characterization”. This work will show that
the spread of results from the four simulations also indi-
cates differences which can be larger than the calculated
uncertainties themselves.

2 The BWR samples

As mentioned in the introduction, the 8 BWR samples
used in this work are from the proprietary Spanish exper-
imental program. Despite the non-public aspect of parts
of the irradiation information, all data presented in this
paper are extracted from publicly-available publications,
see references [6–8,11–13], but the simulation history and
measured values are obtained from the EURAD project.
In the following sections, a number of details will be
given, not necessary sufficient to perform the irradiation
simulations.

2.1 Assembly characteristics

Measurements of the isotopic compositions were per-
formed for the rod J8 from the GE-14 10 × 10 assembly
called GN592, irradiated in Sweden, in the Forsmark
Unit 3 BWR reactor, see the schematic representation
in Figure 1. The assembly GN592 was made of 92 UO2

rods, including 14 part-length rods, nine rods contain-
ing Gd2O3, and seven different uranium enrichments. As
indicated in the figure, natural uranium was used as blan-
kets at the top and bottom of the assembly. The eight
samples are located at six vertical positions in the J8
rod, as indicated in the figure. Such positions span over
the dominant and the vanishing parts of the assembly.
The segments indicated in the figure correspond to the
division performed by the core simulator. For each seg-
ment, different values for the irradiation conditions are
provided in reference [10]. As noticed, two segments con-
tain each two samples (samples ENRESA-1 and -2, and
ENRESA-3 and -7), allowing for testing the reproducibil-
ity and randomness of the isotopic measurements. The rod
J8 was made of UO2 with an enrichment of 3.95% of 235U,
without gadolinium, for all segments containing samples.
The cladding is made of Zircaloy-2. Table 1 summarized
the non-proprietary data for GN592 assembly parameters
from reference [12]. The assembly GN592 was irradiated
for five consecutive cycles (cycle 16–20) from July 24,
2000, and was discharged on May 28, 2005.

One can notice that the fuel temperature is provided at
a specific burnup value. It is nevertheless recognized that
the fuel temperature can vary up to a few hundred degrees

as a function of the segment burnup and power [14]. These
parameters were used in all the following simulations.

2.2 Sample burnup values

The burnup values for the 8 samples are both provided
in the EURAD document (not publicly available), and
in published studies, as presented in Table 2. Samples
are ordered as a function of the axial height (Note a
certain difference between different references; such dif-
ferences do not modify the node of interest). There are
some discrepancies in the reported values, not larger than
a few MWd/kgU, except for sample 4, where reference [6]
report 56 MWd/kgU, whereas other values are sensibly
lower. Reference [6] is in fact using the values reported
in reference [10] based on the 148Nd/238U measurements.
The reported uncertainty for this value is nevertheless
large, or larger than for the other samples. Additionally,
burnup calculations based on other Nd isotopes, 235U or
239Pu are generally lower for this sample [10]. It can be
mentioned that the original report [10] indicates that the
determination of sample burnup values based on actinide
concentrations is less reliable for BWR than for PWR, due
to the complex irradiation conditions. Values derived from
gamma-scanning or 148Nd are therefore more trustful.

In the present work, the CASMO5 single assembly
calculations (called CASMO5-1 in the following) are per-
formed to match the 148Nd contents, by modifying the
segment burnup to obtain an agreement for the 148Nd
isotopic concentrations. Therefore, the calculated sam-
ple burnup values are in agreement with reference [6].
It is nevertheless important to note that different bur-
nup values are obtained (and reported), based on the
selected reference isotopes; it is an advantage to propose
different burnup values for the same sample, but it also
leads to accept a certain amount of uncertainty. In cases
reported in reference [10], the spreads between burnup val-
ues, for the same sample, vary from 2.0 to 5.9% (standard
deviation).

A final remark concerning samples 5 and 8 can be made.
As indicated in Figure 1, these two samples are assumed to
be in different nodes. This comes from the fact that they
are separated by about more than 10 cm, as mentioned
in Table 2. In the original report [10], samples 5 and 8
are indicated to be in the same node in one table of the
report, but sample 5 is locatey close to the limit between
two consecutive nodes. As these samples are located in
an elevation where the gradient of the neutron flux is
strong, it can have an important impact on the simulation.
In the present work, these samples are either considered
in different nodes (the simulations are performed with
different values for the sample environment) or an average
of the irradiation conditions is considered (as detailed in
Sect. 3.1.3 for the Polaris-2 simulations).

2.3 Measurements for isotopic concentrations

All measurements were performed at the Studsvik Nuclear
Laboratory between 2006 and 2009. A large number of
isotopes were measured: 68 nuclides (14 actinides and
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Fig. 1. Assembly GN592, GE-14 type, with various rod types. The rod J8 containing the 8 samples is indicated in red for the
transverse view. On the right is indicated the axial sample positions. Segments in green corresponds to natural uranium [6].

Table 1. Parameters for the assembly GN592, as presented in reference [12].

Reactor and assembly data
Reactor Forsmark unit 3 Operating pressure (bar) 70
Assembly type GE-14 10 × 10 Number of fuel rods 92
Number of gadolinia rods 9 Number of water rods 2
Fuel rod pitch (cm) 1.295 Channel material Zirc-2
Channel temperature (K) 560 Active fuel length (cm) 368

Fuel rod data
Pellet radius (cm) 0.438 Pellet material UO2

Pellet density (g/cm3) 10.50 Fuel temperature (K) 792
Clad inner radius (cm) 0.447 Clad outer radius (cm) 0.513
Clad material Zirc-2 Clad temperature (K) 560

Water rod data
Water rod material Zirc-2 Water rod temperature (K) 560

54 fission products), as well as 21 elements for each of
the eight samples. The list of 68 nuclides is found in the
following of this paper, within tables and figures. In this
work, only the isotopic measurements are considered, as
the concentrations for the elements were not available.
Various techniques of measurements were used, as pre-
sented in Table 3. The method of γ-scanning corresponds
to rod-axial measurements of 137Cs gamma-rays, ICP-MS
is the Inductively Coupled Plasma - Mass Spectroscopy,
IDA corresponds to “Isotope Dilution Analysis / High
Pressure Liquid Chromatography - Mass Spectroscopy”,
and finally DRC-ICP-MS is the “Dynamic Reaction Cell
/ Inductively Coupled Plasma Mass Spectroscopy”. A
few isotopes were measured with different techniques as

indicated in the table, such as 235U, 239Pu, or 137Cs, to
mention only some application-relevant isotopes. It is not
possible neither useful to comment on all measured values
and methods, but a few remarks can be made in specific
cases.

For 235U, concentrations were obtained with the ICP-
MS and IDA methods. Concentrations from IDA are
generally larger than those from ICP-MS (for all but one
sample), with smaller standard deviations (smaller by a
factor 2–3): the average difference is about 1.7%, well
within the ICP-MS uncertainties.

For 239Pu, same measurement methods as for 235U were
used. Concentrations from IDA are systematically larger
than those from ICP-MS, and for six samples, outside



4 D. Rochman et al.: EPJ Nuclear Sci. Technol. 8, 9 (2022)

Table 2. Characteristics of the ENRESA samples, as found in the literature and this work (from the CASMO5-1
simulations). The axial height is measured from the bottom of the fuel rod end plug.

Sample ID Axial height (mm) Axial node Avg. Void (%) Burnup (MWd/kgU) Region Reference
403 2.2 43.5 [7]

ENRESA-6 397–407 3 43.1 Dominant [6]
398–408 ∼ 42 [8]

43.1 This work
707 13 49.0 [7]

ENRESA-7 702–712 5 47.8 Dominant [6]
702–712 ∼50 [8]

47.8 This work
718 13 49.0 [7]

ENRESA-3 712–722 5 51.5 Dominant [6]
712.6–722.6 ∼50 [8]

51.4 This work
1847 51 50.4 [6]

ENRESA-1 1842–1852 13 50.4 Dominant [7]
1841.8–1851.8 ∼50 [8]

50.2 This work
1858 51 50.7 [7]

ENRESA-2 1852–1862 13 51.1 Dominant [6]
1852.4–1862.4 ∼50 [8]

51.1 This work
2508 61 51.1 [7]

ENRESA-4 2503–2513 17 56.0 Vanishing [6]
2503–2513 ∼53 [8]

56.6 This work
3282 67 43.6 [7]

ENRESA-5 3277–3287 22 43.6 Vanishing [6]
3277–3287 ∼42 [8]

43.3 This work
3389 67 38.3 [7]

ENRESA-8 3384–3394 23 38.3 Vanishing [6]
3384–3394 ∼39 [8]

38.4 This work

one experimental standard deviation. The average dif-
ference is about 8% between concentrations from both
methods.

For 137Cs, the concentrations were obtained by means
of gamma-scanning and IDA. Uncertainties are gener-
ally between 1 and 3%, and for six samples, differences
between both method concentrations are larger than one
standard deviation.

Additionally, a number of concentrations are pro-
vided at the end of irradiation, implying that a specific
decay correction was applied to the original measured
concentrations. This concerns the nuclide inventories
based on gamma-scanning, and other specific cases from
the IDA measurements (some Gd, Eu, Cs, Pu and Am).

Final remarks can be made for samples being very close:
samples 1 and 2, and samples 3 and 7, see Figure 1
(denominated 1/2 and 3/7 in the following). As these
samples are separated by about 1 cm, their nuclide concen-
trations are expected to be very close: differences cannot
be observed from the calculation aspect (samples located
in same segments), and differences between measured val-
ues should not exceed statistical variations. For a large

number of important isotopes (e.g. 235,238U, 239,241Pu,
241Am, 244Cm, 137Cs), the concentrations for these sam-
ples are in agreement (within one standard deviation for
the IDA method). But some discrepancies can be observed
for sample 3/7 concerning 148Nd.

3 Analysis of PIE

The analysis of the sample nuclide concentrations was per-
formed by four different institutes, based on the same
description of the experimental program, i.e. report ref-
erence [10]. Differences in the results, expressed in terms
of C/E − 1 (C: calculated values and E: experimental
values), are nevertheless observed and presented in the
following. As four different simulations are performed,
four different C values are obtained. It is expected that
such differences in calculated concentrations arise from
different interpretation and modeling of sample irradia-
tion conditions, as well as from the different transport
and depletion codes. As a recall, readers can also find
different analysis in references [6–8].
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Table 3. List of measurement methods for each isotope. See text for details.

γ- ICP-MS w/ ICP-MS IDA DRC- γ- ICP-MS w/ ICP-MS IDA
scanning calibration ICP-MS scanning calibration

234U x x 235U x x
236U x x 238U x
237Np x 238Pu x
239Pu x x 240Pu x x
241Pu x 242Pu x
241Am x 243Am x x
244Cm x 246Cm x
90Sr x 92,94−100Mo x
99Tc x x 101,102,104Ru x
103,106Ru x 103Rh x
109Ag x 105−110Pd x
111−114Cd x 125Sb x
133Cs x x (x) 134,137Cs x x
135Cs x 139La x
140Ce x x 142Ce x
144Ce x 142Nd x
143−146,150Nd x x 148Nd x
147−154Sm x 153,155Eu x
154Eu x x 154−160Gd x

As mentioned earlier, a large number of nuclide con-
centrations were measured, and not all results can be
presented here. In the following, the comparisons will
be performed for a selection of isotopes, coming from
an expert choice based on the isotope relevance and
experimental confidence.

3.1 Modeling

The modeling of the sample irradiation is performed
following a traditional approach. Two-dimensional simula-
tions are performed, for specific assembly segments (verti-
cal slices), given specifications from reference [10]. The
irradiation characteristics are varying with irradiation
steps, for each cycle. As presented in this section, four dif-
ferent simulations are performed, two with CASMO5 [1],
and two with POLARIS [2]. Due to the proprietary aspect
of report reference [10], no details are provided for specific
model parameters.

Some remarks can be applicable to all modeling options.
The pin of interest, as indicated in Figure 1, is on the nar-
row side of assembly GN592. This location makes the pin
neutronic and thermal-hydraulic environment very sensi-
tive to the surroundings, especially the assembly across
the side from the fuel rod J8 of GN592. Additionally, as
the considered assemblies are of small size, the neutronic
and thermal-hydraulic environment can be significantly
affected by the core periphery and possibly inserted con-
trol blades. For GN592, the irradiation position for the
two last cycles was close to the core periphery, but no
information is available about the position of the control
blades for cycle 17 and 18.

The four different simulation approach can be summa-
rized as follows:

– CASMO5-1: single assembly model, reflective
boundaries, adjusted burnup to fit the 148Nd mea-
sured concentrations, code version 2.03.00, with the
ENDF-B/VII.1 nuclear data library,

– CASMO5-2: 3 × 3 assemblies model, reflective
boundaries, no burnup adjustment, code version
3.02.00, with ENDF-B/VII.1,

– POLARIS-1: single assembly, reflective boundary,
no burnup adjustment, code version 6.2.3, with the
SCALE 56-group multigroup library,

– POLARIS-2: single assembly, reflective boundary,
adjusted burnup to fit the 148Nd measured concen-
trations, code version 6.2.4, with the SCALE v7-252
multigroup cross section library.

3.1.1 Single-assembly CASMO5 calculations

This CASMO5 simulation is similar to the single-assembly
analysis performed for the GU1, GU3 and BM1 sam-
ples. It will be referenced as CASMO5-1 in the following.
The transport and depletion calculations are performed
with the version 2.03 of CASMO5, using the library
called “e7r1.201.586.bin”, based on the US ENDF/B-VII.1
original nuclear data library. The specificity of the neigh-
boring assemblies are not considered, although a number
of average parameters are provided in reference [10] for
assemblies surrounding GN592 (not all necessary infor-
mation can be found in this reference). Two-dimensional
segments are modeled, as presented in Figure 1, leading to
six models (for different samples), with different geome-
tries (either dominant or vanishing parts), and different
parameters such as fuel and moderator temperatures, void
fraction, varying at each depletion steps over the five con-
secutive cycles (with downtime). For each cycle, between
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Fig. 2. Comparison for calculated and measured nuclide concentrations between the four types of calculations (top: actinides,
bottom: fission products). In each subbox, data are ordered from left to right as a function of the sample vertical elevation.

10 and 15 irradiation steps are used. The nuclide con-
centrations are extracted at the end of the irradiation,
with defined cooling steps, corresponding to the measure-
ment periods. Similarly, a segment decay heat is calculated
using the module called “SNF-Lite” from CASMO5.

Reference [10] provides the calculated sample burnup
values, based on different burnup indicators for each sam-
ple (Nd isotopes, 235U and 239Pu concentrations and 137Cs
gamma-scanning). In these calculations, the burnup val-
ues derived from the 148Nd concentrations are considered
and burnup steps for these calculations are adjusted to
reproduce these concentrations.

In the following, the results for samples ENRESA-1 to
-8 are presented in Figure 2 for the nuclide concentra-
tions, and in Figure 3 for the decay heat obtained from
the segment of the ENRESA-1 sample. Additionally, tab-
ulated C/E values are presented in Table A.2 for sample
ENRESA-1.

3.1.2 Multi-assembly (MxN) CASMO5 calculations

These simulations, denoted as CASMO5-2 in the text,
are performed with CASMO5, version 3.02.00, and the
nuclear data library “e7r1.202.586.bin”. Differences due to
the code version regarding the previous simulations are
expected to be small compared to the those coming from
the change of modeling. The goal of this, so-called “MxN”,
simulation (or multi-segment option) is to compute the
sample exposure by performing burnup calculations for an
entire, 3× 3-assembly system. Examples of such approach
can be found in reference [15] for the ARIANE BM1 sam-
ple, for pin power calculations of a full PWR core [16],
and for bowing effects in references [17,18].

In general, such simulation should provide more real-
istic boundary conditions, compared to single assembly

models, for the irradiation of the assembly GN592 placed
in the middle and from there for the calculation of the
pin exposures. For a proper simulation, the 3× 3 assembly
material and geometry properties, 3×3-void distributions,
3 × 3-fuel and moderator temperatures, and control rod
insertion should be provided for each burnup step, in addi-
tion to the beginning of cycle (BOC) burnups for the
surrounding assemblies for each axial level. An iterative
procedure is applied for each burnup step, with power
density for the entire system varied until corresponding
axial nodal burnup of GN592 provided in reference [10]
is reached. However, reference [10] provides only lim-
ited information for the properties and the irradiation
conditions of surrounding assemblies. Therefore, the anal-
ysis presented in this work were performed under several
assumptions derived from the limited 3 × 3 data pro-
vided in reference [10] and the data available for assembly
GN592: radially uniform, across all assemblies, void, and
fuel temperature, and moderator temperature, distribu-
tions; a control rod was inserted for all samples during
the irradiation in cycles 17 and 18; axially uniform BOC
burnup for the surrounding side assemblies equal to assem-
bly average, fixed pin-layout, geometry and burnup equal
to 25 MWd/kgHM for the assemblies in the corners of
the 3 × 3-system; reflective boundary condition for all
cycles assuming inner-core position for the 3 × 3-cell. It
is expected that these assumptions will impact the sam-
ple irradiation environment, and not automatically lead
to the correct sample burnup. For example, for sample
ENRESA-1, this procedure leads to a sample burnup of
47.9 MWd/kgU. This type of simulation, without normal-
ization to 148Nd concentrations, approaches the isotopic
evaluation from another aspect and provides an esti-
mate for quality of the modeling with limited amount
of information. It should be pointed out that, in realistic



D. Rochman et al.: EPJ Nuclear Sci. Technol. 8, 9 (2022) 7

cases without measurements, the normalization to 148Nd
will not be available and code performances cannot be
expected to be as good as when the 148Nd concentrations
are known. The impact of not normalizing the sample bur-
nup was also presented in reference [5] for the BM1 sample
and full core simulations.

3.1.3 POLARIS models

The modeling using the SCALE/POLARIS code was per-
formed at Nagra and independently at ENUSA. In the
following, results from Nagra and ENUSA will be labeled
“POLARIS-1” and “POLARIS-2”, respectively.

In the case of the POLARIS-1 simulations, the calcu-
lations were performed using POLARIS from the SCALE
nuclear modeling and simulation code [19] (version 6.2.3),
along with the SCALE 56-group multigroup library.
The decay and fission yield data are based on the
ENDF/B-VII.1 nuclear data library, while the multigroup
cross-section library is based primarily on ENDF/B-VII.1,
along with supplementary data from the JEFF-3.0/A
nuclear data library, which is recommended for general-
purpose reactor physics and LWR analysis. The assembly
models in POLARIS are 2D axially symmetric models,
representing a single assembly hosting the irradiated sam-
ple. The surrounding assemblies of the modeled assembly
are approximated by default in Polaris using reflective
boundary conditions (radially). ORIGEN is coupled to
Polaris to perform the depletion and decay calculations,
and therefore to simultaneously generate time-dependent
isotopic concentrations, and subsequently decay heat.

The irradiation parameters, e.g., the nodal values of the
void fractions, are provided in report [10]. The power den-
sities and the void fractions at the axial locations of the
samples were interpolated from the provided nodal val-
ues. Table 3.7 of reference [10] provided the nodal values
of the power densities, and Table 3.9 of the same refer-
ence provided the nodal values of the void fractions. No
normalization to the measured Nd isotopes was necessary.

Regarding POLARIS-2 (ENUSA) simulations, the
isotopic compositions of six samples (ENUSA-1 and
ENUSA-2, as well as ENUSA-3 and ENUSA-7 were ana-
lyzed together as they are very close and have the same
irradiation history) were calculated using Polaris from the
SCALE Code System, version 6.2.4. A two-dimensional
single assembly was modeled with the exact irradiation
history extracted from reference [10], including the down-
times between cycles. The SCALE v7-252 multigroup
cross section library based on US ENDF-B/VII.1 nuclear
data was used. The sample power at each irradiation
step was calculated from the nodal burnup provided in
reference [10] adjusted to the sample burnup (from the
weighted average of Nd values) and divided by the irradi-
ation time of each burnup step. For the samples that were
analyzed together the nodal burnup was adjusted to the
average burnup of both samples. For the ENUSA-5 sam-
ple, since it is located near the limit between nodes 22 and
23, the average history (burnup and void fraction) between
both nodes are used. Additionally, the moderator density

was derived from the segment void fraction. Nuclide con-
centrations at the measurement time were obtained from
an ORIGEN decay calculation using the calculated Polaris
inventory at the end of irradiation.

3.2 Comparison between measured and calculated
concentrations

The comparison between some of the calculated and mea-
sured nuclide concentrations are presented in Figure 2.
Such comparison is performed for a selection of isotopes,
from IDA or ICP-MS with external calibration. When a
specific isotope is measured with both methods, the aver-
age value is considered. Four different calculated values
are presented for each isotopes, obtained from the pre-
vious models. For each isotope, the values for the eight
samples are presented in the order of elevation in the rod
(starting with the sample ENRESA-6 on the left of each
subbox, and finishing with ENRESA-8). In the case of the
POLARIS-2 calculations, not all samples were analyzed.
The solid steps represent the average of the calculations
and the gray bands are the calculated uncertainties (one
sigma, see Tab. A.2).

In the case of actinides, the spread of C/E values
is increasing for Am and Cm, as the concentrations of
actinides heavier than the fresh fuel content result from
many neutron captures, highly sensitive to the neutron
fluence and spectrum. The calculation of the concentra-
tion of such actinides is also subject to successive cross
sections biases. There is also no clear trend as a function
of the sample position. The calculated values from the
CASMO5-2 simulations, not normalized to the estimated
burnup, is showing in general the largest deviations from
the measurements. One can observe that if the average is
considered (black solid line in the figure), deviations from
C/E = 1 appear small for actinides up to 241Am. This
covers the fact that individual calculations can strongly
differ, undermining prediction power. This case is rela-
tively similar to the validation of decay heat calculations,
as presented in reference [20]: individual cases can show
large deviations from C/E = 1, but their average is close
to C/E = 1. Finally, one can observe that the prediction
of the Cm isotopes is relatively poor, and in the case of
244Cm, calculated uncertainties do not help understand-
ing differences between C and E (see details in Sect. 4
for the uncertainties). In the case of fission products, the
trends are more case dependent. As mentioned earlier,
the experimental 148Nd concentrations provided in ref-
erence [10] for samples located in the same segment can
differ by up to 8%, which is an important value given that
it represents many experimental standard deviations. Dif-
ferent 148Nd concentrations can lead to sensibly different
sample burnup values, and consequently to differences in
many calculated isotopic concentrations. It is interesting
to compare the present results with the ones presented
in reference [7] for a large number of measurements for
BWR samples. Results are presented in a statistical way
(with various moments of distributions) for various iso-
topes. The trend is similar with the present work for
99Tc, 143,145Nd, 155Gd (overestimation), 133Cs and 149Sm
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(underestimation), given that the eight ENRESA samples
are also included in reference [7]. The observations are not
similar for actinides, although 234U, 239Pu and americium
isotopes also indicate similar trends.

It can be noted that in the case of the CASMO5-1
calculations and the sample ENRESA-1, the results can be
strongly modified if the void fraction is artificially changed
in order to fit the measured concentrations: an increase of
the void fractions for all cycles helps in improving the
agreement for U and Pu isotopes, at the same time.

4 Uncertainties

The estimation of the uncertainties for nuclide concentra-
tions is performed with the single-assembly calculations
using the CASMO5-1 models, as described earlier in the
paper. The method consists in repeating similar CASMO5
calculations, each time with slightly different parame-
ters. One parameter (for instance the fuel temperature)
is changed at a time. After performing a number of
variations, different calculated nuclide concentrations are
obtained; the standard deviation of such distribution is
considered as the uncertainty due to the variation of a spe-
cific input parameter. This way, uncertainties are obtained
at the same time for all quantities calculated by CASMO5:
nuclide concentrations as well as decay heat. Apart for the
void fraction, all input parameters and their uncertainties
were varied in a similar way (same method, same initial
variations) for the PWR samples called GU1, GU3 and
BM1, presented in references [3–5], allowing a consistent
comparison of uncertainties.

4.1 Input variations

The following quantities were separately varied: nuclear
data, segment void fraction, fuel and moderator temper-
atures, depletion steps (or segment burnup), fuel enrich-
ment and density (together), rod radius, rod location and
pitch.

In the case of nuclear data, the covariance information
as provided by the nuclear data libraries was used. Three
library covariances were considered: ENDF/B-VIII.0 [21],
JEFF-3.3 [22] and JENDL-4.0 [23]. All cross sections,
particle emission (mainly neutrons, known as nubar)
and emission spectra were varied at once, according to
the covariance matrices processed in 19 energy groups.
The base library for the CASMO5 calculations is the
ENDF/B-VII.1 library (release number e7r1.201.586.bin
in CASMO5 nomenclature), and only perturbation terms
were applied, using the PSI tool called SHARK-X [24,25].
In the following, the uncertainties on the nuclide inven-
tories and decay heat will be presented for each of the
three libraries, also comparing values with the other PWR
mentioned samples.

All modeling parameters were varied applying uni-
form distributions with the following standard deviations:
0.5% for the pitch, 0.3 mm for the rod displacement
(each rod was considered independent of each other, and
displacements were randomly applied for each rod at the

beginning of irradiation), 0.5% for the rod radius (consid-
ering all rods independent from each other), 1% for the
fuel density, together with 0.2% for the fuel enrichment
(also all rods considered independent from each other),
0.25% for the depletion steps (all fully correlated for a sin-
gle simulation; for instance, all burnup steps are increased
by 0.1% for a specific simulation), and finally 2% for the
fuel and moderator temperature (also fully correlated for
a single simulation). These parameters and uncertainties
were also used for GU1, GU3 and BM1. In the case of
the void fraction (not applicable for PWR samples), the
considered uncertainty is 35%, with a uniform distribution
(as long as the void fraction is between 0 and 100%). Such
variation is justified by the general difficulty to assess cor-
rect values, and by the lack of variation of the void fraction
within the lattice (a single value is used for the full lattice,
regardless of the radial information).

4.2 Results

Results for nuclide concentration uncertainties and decay
heat uncertainties are presented from Table A.1 to A.5.
As for the previous PWR samples studied, two different
types of uncertainties are provided: the standard devi-
ations coming from the sampling of model parameters
and nuclear data, and so-called “expanded uncertain-
ties”, which combined biases and the strictly speaking
uncertainties [26].

Regarding the impact of nuclear data, the calculated
uncertainties on nuclide inventories are among the largest
compared to other variations (see Tab. A.1). This was
also noted in previous studies: whereas actinides depend
mainly on capture and fission cross sections, fission prod-
ucts are mainly influenced by fission yields, with some
exceptions. Differences of the uncertainties for various
libraries are also large in some cases: if they lead to similar
uncertainties for actinides, fission product uncertainties
can be an order of magnitude apart. This was also noticed
for the other samples GU1, GU3 and BM1, and mainly
comes from differences in fission yield uncertainties. It
is also interesting to note that regarding the maximum
uncertainties per isotope (from either library), there is no
strong differences between the UO2 samples (ENRESA,
GU1 and GU3). If one also compares with the UO2 sam-
ple called U1 from the proprietary LWR-PROTEUS [27],
a similar conclusion can be drawn.

The impact of the void fraction is relatively important
for actinides such as 235U and 239Pu, but also for a number
of heavier actinides. In some cases, it is larger than the
effect of other parameters, including nuclear data. This
is specific to BWR, and it indicates the importance to
correctly estimate the void fraction for the calculation of
isotopic concentrations, but as indicated in the following,
also for decay heat.

4.3 Beyond uncertainties

As mentioned in the previous section, the calculated
uncertainties on the nuclide concentrations are in general
not large enough to explain the disagreement between
the calculated and measured concentrations. This can
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be seen in Table A.3, where the expanded uncertainties,
taking into account the observed biases, are significantly
larger than the uncertainties obtained from input varia-
tions. It was not the case for the PWR analyzed samples,
possibly indicating that the modeling conditions seem
more adequate for these samples. For main actinides,
such as 235U and 239Pu, biases are large, as well as the
expanded uncertainties, indicating a model deficiency, and
(or) underestimated model uncertainties. For fission prod-
ucts, the observations are more diverse, but globally the
same effect can be observed.

The modeling of BWR irradiation assembly is more
challenging than for PWR; this was noticed in a number
of publications, due to heterogeneous irradiation condi-
tions, void and temperature effects [28–30]. Additionally,
the considered rod is at the edge of the assembly, ampli-
fying the impact of the assumption of a flat void fraction
for the whole segment. Neighboring assemblies, with dif-
ferent burnup values, as well as the presence of a local
control rod can significantly affect the neutron spectrum,
especially since the considered assemblies are of small
dimensions. reference [28] indicates that for the considered
BWR assembly simulation, the moderator density can be
as different as 15% from the average value, with extreme
values up to 30%, strongly affecting actinide concentra-
tions (235U, Pu isotopes), and specific fission products
(such as Nd). In reference [29], it is concluded that the
proximity of absorber blades, in the case of relatively small
BWR bundle (as the one considered here), affects the dis-
tribution of the void fraction across the assembly. This
reference also indicates that the effect of nuclear data on
void fraction prediction is significant, with observed dif-
ferences of 40% or more. reference [30] also confirms that
the void fraction greatly varies within a bundle similar
to the one used in the study, based on computational
fluid dynamics calculations. In addition, the attempt to
take into account the close assemblies with the simulation
called CASMO5-2, considering the available partial infor-
mation from reference [10], does not lead to improved C/E
values. It indicates that key quantities were not captured
by this more elaborated model, and possibly including
inadequate assumptions. Additionally, using independent
simulations, based on similar understanding of the irradi-
ation conditions, indicate that isotopic concentrations are
on average relatively well reproduced, but individual cal-
culations can differ from each other. Such differences are
not captured by the calculated uncertainties, but are nev-
ertheless part of the variability of the predictions. In the
present case, the differences between the four simulations
can be larger than the calculated uncertainties.

5 Decay heat

The decay heat of a particular two dimensional segment
can be obtained from the previous calculations by extend-
ing cooling times and requiring the specific decay heat
output. It is not a measured quantity, therefore compari-
son and analysis can be made solely based on calculated

quantities. Calculated decay heat as a function of cool-
ing time for the assembly segment containing the sample
ENRESA-1 is presented in Figure 3 left. Values from
both codes CASMO5 and POLARIS are presented. The
main contributors to the decay heat are also presented
in Figure 3 left, obtained from the CASMO5-1 calcula-
tions. The same isotopes as for the UO2 PWR samples
are observed, with different relative contributions due
to different irradiation conditions: fission products gen-
erally dominate at short cooling time, and the actinide
importance increases with time.

The decay heat uncertainty can be obtained following
the same variations as in the case of the calculations of
the nuclide concentrations. It allows to obtain consistent
variations (and uncertainties) between these quantities.
Additionally, as the same parameter variations were
applied in the case of the mentioned PWR samples, the
decay heat, in terms of Watt per ton, can directly be com-
pared. Tabulated values for the segment containing the
sample ENRESA-1 are presented in Tables A.4 and A.5,
using the modeling of CASMO5-1. The impact of indi-
vidual variations are presented, as well as the expanded
uncertainties, taking into account the biases from the
nuclide compositions. In the case of nuclear data, the
decay heat uncertainties are also presented in right panel
of Figure 3. The comparison of uncertainties with other
PWR samples is indicating differences, due to the segment
burnup, fresh fuel characteristics and irradiation condi-
tions, but there are no strong observed variations (top
of Fig. 3, and the four last columns of Tab. A.4). All
uncertainties are within a factor 2, and smaller than 7%.
These values represents the impact of nuclear data, cou-
pled with the effect of varying input parameters within
specific ranges, but it does not account for the nuclide
concentration biases, neither for the “user effect” (dif-
ferent modeling strategy, considering similar sample and
irradiation specifications).

The biases due to nuclide concentrations are included
in the so-called expanded uncertainties, following the def-
inition of reference [26]. Such quantities are less general
than the uncertainties presented in Figure 3, as they
included specific differences between measured and cal-
culated nuclide concentrations. Values are presented in
Table A.5. One can see that naturally uncertainties are
increased, notably at short cooling time (up to 17%
at 1 year cooling time). Similar effect can be observed
for the GU1 sample, where uncertainties reach a maxi-
mum between 0.5 and 1 year (up to 23%); for GU3, the
maximum is reached at 500 years (11%), and for BM1
between 1 and 3 years (65%). These values are strongly
affected by the agreement between the calculated and
measured isotopic contents, and are therefore extremely
case dependent.

As observed in Figure 3, the calculated decay heat
from the CASMO5 and POLARIS models are not identi-
cal. Such difference can be compared to the calculated
uncertainties, as presented in Figure 4. The difference
between the four calculations (CASMO5-1, CASMO5-2,
POLARIS-1 and POLARIS-2) is expressed in terms of rel-
ative standard deviations as a function of cooling time, as
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Fig. 3. Left: calculated decay heat for the segment containing the sample ENRESA-1. Right: calculated decay heat uncertainty
for the same segment: comparison with other samples assuming same input uncertainties (top) and contributions to the total
uncertainties (bottom).

Fig. 4. Calculated uncertainties (from nuclear data and total
uncertainties) and standard deviation for the 4 decay heat
calculations for the segment containing sample ENRESA-1.

presented in the figure. One can observe that such stan-
dard deviation is in general larger than the calculated
uncertainties (∆Cmax from Tab. A.3). The maximum
reaches almost 11% between 10 and 100 years of cooling
time, and is mainly due to differences in the production
of 241Am and 238Pu (almost half of the difference for each
isotope at 50 years of cooling time). Such differences can
originate in different nuclear data libraries, as well as in
irradiation conditions. It nevertheless indicates that the
impact of the modeling, not captured by the uncertainty
propagation method, is in the present case more important
than other quantities.

Finally, one can see the different contributions to uncer-
tainties due to the nuclear data on the bottom of Figure 3.

The same main contributing isotopes were found for the
PWR UO2 samples: 134Cs, 137mBa, 244Cm, 241Am and
for long-term storage (and low decay heat values): 239Pu
and 240Pu. Such contributions were obtained based on
the ENDF/B-VIII.0 covariance data, and as indicated in
Table A.4, results can vary for different libraries. One
important change concerns 134Cs, which contributes less
in JEFF-3.3, and also in the SCALE library used for the
POLARIS-1 calculations (uncertainties from the SCALE
calculations are not presented here). In the case of the
POLARIS-1 calculations, as the covariance information is
modified compared to the original ENDF/B-VII.1 library,
the maximum decay heat uncertainties are similar to the
ones presented in Figure 3, with a 134Cs contribution
reduced by a factor 5 to 6. Such differences in calcu-
lated uncertainties reflect their relative aspect, as well
as the need for harmonization with respect to the user’s
expectations.

6 Conclusion

In this work, eight BWR samples from the Spanish pro-
prietary experimental program were analyzed in terms of
isotopic compositions and decay heat, within the con-
text of the European project EURAD Work Package 8.
Different modelization approaches were followed, indicat-
ing various degrees of agreement with measured values.
For a selection of measured isotopic concentrations, the
prediction power indicates a lower level of agreement
compared to PWR samples, as also noticed in various
publications. This might originate in the complexity of
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correctly reproducing local (at the assembly level) BWR
irradiation history, as well as in the need of precise and
thorough description of the irradiation conditions. Cal-
culated uncertainties on isotopic compositions and decay
heat indicate the strong impact of nuclear data covari-
ances, and their important changes from one nuclear data
library to another. The next most important quantity is
the void fraction, affecting a large number of calculated
quantities, including 235U and 239Pu concentrations and
decay heat. Finally, it was also observed that differences
in modeling, not included in the calculated uncertain-
ties, can lead to strong differences, for both the isotopic
concentrations and the decay heat.
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Appendix A
Table A.1. Uncertainties ∆C from nuclear data libraries for the ENRESA samples for the isotopic concentrations
(CASMO5-1 calculations). All values are in %. The last three columns present the maximum uncertainties (due to
nuclear data) for the PWR samples GU1, GU3 and BM1 (BM1 being a MOX sample).

ENRESA-1 min-max(ENRESA-1 -8) GU1 GU3 BM1
ENDF/B-VIII.0 JEFF-3.3 JENDL-4.0 ENDF/B-VIII.0 (max) (max) (max)

234U 1.9 2.0 7.3 1.4–2.2 9.9 7.9 4.5
235U 1.6 2.1 2.5 0.9–2.6 4.1 1.8 1.1
236U 0.7 1.7 1.2 0.7–0.8 1.6 1.7 1.7
238U 0.0 0.0 0.0 0.0 0.0 0.0 0.0
237Np 3.3 4.0 4.0 3.1–3.5 – 4.0 18
238Pu 4.8 11 7.9 4.3–5.0 13 9.4 8.0
239Pu 2.0 1.9 2.3 1.7–2.0 2.6 2.2 2.0
240Pu 4.0 2.3 4.1 3.9–4.1 4.9 4.4 2.8
241Pu 3.3 3.2 3.7 3.1–3.7 3.9 3.4 3.2
242Pu 4.4 8.4 8.5 4.2–4.7 8.7 8.6 6.1
241Am 3.5 3.3 4.1 3.2–3.7 4.4 3.9 3.6
243Am 8.8 7.9 9.3 8.2–9.6 8.7 9.0 6.2
244Cm 9.8 9.6 10 9.2–11 9.7 10 6.8
246Cm 25 22 25 25–26 24 24 23
90Sr 0.7 1.4 0.7 0.7–0.9 1.3 1.4 1.5
94Mo 4.7 17 13 4.5–5.1 – – –
95Mo 0.9 0.7 0.8 0.9 0.8 0.9 1.1
96Mo 3.8 3.7 1.3 3.4–4.1 – – –
97Mo 1.1 0.7 1.1 1.1–1.2 – – –
98Mo 0.2 0.1 0.2 0.2–0.4 – – –
100Mo 1.3 0.9 1.3 1.1–1.4 – – –
99Tc 1.4 0.7 1.4 1.3–1.5 1.8 1.6 2.6
101Ru 2.7 0.9 2.8 2.4–2.9 3.4 3.1 5.0
102Ru 0.4 0.2 0.2 0.3–0.7 – – –
103Ru 1.3 1.0 1.3 1.2–1.4 – – –
104Ru 0.9 1.7 0.8 0.8–1.0 – – –
106Ru 1.4 1.8 1.5 1.4–2.1 1.8 1.7 1.8
103Rh 1.6 1.5 1.2 1.4–1.8 2.0 1.7 1.8
109Ag 22 4.2 25 21–25 21 21 24
105Pd 1.8 2.0 1.7 1.8–1.9 – – –
107Pd 0.4 0.5 0.6 0.4–0.7 – – –
108Pd 14 3.1 9.7 13–14 – – –
110Pd 15 7.3 11 14–15 – – –
111Cd 20 8.6 17 20–21 – – –
112Cd 1.2 0.7 1.1 1.0–1.6 – – –
114Cd 4.8 4.3 4.6 4.6–4.8 – – –
125Sb 18 28 16 17–19 – 30 35
129I 2.9 5.9 2.8 2.4–3.1 – 6.1 –
133Cs 29 2.3 28 28–31 29 30 –
134Cs 29 4.1 28 29–32 28 30 –
135Cs 7.8 17 7.7 7.4–9.6 19 20 –
137Cs 6.8 3.6 6.8 6.6–7.3 6.5 6.9 –
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Table A.1. Continued.
ENRESA-1 min-max(ENRESA-1 -8) GU1 GU3 BM1

ENDF/B-VIII.0 JEFF-3.3 JENDL-4.0 ENDF/B-VIII.0 (max) (max) (max)
139La 0.6 0.5 0.6 0.6–0.7 – – –
140Ce 0.6 0.5 0.6 0.6–0.8 – – –
142Ce 0.4 0.6 0.5 0.4–0.5 – – –
144Ce 0.4 0.6 0.5 0.4–0.5 0.7 0.6 0.9
142Nd 4.1 4.0 1.2 3.4–4.7 4.3 5.1 7.1
143Nd 2.0 4.3 1.0 1.5–2.3 5.1 3.6 1.6
144Nd 0.9 1.9 0.5 0.8–1.2 1.9 2.2 1.3
145Nd 1.7 0.9 0.4 1.3–2.0 2.3 2.0 1.5
146Nd 1.4 0.8 0.4 1.2–1.7 1.7 1.7 1.4
148Nd 0.4 0.6 0.4 0.4–0.5 0.9 0.6 0.8
150Nd 0.4 0.9 0.4 0.4–0.5 0.9 0.9 1.1
147Sm 1.9 1.2 1.1 1.5–2.8 2.5 2.2 2.6
148Sm 1.6 1.6 1.0 1.5–2.0 2.0 1.9 2.4
149Sm 2.1 4.7 2.2 2.1–2.3 3.4 3.5 4.1
150Sm 1.3 1.3 1.2 1.3–1.4 1.5 1.3 1.7
151Sm 2.5 13 1.9 2.5–2.6 13 12 12
152Sm 2.2 3.5 1.2 2.1–2.4 3.9 3.8 4.2
154Sm 1.7 7.4 1.7 1.6–1.8 7.8 7.4 11
153Eu 2.9 2.2 1.1 2.6–3.2 3.3 3.3 3.5
154Eu 2.3 2.3 1.2 2.3–3.4 2.2 2.8 4.3
155Eu 16 16 1.2 13–18 21 24 33
154Gd 2.6 2.4 1.2 2.5–4.2 – – 4.4
155Gd 16 16 1.2 13–18 20 23 33
156Gd 2.9 2.9 1.8 2.8–3.6 – – 6.5
157Gd 4.6 10 4.5 4.2–5.5 – – –
158Gd 1.3 3.1 0.9 1.0–1.5 – – 3.3
160Gd 9.0 29 9.1 9.0–9.1 – – 27

Table A.2. Uncertainty intervals ∆C from various parameters for the ENRESA-1 sample for the isotopic concentra-
tions (CASMO5-1 calculations). All values are in %. The contribution from TFU is between 0.0 and 0.1%. The column
Sum is the square root of the quadratic sum of the different components.

C/E-1 ND TMO & DEP VOID ENR & RAD (X-Y) PITCH ENRESA BM1 GU1 GU3
(%) TFU DENS Sum

min-max min-max max max max
234U +11 1.9−7.3 0.2 0.2 0.2 0.2 - 0.2 0.1 0.4 0.2 2.0−7.4 4.6 10 7.9
235U −15 1.6−2.5 0.5 - 1.2 0.5 - 0.9 5.8 0.3 - 0.5 0.6 1.1 - 2.3 2.8 6.8−7.5 1.7 6.3 3.1
236U −4.5 0.7−1.7 0.1 0.1 0.6 0.2 - 0.2 0.1 0.2 0.1 1.0−1.8 1.8 1.7 1.7
238U +1.2 0.0 0.1 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.1 0.1 0.1 0.1
237Np −10 3.3−4.0 0.3 0.3 1.1 0.5 - 0.6 0.6 0.4 0.6 3.7−4.3 18 - 4.2
238Pu −14 4.8−11 0.7 0.8 2.2 0.6 - 0.8 0.7 0.9 0.5 5.6−11 8.0 13 10
239Pu −14 1.9−2.3 0.3 0.1 3.4 0.1 - 0.2 0.2 0.5 1.7 4.3−4.5 3.1 3.3 3.2
240Pu +2.3 2.3−4.0 0.4 0.2 3.0 0.6 - 1.2 1.2 0.2 0.2 4.0−5.3 2.9 5.0 4.5
241Pu −22 3.2−3.7 0.7 0.2 3.5 0.3 - 0.6 0.6 0.2 1.4 5.0−5.4 3.4 4.5 4.2
242Pu −3.6 4.4−8.5 0.3 0.6 1.8 0.6 - 1.0 0.9 1.4 0.8 5.2−9.0 6.2 8.8 8.7
241Am −17 3.3−4.1 0.7 0.3 4.0 0.3 - 0.7 0.7 0.3 1.6 5.5−6.1 3.8 5.0 5.1
243Am +7.1 7.9−9.3 0.5 0.9 1.6 1.4 - 1.9 1.9 1.8 0.5 8.7−10 9.3 9.0 9.3
244Cm +39 9.6−10 0.9 1.3 1.5 1.4 - 1.8 1.7 2.4 0.6 10−11 7.1 10 11
246Cm +32 22−25 1.4 1.9 5.7 1.5 - 1.8 1.7 3.6 1.2 23−26 23 24 25
90Sr −2.5 0.7−1.4 0.1 0.1 0.6 0.2 - 0.2 0.1 0.4 0.4 1.1−1.6 1.7 1.5 1.4
94Mo −99 4.7−17 0.3 0.7 1.8 0.2 - 0.2 0.3 0.5 0.4 5.1−17 - - -
95Mo +10 0.7−0.9 0.1 0.2 0.5 0.2 - 0.2 0.1 0.4 0.3 1.0−1.2 1.4 1.0 1.1
96Mo −30 1.3−3.8 0.2 0.7 1.8 0.4 - 0.4 0.3 1.3 0.6 2.8−4.5 - - -
97Mo +4.3 0.7−1.1 0.1 0.2 0.2 0.2 - 0.2 0.2 0.5 0.3 1.0−1.3 - - -
98Mo −2.4 0.1−0.2 0.1 0.2 0.2 0.2 - 0.2 0.2 0.5 0.3 0.7 - - -
100Mo −8.0 0.9−1.3 0.1 0.3 0.1 0.2 - 0.2 0.2 0.5 0.3 1.1−1.5 - - -
99Tc +11 0.7−1.4 0.1 0.2 0.2 0.2 - 0.2 0.1 0.4 0.3 0.9−1.5 2.8 1.7 1.7
101Ru +2.8 0.9−2.8 0.1 0.2 0.3 0.2 - 0.2 0.2 0.5 0.3 1.2−2.9 5.1 3.5 3.1
102Ru +5.6 0.2−0.4 0.0 0.3 0.2 0.2 - 0.2 0.2 0.6 0.3 0.8−0.9 - - -
103Ru −75 1.0−1.3 0.1 0.1 0.6 0.2 - 0.2 0.2 0.4 0.3 1.3−1.5 - - -
104Ru −33 0.8−1.7 0.0 0.3 0.4 0.3 - 0.4 0.2 0.6 0.3 1.2−1.9 - - -
106Ru −48 1.4−1.8 0.1 0.4 0.7 0.3 - 0.3 0.3 0.6 0.3 1.8−2.1 2.1 2.0 1.9
103Rh +7.2 1.2−1.6 0.1 0.2 0.8 0.2 - 0.3 0.1 0.3 0.1 1.5−1.8 1.9 2.1 1.8
109Ag −19 4.2−25 0.1 0.4 0.7 0.2 - 0.5 0.4 0.8 0.3 4.3−25 24 21 21
105Pd +3.2 1.7−2.0 0.1 0.4 0.8 0.2 - 0.3 0.2 0.6 0.2 2.0−2.3 - - -
107Pd +1.7 0.4−0.6 0.1 0.4 0.6 0.3 - 0.4 0.3 0.8 0.3 1.3−1.4 - - -
108Pd −4.5 3.1−14 0.1 0.5 0.7 0.3 - 0.4 0.3 0.9 0.3 3.4−14 - - -
110Pd −50 7.3−15 0.1 0.5 0.6 0.4 - 0.4 0.3 0.9 0.3 7.4−15 - - -
111Cd +15 8.6−20 0.1 0.4 0.6 0.4 - 0.4 0.3 0.9 0.4 8.7−20 - - -
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Table A.2. Continued.

C/E-1 ND TMO & DEP VOID ENR & RAD (X-Y) PITCH ENRESA BM1 GU1 GU3
(%) TFU DENS Sum

min-max min-max max max max
112Cd −57 0.7−1.2 0.1 0.5 0.6 0.3 - 0.4 0.3 0.9 0.3 1.5−1.8 - - -
114Cd +27 4.3−4.8 0.1 0.5 0.4 0.3 - 0.3 0.2 0.8 0.3 4.4−4.9 - - -
125Sb −40 16−28 0.1 0.4 0.5 0.2 - 0.2 0.2 0.5 0.3 16−28 35 32 30
129I −32 2.8−5.9 0.1 0.3 0.3 0.2 - 0.2 0.2 0.5 0.2 2.9−5.9 - - 6.1
133Cs −3.0 2.3−29 0.1 0.3 0.3 0.2 - 0.2 0.1 0.4 0.3 2.4−29 37 29 30
134Cs −42 4.1−29 0.3 0.2 0.7 0.4 - 0.4 0.3 1.1 0.4 4.3−29 35 28 30
135Cs −6.3 7.7−17 0.5 0.4 2.8 0.2 - 0.4 0.1 0.3 0.8 8.2−17 13 19 20
137Cs −5.0 3.6−6.8 0.1 0.2 0.2 0.2 - 0.2 0.2 0.5 0.3 3.7−6.8 6.9 6.5 6.9
139La −7.1 0.5−0.6 0.1 0.2 0.2 0.2 - 0.2 0.1 0.5 0.3 0.8−0.9 - - -
140Ce −2.9 0.5−0.6 0.1 0.2 0.3 0.2 - 0.2 0.2 0.5 0.4 0.9−1.0 - - -
142Ce −7.6 0.4−0.6 0.1 0.2 0.3 0.2 - 0.2 0.2 0.5 0.3 0.8−1.0 - - -
144Ce −65 0.4−0.6 0.3 0.6 0.8 0.1 - 0.2 0.1 0.3 0.1 1.2−1.3 - - 1.0
142Nd +0.3 1.2−4.1 0.4 0.7 2.0 0.4 - 0.4 0.4 1.6 1.4 3.3−5.1 7.4 4.7 5.3
143Nd +3.3 1.0−4.3 0.3 0.1 1.6 0.2 - 0.2 0.1 0.2 0.6 2.0−4.6 1.8 5.2 3.7
144Nd +3.7 0.5−1.9 0.3 0.3 1.2 0.2 - 0.3 0.2 0.8 0.7 1.7−2.5 1.8 2.2 2.4
145Nd +5.3 0.4−1.7 0.1 0.2 0.3 0.2 - 0.2 0.1 0.4 0.3 0.8−1.8 1.7 2.4 2.0
146Nd +2.4 0.4−1.4 0.1 0.3 0.3 0.2 - 0.2 0.2 0.6 0.4 1.0−1.6 1.8 1.9 1.9
148Nd −0.2 0.4−0.6 0.1 0.3 0.2 0.2 - 0.2 0.2 0.5 0.3 0.8−1.0 1.3 1.0 0.9
150Nd −2.7 0.4−0.9 0.1 0.3 0.2 0.2 - 0.2 0.2 0.5 0.3 0.8−1.2 1.5 1.2 1.2
147Sm +19 1.1−1.9 0.2 0.2 0.5 0.2 - 0.2 0.1 0.2 0.2 1.3−2.0 2.7 2.5 2.4
148Sm −8.8 1.0−1.6 0.2 0.5 0.4 0.3 - 0.4 0.3 0.9 0.3 1.6−2.0 3.0 2.4 2.4
149Sm −45 2.2−4.7 1.2 0.2 3.2 0.2 - 0.2 0.2 0.9 1.8 4.5−6.1 4.9 3.9 4.5
150Sm −0.1 1.2−1.3 0.1 0.2 0.2 0.2 - 0.3 0.2 0.5 0.2 1.4−1.5 2.0 1.7 1.5
151Sm −23 1.9−13 1.8 0.1 2.3 0.2 - 0.2 0.2 0.4 1.3 3.7−13 12 13 12
152Sm +6.8 1.2−3.5 0.5 0.2 0.8 0.2 - 0.2 0.2 0.4 0.6 1.7−3.8 4.4 4.0 4.0
154Sm −2.9 1.7−7.4 0.1 0.3 0.6 0.3 - 0.3 0.2 0.7 0.3 2.0−7.5 11 7.9 7.4
153Eu +5.1 1.1−2.9 0.1 0.3 0.6 0.3 - 0.3 0.2 0.6 0.2 1.5−3.1 3.7 3.4 3.4
154Eu −12 1.2−2.3 0.3 0.4 1.1 0.3 - 0.3 0.2 0.6 0.6 1.9−3.7 4.6 2.8 3.7
155Eu +7.0 1.2−16 0.2 0.4 0.5 0.3 - 0.3 0.3 0.8 0.3 1.7−16 33 19 24
154Gd +30 1.2−2.6 0.2 0.7 1.6 0.3 - 0.3 0.2 0.7 0.7 2.7−3.4 4.9 - -
155Gd +2.7 1.2−16 0.1 0.6 0.6 0.3 - 0.3 0.2 0.7 0.2 1.7−16 33 20 24
156Gd −3.6 1.8−2.9 0.1 0.7 0.6 0.3 - 0.4 0.4 1.6 1.0 2.8−3.6 6.8 - -
157Gd −97 4.5−10 3.3 0.2 2.9 0.3 - 0.3 0.3 0.3 2.0 6.6−11 - - -
158Gd −4.9 0.9−3.1 0.2 0.5 1.2 0.4 - 0.4 0.3 1.1 0.4 2.0−3.6 3.6 - -
160Gd −62 9.0−29 0.2 0.5 0.6 0.4 - 0.4 0.3 0.9 0.3 9.0−29 27 - -

Table A.3. Expanded estimated uncertainties ∆expanded (based on RSSuc) for isotopic concentrations for the sample
ENRESA-1, taking into account the calculation bias and the experimental and calculated uncertainties. ∆Cmax come
from the nuclear data library leading to the highest nuclear data uncertainty (either ENDF/B-VIII.0, JEFF-3.3 or
JENDL-4.0).

RSSuc=RSSU RSSuc=RSSU RSSuc=RSSU
∆Cmax ∆expanded ∆Cmax ∆expanded ∆Cmax ∆expanded

(%) (%) (%) (%) (%) (%)
234U 7.4 ±14 235U 7.5 ±18 236U 1.8 ±8
238U 0.1 ±2 237Np 4.3 ±12 238Pu 11 ±18
239Pu 4.5 ±16 240Pu 5.3 ±9 241Pu 5.4 ±23
242Pu 9.0 ±10 241Am 6.1 ±21 243Am 10 ±14
244Cm 11 ±41 246Cm 26 ±42
90Sr 1.6 ±7 94Mo 17 ±103 95Mo 1.2 ±11
96Mo 4.5 ±33 97Mo 1.3 ±6 98Mo 0.7 ±3
100Mo 1.5 ±9 99Tc 1.5 ±13 101Ru 2.9 ±7
102Ru 0.9 ±8 103Ru 1.5 ±77 104Ru 1.9 ±34
106Ru 2.1 ±49 103Rh 1.8 ±10 109Ag 25 ±32
105Pd 2.3 ±7 107Pd 1.4 ±7 108Pd 14 ±16
110Pd 15 ±53 111Cd 20 ±26 112Cd 1.8 ±57
114Cd 4.9 ±28 125Sb 28 ±51 129I 5.9 ±39
133Cs 29 ±30 134Cs 29 ±51 135Cs 17 ±18
137Cs 6.8 ±10 139La 0.9 ±10 140Ce 1.0 ±7
142Ce 1.0 ±8 144Ce 1.3 ±66 142Nd 5.1 ±7
143Nd 4.6 ±8 144Nd 2.5 ±8 145Nd 1.8 ±8
146Nd 1.6 ±7 148Nd 1.0 ±3 150Nd 1.2 ±5
147Sm 2.0 ±19 148Sm 2.0 ±9 149Sm 6.1 ±46
150Sm 1.5 ±3 151Sm 13 ±27 152Sm 3.8 ±8
154Sm 7.5 ±10 153Eu 3.1 ±10 154Eu 3.7 ±13
155Eu 16 ±24 154Gd 3.4 ±31 155Gd 16 ±18
156Gd 3.6 ±8 157Gd 11 ±99 158Gd 3.6 ±11
160Gd 29 ±72
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Table A.5. Expanded estimated uncertainties ∆expanded for the decay heat from the ENRESA-1 sample, taking
into account the main calculation biases for isotopic concentrations from Table A.3 and calculated uncertainties
from Table A.4. ∆Cmax come from the nuclear data library leading to the highest nuclear data uncertainty (either
ENDF/B-VIII.0, JEFF-3.3 or JENDL-4.0).

Cooling Decay Bias due to Bias RSSuc

time heat 106Rh 134Cs 244Cm 90Y 238Pu 241Am 240Pu 239Pu 234U 237Np Sum ∆Cmax ∆expanded

(years) (W/t) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
0.1 25 550 –8.1 –3.8 +0.6 –0.1 –11 3.1 ±11
0.2 18 630 –8.6 –4.7 +0.8 –0.1 –13 3.7 ±13
0.5 11 800 –10 –6.1 +1.1 –0.2 –15 4.7 ±16
1 7 960 –10 –7.3 +1.5 –0.2 –0.3 –16 5.5 ±17
3 3 150 –5.1 –7.3 +1.8 –0.5 –0.5 –0.2 –12 5.8 ±13
5 2 040 –1.7 –5.0 +3.3 –0.6 –0.1 –0.4 –4.5 4.5 ±6.3
7 1 650 –0.6 –3.0 +3.6 –0.6 –0.5 –1.9 3.6 ±4.1
10 1 420 –0.1 –1.2 +3.7 –0.7 –0.7 +1.0 3.2 ±3.3
30 870 +2.5 –0.6 –2.0 –0.1 3.1 ±3.1
50 650 +1.7 –0.6 –3.1 –2.0 2.9 ±3.5
70 495 +0.6 –0.4 –4.0 –3.8 2.9 ±4.8
100 335 +0.5 –0.3 –6.2 –0.3 –6.5 3.1 ±7.2
300 130 –11 –0.6 –12 4.0 ±13
500 97 –12 +0.2 –0.9 –13 4.1 ±14
1 000 57 –8.8 +0.2 –1.4 –10 3.9 ±11
5 000 20 –0.1 +0.2 –2.6 –2.5 3.9 ±4.6
10 000 14 –2.0 –2.0 3.7 ±4.2
50 000 3 –2.6 +0.3 –0.1 –2.4 3.2 ±4.0
100 000 1 –2.3 +0.6 –0.3 –2.0 3.1 ±3.7
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