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Abstract. In this paper, we are estimating biases for the reactivity decrement and burnup of irradiated
fuel assemblies, based on differences between measured and calculated local in-core power measurements
(flux maps). The simulations are performed with validated CASMO5 and SIMULATE5 cycle follow-up
models for three Pressurized Water Reactor (PWR) cores. A total of more than 70 cycles of operation
and 1000 in-core flux maps at various core burnup steps are used, including both UO2 and MOX fuel
assemblies, as well as UO2 alone, with relatively high assembly average burnup at the end of life (greater
than 60 MWd/kg). The effect of nuclear data uncertainties is also calculated and quantified on both bias
types. The main findings are that while the burnup biases are globally constant as a function of the
assembly burnup, the bias for the reactivity decrement tends to increase, both in terms of average values
and tolerance intervals.

1 Introduction

Core simulators are nowadays very powerful tools to pre-
dict the evolution of various quantities of reactor cores
under normal conditions, from the neutronics aspects
coupled with thermal hydraulic behavior. They can for
instance be used as predictive tools prior the start of a
reactor cycle for checking the compliance of a loading
scheme with a number of safety parameters, for online
monitoring, or for post-cycle verification and validation
with respect to in-core measurements (for instance boron
concentration or derived three dimensional power distri-
butions). It is normal practice that such simulations are
nowadays performed for all power reactors, using different
codes such as SIMULATE, Artemis, or COCAGNE [1–3].
Apart from calculating quantities of interest for the reac-
tor safety, core simulators, possibly combined with other
codes, can also provide different important parameters for
the back-end of the fuel cycle, such as assembly burnup,
decay heat or nuclide concentrations. These are of high rel-
evance for the characterization of spent nuclear fuel (SNF,
also called Used Nuclear Fuel, or UNF), the design and
safety of storage facilities, the SNF transport, their repro-
cessing or final disposal. Not only values integrated over
the whole assembly can be obtained, but also local ones,
at the dimension of the simulation nodes, for instance for
fuel rod segment with several tens of centimeters high.
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Such information at the level of a few fuel pellets is of
importance in the criticality-safety calculations for fuel
storage or transport in cask and canister (see for instance
Refs. [4–6] for the impact of the radial and axial profiles
due to irradiation conditions).

The predictive capabilities of the core simulators for
cycle, irradiated assemblies and SNF quantities rely on a
number of theoretical calculations (e.g. neutron transport
and diffusion theories), design models (assemblies, reflec-
tors), irradiation histories (such as for the cycle of inter-
est, as well as for past fuel assembly history) and finally
computational and numerical methods allowing to pro-
vide precise answers in a reasonable amount of time. The
quality of such simulations can be checked by comparing
measured and calculated quantities, for instance with ex-
core dose detectors, start-up tests, boron concentration as
a function of cycle burnup, and in-core power detectors
for various three dimensional locations and cycle steps
[7–9]. Note that often the calculated quantity is not
directly measured, as for in-core power, but is rather
derived from absolute fission rate measurements. In a sim-
plified manner, these values can be compared in terms of
C/E or C-E, C being the calculated quantity and E the
measured (or derived) one. A number of examples for this
type of validation are published, see for instance Refer-
ence [10] and figure 1, or references [11–13].

Such validation work is naturally of high impor-
tance for the estimation of reactor quantities during
operation (local power, peaking factors, reactivity, boron
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Table 1. Calculated average reactivity decrement biases based on PWR Hot Full Power. Values are given in pcm.
Burnup values represent the center of the bins, with a width of 10 MWd/kg. See text for the definition of mixed cycles.

Burnup (MWd/kg) 10 20 30 40 50 60
UO2 Reference [12] 19 46 81 125 177 238
UO2 Reference [13] 66 101 106 80 22 −64
This work: UO2 (from mixed cycles) 77 −27 −79 115 342 601
This work: MOX (from mixed cycles) −15 −105 −4 86 72 –

Table 2. Calculated average burnup biases based on PWR Hot Full Power. Values are given in % of burnup. The
value in italics is obtained with a low number of assemblies.

Burnup (MWd/kg) 10 20 30 40 50 60
This work: UO2 (from mixed cycles) −1.5 +0.2 +0.6 −0.7 −1.8 –2.3
This work: MOX (from mixed cycles) +0.9 +2.0 −0.1 −1.2 −1.0

concentration), but also for quantities which are relevant
for the back-end of the fuel cycle: estimation of nuclide
concentrations, their spatial distribution, assembly and
local decay heat, and also assembly and local burnup. It is
understandable that a difference between C and E for the
power at a specific position in the core and at a given cycle
time step (such difference is referred to as a bias) can be
translated in an over- or under-estimation of the reactivity
or burnup (for a specific assembly or assembly segment).
The origin of such bias can be multiple: error in the mea-
surement, inadequate model assumptions, approximations
in the irradiation history or error (and approximations)
in physics models and their inputs (such as nuclear data).
Such biases for the neutron multiplication factor (keff or
k∞) and burnup need to be taken into account for the
validation of the simulation procedure itself, but also they
need to be provided with the characterization of SNF.

In the present work, we propose to evaluate the biases
on the assembly reactivity decrement and burnup based
on the difference between E and C from power distribu-
tions. Such approach is not new and was extensively pre-
sented in references [12–15] with realistic examples. The
term reactivity decrement corresponds to the change of
k∞ with specific burnup, as described in Appendix A.
The added value of the present study is the application
of the method to different reactors, different fuel types
(both UO2 and MOX, contrary to the previous references
where no MOX fuel is used) and high assembly burnup
values. The outcomes of the work are estimated values of
the mean biases and tolerance intervals for the changes
in k∞ (reactivity decrement) and burnup, as a function
of the burnup of groups of similar assemblies (in the fol-
lowing, the term “sub-batch” will be used and represents
a group of assemblies having similar characteristics, such
as geometry, initial fuel content, and irradiation history,
to follow the nomenclature of Refs. [12,13]). Details for
the considered cases (reactor cores and measurements)
and for the method are presented in the next sections.
The main results of this study are presented beforehand
in Table 1 for the biases on reactivity decrement and in

Table 2 for the burnup biases. Finer burnup bins and tol-
erance (as well as prediction) intervals are presented later
in the paper. The analyzed cycles can contain both UO2

and MOX fuels (being mixed cycles) or UO2 fuel only.
The present estimation of biases for reactivity decre-

ment and burnup will help for the characterization of
the SNF, potentially providing uncertainties used for
criticality-safety calculations of transport casks or storage
canisters. It should also be mentioned that the current
work is part of an ongoing research activity, based on a
set of models and code versions which are not used for
reference core licensing or core follow-up validation.

A number of specific terms are used in the present
study, and to clarify their meaning, they are described in
Appendix A. Their definition will not be repeated in the
main sections of this article.

2 Studied cases

The reactor cores, cycles, fuel types used in the present
work were presented in an initial study dedicated to ana-
lyze the difference between measured (E) and calculated
(C) three-dimensional power maps, see reference [16]. In
total, more than 977 000 values of E and C were com-
pared and analyzed, coming from five Light Water Reac-
tors (LWR). In the present study, a subset of these LWRs
is considered, being three Pressurized Water Reactor cores
(among which two are sister units, combined into the
name of PWR1, and a third one named PWR3) and one
Boiling Water Reactor (BWR), as presented in the next
sections. The use of the BWR case is presented in this
work as an example, and is not part of the main result
of this study. The reasons are presented in Section 3.1,
and lie mainly in potentially higher sources of approx-
imations for BWR irradiation conditions, compared to
the PWR ones. Such values were obtained for different
fuel types (UO2 and MOX), various enrichments and core
burnup values. For each cycle, core follow-up calcula-
tions were performed with different versions of CASMO5
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Table 3. Considered plants, cycles and fuel enrichments (averaged over the active part of the fuel). For PWR1, data
represent the combination of two similar units. The term “initial” corresponds to “unirradiated”.

Units Cycles 235U initial fissilePu initial Number of cycles with Burnup
total enrichment (%) enrichment (%) burnable absorber (MWd/kg)

BWR 32 0.71–4.49 – All 2–62
PWR1 63 2.68–4.69 3.37–5.35 23 8–60
PWR3 18 4.10–5.07 5.00–5.04 – 11–66

Table 4. Number of detectors in each considered core. The last line corresponds to the total number of measurements
over all considered cycles (for PWR1, the measurements represent the sum for both sister units).

Units BWR PWR1 PWR3 Total
Radial measurement locations 35 30 × 2 24
Axial measurement locations 25 61 × 2 37
Measurement number 268 142 426 760 207 570 972 472

Table 5. Simulation codes and versions for the comparison between calculated and measured power maps used in the
present study (see text for details).

Units/code CASMO5 CMSLINK5 SIMULATE5 S3CORE/S3POST
BWR 2.03 1.07.00 1.09.00 5.09.17
PWR1 2.13 1.13.00 1.09.00 2.07
PWR3 2.13 1.13.00 1.09.00 2.07

and SIMULATE5. Details are provided in the following
sections.

2.1 Plants, cycles and measurements

As mentioned, data from one BWR and three PWRs
with a number of cycles and assembly information were
considered in this study, and some details are pro-
vided in Table 3. For 235U initial enrichment higher
than 5.0%, the assemblies contain a specific amount
of 236U. Only in the case of the BWR, experimen-
tal data from the first starting reactor cycle are used,
whereas for the other ones, the analysis is based on
later cycles. Among the PWRs, as previously mentioned,
two are sister units, having similar loading patterns and
cycle strategies. The considered cycles contained different
assembly geometries, with various cases for the BWRs,
and more limited sets for the PWRs. More than 75%
of PWR cycles contained different numbers of MOX
assemblies.

As mentioned in the introduction, in-core measure-
ment systems are used to provide axial and radial
power distributions within the reactor core (see Ref. [16]
for more details). Depending on the reactor type, dif-
ferent measurement systems can be used inside the
core: fixed, movable, or both; Table 4 provides the
number of measurements considered for each core
type.

2.2 Cycle validation

All cycles and all plants were systematically analyzed
with the same set of simulation codes, being CASMO5
and SIMULATE5 [1,17]. Depending on the plant, dif-
ferent versions of these codes were used, as presented
in Table 5, due to the validation scheme in place. Note
that these validated models in combination with codes
and versions are not part of core cycle analysis poten-
tially used for regulatory purposes. It was observed that
changes in code versions had minor or negligible impacts
on the quantities of interest. CASMO5 is a determinis-
tic lattice physics code, routinely used to produce, among
other quantities, macroscopic cross sections (in the form
of matrices) given the characteristics of a specific assem-
bly design. CMSLINK5 is a utility code to process the
output of CASMO5 and create a library suitable for SIM-
ULATE5. SIMULATE5 is a core simulator using the infor-
mation from various cycles (cycle length, irradiation his-
tory, reactor power, thermo-hydraulic data) and CASMO5
data matrices to produce various observables, such as
three-dimensional power, reactivity or burnup distribu-
tions. The nuclear data library ENDF/B-VII.1 was used
for the present study, as provided with the mentioned
codes, which also used the JENDL-4.0 evaluation for
239Pu. Finally, the utility codes S3CORE and S3POST
allow to compare the C and E for the local power, for
different locations in the core, or integrated over vari-
ous quantities. In reference [16], different code versions
were compared, and in the present study, only the cases
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Table 6. Mean and rms values for the (E-C)/E distri-
butions, in percent, for all the studied systems. Outliers
have been removed from the distributions, as presented in
reference [16].

BWR PWR1 PWR3
Measurements 234 973 384 084 207 570
mean (%) −0.06 −0.05 −0.77
rms (%) 0.84 2.65 4.38

corresponding to SIMULATE5 are considered. Once the
outliers were removed (based on detector locations, as
explained in the previous reference) and considering cycle
burnup larger than 0.2 GWd/t, a smaller number of exper-
imental values were considered for the reactors of inter-
est (close to 826 000). Results are usually expressed in
terms of root mean square (rms) for the (E-C)/E distribu-
tions, as presented in Table 6. Different quantities can be
extracted based on the E-C values, such as standard devi-
ations or other moments of the distributions, but for sim-
plicity, only the mean and rms are presented here. These
values summarize the validation of the models and simula-
tion tools and detailed values as a function of cycles, posi-
tions and other quantities can be found in Reference [16].
As observed, the mean and rms values vary from one plant
to another, with the smallest rms obtained for the BWR
reactor. Reasons for larger values for the PWR cases were
presented in the previous reference, being mainly linked
to the reflector and detector modeling.

Differences expressed in Table 6 are at the origin of the
estimation of biases on assembly burnup and reactivity
decrement, as presented in the following. In this respect,
other plants and other validation methods can also modify
bias values, as biases from References [12,13] indicate (see
also Tab. 1).

3 Estimation of reactivity decrement and
burnup biases

The validation results for the different reactor cores and
cycles presented in the previous section represent the
starting point for the estimation of the assembly reactivity
decrement (and burnup) biases. As explained in the fol-
lowing, similar assemblies are grouped together and biases
are derived for such groups rather than for individual
assemblies (groups of similar assemblies are later called
“sub-batches”). As indicated, the present study is based
on the code SIMULATE5, but due to the high number
of similar calculations required, a special SIMULATE5
version was obtained from the Studsvik company, ver-
sion 2.01.00 BASE. This version differs mainly from the
one used for validation due to the possibility of varying
the burnup value for assembly sub-batches (with a factor
called Ma in the following sections) and the automation of
the comparison between calculated and measured power
maps with the new sub-batch burnup.

3.1 General method

The estimation of the reactivity decrement biases for groups
(or sub-batches) of assemblies is based on comparisons
between the calculated and measured power maps. The
same applies for the burnup bias. The term “measured
power maps” is deliberately not precise: power values
are not directly measured, but derived from local reaction
rate measurements. For simplicity, we will use this term in
the following. For every reactor cycle, new assembly types
are modeled with CASMO5, providing various quantities
as a function of burnup, temperature, boron concentration
and other parameters to the core simulator SIMULATE5.
SIMULATE5 calculates then other quantities related to
the considered cycle (length, core and assembly burnup,
peaking factors, etc.). Validation of such modeling is per-
formed by comparing, among other quantities, calculated
and measured power maps, and the deviations between
both maps are used to quantify the quality of the models
(and associated methods and assumptions).

As detailed in reference [13], differences between cal-
culated and measured values can originate from many
approximations, among which: errors and uncertainties
in measured reaction rates, errors in SIMULATE5 meth-
ods, in the core configuration (fuel characteristics, reac-
tor operating conditions), and possibly errors in CASMO5
(microscopic cross sections, calculated nuclide concentra-
tions as a function of burnup). The specific errors in
CASMO5 can induce biased nuclide concentrations as a
function of assembly burnup, as well as biased assembly
and local burnup values in the downstream calculations
with the core simulator, and with codes dealing with spent
fuel quantities. If a specific cross section is too high com-
pared to its real value, it can potentially induce increasing
biases for specific nuclide concentrations, as well as for the
assembly burnup. Similarly, an error in the computation
of nuclide concentrations (for instance in the use of the
Bateman equation or in the radial distribution) can also
increase the bias for the assembly burnup.

In the present approach, all the possible sources of
errors are treated together, through an iterative search
for a more appropriate sub-batch reactivity effect. Such
search is performed by modifying the (assembly) sub-
batch burnup value at the beginning of the considered
cycle, multiplying the assembly sub-batch burnup value by
Ma, leading to a different sub-batch reactivity effect and
by estimating its impact on core calculations with SIM-
ULATE5. If the new sub-batch reactivity effect leads to
a better agreement with measured power maps, then the
difference between the original and new k∞ is considered
as a bias on reactivity decrement (at a given sub-batch
burnup). If no better agreement is obtained, then the bias
is considered null. An example of such comparison is pre-
sented in Figure 1, corresponding to k∞ values at a specific
state point within the considered cycle. In this example,
the considered sub-batch of assemblies is represented with
red squares, whereas the other assembly sub-batches are
in white squares. The number of sub-batch per cycle typi-
cally vary from 4 to 10, depending on the considered reac-
tor core and cycle. The locations of reaction rate detec-
tors, from which measured power maps are derived, are
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indicated with crosses. The dimensions of the core, the num-
ber of assemblies, detector and sub-batch locations are sim-
ply representative of a typical PWR. As previously indi-
cated, the comparison between measured and calculated
power maps, for a specific core burnup (or integrated over all
cycle step points for which measurements were performed,
typically once a month) is often expressed in terms of rms.
In the presented case, the original sub-batch burnup (with
Ma = 1) has led to a rms value of 0.9% (the comparison
was performed with two-dimensional (2D) power maps, i.e.
integrated over vertical positions, but such comparison can
also be performed for local measurements, leading to three-
dimensional comparisons). Variations of Ma values lead to
different rms values, as plotted at the bottom of Figure 1. Ma
isvaried from0.85 to1.15,with stepsof0.01. In this example,
a smaller rms (indicating a better agreement between calcu-
lated and measured power maps) is obtained for Ma = 1.02.
In this simple example, the difference of k∞ (for instance in
pcm) between the sub-batch with Ma = 1.00 and the sub-
batch with Ma = 1.02 is considered as the reactivity decre-
ment bias. For Ma = 1.00, the k∞ provided by SIMULATE5
for this sub-batch is 0.99801, and for Ma = 1.02, the k∞ is
0.99468, leading to a bias of 0.99468−0.99801 = −333 pcm.
Regarding the bias on the sub-batch burnup, a difference of
Ma = 1.02 is obtained, translating into a difference of 2%
of burnup. Naturally these biases are obtained for a spe-
cific core burnup, corresponding to a specific sub-batch bur-
nup (being 27.3 MWd/kg in this case). By repeating this
approach for all measurements as a function of core burnup
(and for different cycles, and possibly cores), one can obtain
the evolution of the bias as a function of the assembly sub-
batch burnup.

This example allows to understand the general method
in a simplistic manner. As presented in the following, some
additional constraints are added, leading to a more real-
istic approach.

3.2 Representative one sub-batch iterative method

The approach detailed in the previous paragraph is then
generalized. For a given sub-batch of assemblies, all cycles
concerned are considered, usually being a succession of
3–5 cycles. In each successive cycle, the sub-batch bur-
nup is increasing, for instance allowing to find the ade-
quate Ma factor for a range of burnup from low values
(less than 5 MWd/kg) up to higher values (such as 50
or 60 MWd/kg). An example for a PWR is presented in
Figure 2. In this figure, a sub-batch of assemblies used
in 5 cycles is represented, with different colors for each
cycle. For a specific cycle, measurements are performed at
about 10 burnup steps (or state points), and for each step,
a value of Ma is iteratively varied at the beginning of the
cycle (the impact on the rms value due to the variation
of the Ma factors are plotted with lines in the figure). In
this simplistic example, the k∞ of this unique sub-batch is
modified, whereas the effect of other sub-batches are not
changed (Ma = 1.00 for other assemblies).

The observed shapes of the curves are typical and
mainly depend on the average sub-batch burnup and the
location of the sub-batch relatively to the locations of

Fig. 1. Top: example for a representative core and cycle, with
detector locations (crosses) and assembly sub-batch positions
of interest (red squared). Bottom: variation of the 2D rms value
as a function of the sub-batch burnup multiplier Ma (for a
specific sub-batch of 16 similar assemblies).

the in-core detectors. For the last cycle, where the sub-
batch burnup is on average high compared to the ones
from other sub-batches, variations of the sub-batch bur-
nup have less impact on the 2D rms for power densities
due to the low sub-batch reactivity effect (corresponding
to low sensitivity). Consequently, strong changes in bur-
nup values are needed to impact rms values. For the first
and last cycles, the imposed variations on Ma are not sys-
tematic enough to find a minimum for the rms, according
to a parabolic behavior. For the very low or high bur-
nup values, no parabolic minimum is found and the maxi-
mum of Ma = 1.15 (or minima of 0.85) can be accepted as
the minimum from the linear variation of the rms. As Ma
is a direct multiplier of the sub-batch burnup, extreme
Ma values will lead to strong absolute burnup variation
for the last cycle, and small burnup (and also reactivity
effect) variation for the first cycle: considering one of the
brown lines in Figure 2 (for the cycle N + 4), the range
of burnup variation is about 0.85 × 52 MWd/kg to 1.15
× 52 MWd/kg, corresponding to 44.2–59.8 MWd/kg, or
a variation of k∞ of 8000 pcm; for one of the red lines
of cycle N, the range of burnup is this time 0.85 × 5 to
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Fig. 2. Variation of the 2D rms value as a function of the average sub-batch burnup. Each color is for a different cycle, and
each curve represents the variation of the rms at a specific state point during the cycle (due to the variations of Ma). Dots
indicate the rms value for Ma = 1.00.

1.15 × 5 (or 4.25–5.75 MWd/kg), sensibly smaller than
for the case of high burnup (the corresponding change of
k∞ is only 1500 pcm). In between these two extreme vari-
ations lies the middle-range variation. Two overlapping
effects can be observed: on the one hand the reactivity
variability is higher for smaller burnup, and on the other
hand the optimal Ma is smaller for smaller burnup. The
sum of the effects leads to a larger bias for the reactiv-
ity decrement, as defined in Appendix A, and in a gen-
eral manner, the reactivity bias will tend to increase with
burnup.

3.3 Realistic multi sub-batch iterative method

This simple previous example allows to understand the
expected trend of bias for the reactivity decrement: low
at low burnup, and higher with increasing burnup values.
Additionally, in order to mitigate the effect of a single
sub-batch of assemblies in the variation of the rms values,
the method is applied to a large number of sub-batches
at once: e.g. for a single state point of a cycle, values of
Ma are simultaneously and independently varied for 5–10
sub-batches at once. This allows to distribute the impact
of rms variations over many assembly sub-batches at once,
effectively lowering the impact of a single sub-batch. This
represents the first difference between the above exam-
ple and the realistic application of the method. A second
difference concerns the number of iterative search to min-
imize rms values. Figure 2 represents the results based on
a single search: the minimum in rms is found by vary-
ing Ma once. In the following, this procedure is applied
in an iterative manner: each search (iteration) is based
on a limited variation of Ma (a maximum change of 0.02
per iteration is allowed and in practice, steps of 0.01 are
implemented), and the total number of iteration is arbi-
trary set to 8 (to reach variations of ±0.15). The iterative
approach is implemented to solve a local minimization

problem. Finally, the considered rms values are for the
three-dimensional data (3D) and not the 2D values. This
leads to small differences, but is perceived to allow com-
parisons on the actual measurements, and not values aver-
aged over axial positions. An example of the application of
the method is presented in Figure 3 for selected sub-batch
k∞ effect for a specific cycle. One can observe that the bias
is increasing with the burnup, as previously explained. In
the original reference describing the method (Ref. [13]),
the bias is described as heteroscedastic, meaning that the
standard deviation of the distribution is non constant as
a function of burnup (mainly due to the fact that the
considered measurements are less sensitive for higher bur-
nup). As presented in Section 4, such characteristic is also
observed in the present case, and considering all cycles
and all assembly sub-batches, the bias distribution will
likely have a larger standard deviation at high burnup
than at low burnup. One can also observe that the bias
values seem to be distributed following linear functions
with sub-batch burnup (with a positive slope in the pre-
sented cases). As explained in the previously mentioned
reference, such behavior is expected due to the similarity
of the assembly types (fuel and geometry designs), as well
as from the method applied: Ma steps of 0.01 are applied,
leading to reactivity changes following a “discrete-like step
function”. As a conclusion, the repetition of this approach
for a large number of sub-batches and cycles will lead to
a statistical distribution of reactivity biases, from which
averages and tolerance intervals can be extracted.

Similarly, biases for the burnup of the assembly sub-
batch can be obtained. A new minimum in the rms values
(as plotted in Fig. 2) corresponds also a new assembly bur-
nup value. In the example of the first state point of the
cycle N + 1 (black curve), the k∞ bias is −100 pcm. The
minimum in the rms curve was obtained for Ma = 0.990,
corresponding to a sub-batch burnup of 12.9 MWd/kg,
whereas the original burnup value was 1% higher. In this
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Fig. 3. Example of reactivity decrement biases as a function of the sub-batch burnup. The iterative search for minimizing the
3D rms is applied to many sub-batches at once. Colors correspond to different assembly sub-batches.

case, this difference is also interpreted as a burnup bias of
1% (for this specific assembly sub-batch and state point).
As for the reactivity decrement bias, repeating this pro-
cess for all assembly sub-batches and cycles will provide
an average sub-batch burnup and quantities such as tol-
erance intervals.

3.4 Drawbacks and advantages of the method

The main advantage of this method is to allow linking
measured power maps obtained in core follow-up studies
with potential reactivity decrement and burnup biases.
Same simulation codes are used (CASMO5 and SIMU-
LATE5), taking advantage of hundreds of thousands of
measurements within cycles and on burned fuel assem-
blies. As often noticed, existing criticality benchmarks,
used for the validation of various neutron transport codes,
are only available for fresh fuel (see the ICSBEP compila-
tion and evaluation of benchmarks [18]). There is defini-
tively a lack of criticality validation with spent nuclear
fuel, and the present approach partly addresses this need
(other recent publications were also devoted to fill this
gap, such as Ref. [7]).

A number of drawbacks are nevertheless attached to
the present method. The main one consists in assum-
ing that all differences between measured and calculated
power maps are linked to the reactivity effect (as calcu-
lated by CASMO5). It is known that related sources of
discrepancies can come from measurement errors, detec-
tor modeling, physics model in the core simulator, cross
sections, calculated nuclide concentrations as a function of
the assembly burnup, and imperfect knowledge of the irra-
diation conditions. Consequently, the calculated biases on
reactivity decrement and burnup in the present method
are possibly overestimated. This drawback is not exclu-
sive to the present work, but also applies to reference [10].
Some of the other sources of uncertainties can be assessed
with different calculation methods, for instance using a
different simulator core to estimate the impact of the

physics model, or sampling the experimental data within
their uncertainties to estimate the effect of measurements.
Such estimations are nevertheless not in the scope of the
present study.

Performing individual adjustments for each sub-batch
of assemblies or global adjustments for groups of sub-
batches would certainly lead to different results. Only
individual adjustments are performed in the present work,
assuming the independence of sub-batches. This assump-
tion needs to be checked and the impact on the minimiza-
tion of the rms should further be investigated.

Additionally, a number of parameters were assigned
in this study, which can influence the results: selection of
2D or 3D power maps, grouping of similar assemblies in
sub-batches, iteration method and numbers, as well as the
range of the burnup multiplier Ma. It will be shown in the
following that these parameters actually do not affect the
results in a significant way.

Different validation efforts, based for instance on sam-
ple Post Irradiation Examination for pellet-size samples
or assemblies [19], for core cold critical measurements, or
on hot zero power conditions [7] may indicate different
biases for reactivity. Finally, the results presented in the
following are case dependent. Biases are obtained with the
described method, using a specific set of measurements
and based on particular core models and codes. These
results cannot be considered as general for all LWRs, but
are mostly relevant for the present combination of codes,
models, and experimental data. They are nevertheless an
example of existing, or calculated, biases, and can there-
fore be compared with other available examples.

4 Results

This section will present the main findings based on
the LWR cases from Table 6, the codes presented in
Table 5 and the method described in Section 3. Apart from
simple averages and standard deviations, intervals and
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limits are also calculated. Their definition can be found
in Appendix A. Results will be presented as a function of
core and fuel types in the following sections, with corre-
sponding tabulated values in Appendix B.

4.1 Determination of burnup groups

The calculated burnup values for the assembly sub-
batches are continuous values. Low values of assembly
burnup correspond to the lower values at which an in-core
measurement is recorded with fresh sub-batches, typically
being smaller than a few MWd/kg. Similarly, the highest
values correspond to sub-batch burnup values at which the
last cycle in-core measurements are performed, close to
the end-of-life for the assembly sub-batch, typically above
50 MWd/kg. Details of the assembly characteristics can be
found in reference [16]; initial enrichments are presented
in Table 3.

In between these extreme burnup values, all possi-
ble sub-batch burnup values can be obtained, and it was
decided to group them into burnup bins. The definition of
the bins is based on having an optimum bin population
following the maximum of the jackknife likelihood [20].
Therefore different burnup bins are obtained for the BWR,
PWR1 and PWR3 cases, and also for the UO2 and MOX
fuel types. This procedure leads for instance to 21 bur-
nup groups for the UO2 fuel of the PWR1 (from 0.1 to
59.7 MWd/kg) and 13 groups for the UO2 fuel of the
PWR3 (from 0.3 to 63.6 MWd/kg). Such burnup groups
will be used in the following.

4.2 Reactivity and burnup biases for PWR cases

The values of the biases for the combined PWR cores are
presented in Figures 4 (for reactivity) and 5 (for burnup).
Two cases are considered in each figure: one concerning
sub-batches of assemblies made of UO2 fuel only, and one
with MOX fuel only. As previously mentioned, a number of
studied cycles contain a mixture of UO2 and MOX assem-
blies, implying that the reactivity biases presented in these
figures are for mixed cores, but UO2 or MOX sub-batches
were separated in the figures. In addition to the individual
bias values for each sub-batch at different state points and
cycles (red dots), the average bias for different burnup bins
is given as a bold black line. Two colored bands indicate
for the same bins the tolerance and the prediction inter-
vals. In addition, an example for a 5% reactivity decrement
for a typical UO2 and MOX fuel, enriched at 4.7% in 235U
and 5.0% in fissilePu, respectively, is also plotted as light
red lines. These examples of reactivity decrement are also
presented in reference [13] and allow an easier comparison
between both studies.

About the distribution of the sub-batch reactivity
decrement biases (red dots), they globally follow the
trend presented in Figure 3, confirming the heteroscedas-
tic aspect of the bias, with values following specific lines.
In total, more than 3500 values are plotted for the UO2

case, and 550 for the MOX case. For UO2, the average
bias, integrated over all burnup values is less than 100 pcm

(and about 3 pcm for the MOX case), which globally is rel-
atively small, especially compared to the impact of nuclear
data (see Sect. 4.5). Compared to reference [13], the UO2

biases are slightly larger (MOX cases are not analyzed in
this reference); as mentioned, they are naturally depen-
dent on the considered models, cores, cycles and measured
data. It is therefore difficult to present general biases, and
such values need to be linked to the considered cases. It
can be noted that it is the first time that such biases are
presented for MOX fuel.

Even if the average biases are small, the spread for
individual sub-batches can be larger, as indicated by both
the tolerance and prediction intervals. The comparison
between the tolerance intervals and the example of the
5% decrement for a representative assembly indicates that
for UO2, the 5% decrement is not systematically larger,
especially at high burnup values. For MOX fuel, the over-
lap between the tolerance interval and the 5% decrement
curves is more pronounced. It is nevertheless useful to note
that the UO2 sub-batch population is not high for high
burnup, as well as for the MOX sub-batches at all burnup
bins.

Related to the reactivity decrement bias, one can
also extract for the same sub-batches the burnup bias,
as explained in Section 3.1. These values are presented
in Figure 5. For the burnup biases, the data are more
constant as a function of the sub-batch burnup, com-
pared to the reactivity biases. No representative trend is
observed for either type of fuel. The average values (inde-
pendent of the sub-batch burnup) are −0.5% and +0.1%
for both fuels, respectively. These small values seem to
indicate a very good estimation of the sub-batch burnup,
whereas the 95/95% tolerance intervals are larger, being
respectively [−6.0,+5.5] and [−5.8,+5.9]%. Such intervals
(being roughly ±5% to 6%) allows to consider 95% of the
cases into account.

As mentioned in the introduction, other methods can
be used for estimating biases for fuel assemblies, as in
reference [10] based on online core monitoring. In refer-
ence [10], the burnup bias is close to 1% for all burnup
values and the reactivity bias is about 250 pcm, also for
all burnup values up to 55 MWd/kg. As seen in Tables 1
and 2, the average biases obtained in this work are similar:
(–)1.8% for the burnup and 342 pcm for the reactivity, both
between 45 and 55 MWd/kg. Contrary to reference [10],
the present study also provides bias variations as a func-
tion of assembly (sub-batch) burnup, including MOX fuel.
It is also helpful to extract average standard deviations
from these distributions, which in the case of the UO2

fuel can be compared with the value of 0.4 MWd/kg from
reference [10]. From the data presented in Figure 5, the
standard deviations are close to 1 MWd/kg, for both fuel
types. This value, being twice larger than for the Ger-
man Konvoi study, is based on a method presenting sim-
ilarities but also differences with the present work. Both
studies are using CASMO5/SIMULATE, as well as mea-
sured values to extract the burnup bias. But the similar-
ities stop there, as cycles from different plants are ana-
lyzed, with UO2 fuel versus a mixture of UO2 and MOX
fuels. Additionally, the German Konvoi study is performed
for one cycle, whereas the present work includes a larger
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Fig. 4. Reactivity decrement biases considering only UO2 (left) or MOX (right) sub-batches of PWR assemblies.

Fig. 5. Burnup biases considering only UO2 (left) or MOX (right) sub-batches of PWR assemblies.

number of cycles. Furthermore, the method of calculat-
ing the bias is different: in the present case, it is based on
core follow-up analysis (i.e. offline), whereas online core
power tracking is used in reference [10]. Finally, differences
can arise from different models and model assumptions.
Note that the comparison of standard deviations can be
misleading, depending on the type of underlying distribu-
tion. In the present case, about 80% of the data are con-
tained within±1σ (one standard deviation), whereas in the
case of reference [10], less than 50% of the data are within
±1σ.

Finally, one can note that differences may arise
between the studied power plants in the present study
(PWR1 and PWR3). Plots for individual plants are pre-
sented in Appendix C.

4.3 Reactivity decrement and burnup biases for the
BWR case

The method presented and applied in the previous sec-
tions was dedicated to PWR cores, and was originally not
intended to be applied to BWR systems. The main rea-
son is that the validation of BWRs with in-core measure-
ments depends on more (sensitive) parameters than for
PWRs: knowledge of the local void coefficient or control
blade movements. Consequently, the differences between
the calculated and measured local power can be affected
by more factors, and combining these effects under the
umbrella of the bias for reactivity decrement might not

be adequate anymore. It might still be interesting to com-
pare the results of the method between BWRs and PWRs,
given the above limitations. To this goal, the case of the
BWR presented in Tables 3–6 was used to extract the
reactivity decrement (and burnup) biases; results are pre-
sented in Figure 6. No MOX fuel was used in this BWR,
so the study is limited to UO2 fuel. One can observe that
the global spread of biases is similar to the PWR cases:
increasing with burnup for the reactivity decrement bias,
and constant or slightly increasing (in absolute value) for
the burnup bias. The amplitudes of the spreads are also
comparable with the PWR cores. It can be observed that
the rms given in Table 6 is smaller for the BWR, which
indicates better agreement between calculated and mea-
sured local power for the considered cases; this would lead
to smaller biases than for the PWR cases, but as noticed,
this is not observed. One of the reasons might be due to
the impact of other relevant irradiation parameters influ-
encing the current method.

4.4 Sensitivity to various parameters

The results presented in the previous sections are based
on a number of selected parameters which do not directly
appear in the tables or figures. These parameters and addi-
tional information is described in the following. Explicit
calculated values are not presented to stay concise, but
similar sensitivity results as in reference [13] are obtained.
Default values and modifications are the same as in the
previous reference.
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Fig. 6. Biases for the BWR case (left: reactivity decrement; right: burnup), similarly to Figures 4 and 5.

• 2D or 3D reaction rates. A choice was made to use
3D reaction rate data. The study was nevertheless
repeated for all the considered cores with 2D reac-
tion rates and no significant difference was found. The
advantage of using 3D data is to be as close as possible
to the measured values, even if there is an important
processing step to obtain power maps from reaction
rate measurements.

• Number of assemblies per sub-batch for setting sub-
batch multipliers (Ma). The default value is 8 assem-
blies per sub-batch. This number can modify the
impact that a sub-batch of assembly can have on spe-
cific rms values: with more assemblies per sub-batch,
the impact will be higher. One also has to consider
the size of a core and the number of similar assem-
blies (within in the same sub-batch). In the present
case, results for two values were compared: with 8 and
12 assemblies. As previously, no significant impact was
observed.

• Number of iteration in the multi sub-batch iterative
method. The selected value is 8 iterations. Higher val-
ues were tested (up to 12), increasing the calculation
time without significantly changing the results.

The derived values such as the average biases and the
various intervals, presented along this study, are obtained
given the above default.

4.5 Uncertainties due to nuclear data

Uncertainties due to nuclear data can be obtained on
the reactivity decrement and burnup biases with the
method previously applied in a number of publications,
see for instance references [21,22]. The method is rela-
tively simple: based on covariance matrices included in
the nuclear data library, one can generate a set of sam-
pled nuclear data (cross sections, emitted spectra, emit-
ted number of neutrons) and use each set in a new
CASMO5/SIMULATE5 calculation chain for all consid-
ered cycles and assembly sub-batches. The decay data
were not varied, and the fission yields for the four main
actinides, 235,238U and 239,241Pu, were varied together
with other nuclear data quantities. A total of 178 isotopes
are considered all together, from 1H to heavy actinides,
including the most important fission products, structural

elements and main actinides, based on the ENDF/B-
VIII.0 covariance library. Reactions such as elastic, inelas-
tic, fission and capture (with, in the case of the fission
reaction, the number of emitted neutron per fission and
its spectrum) are varied from 0 to 20 MeV, following a 19
energy-group structure. Details can be found in the men-
tioned references.

For each new set of perturbed nuclear data, the method
presented in the previous sections is applied, leading for
instance to new values of burnup biases. If one repeats
this process n times, a set of n reactivity decrement and
burnup biases is obtained (being n distributions similar
to the one presented in Fig. 4). In total, given the avail-
able computer power, n was selected to be slightly more
than 100, and the method is applied to one of the sister
units of the PWR1. Uncertainties (one standard devia-
tion) on these quantities are presented in Figures 7 and 8.
Each bias value as a function of assembly sub-batch bur-
nup is presented with an uncertainty bar (orange vertical
bars in the figures), being on the average 280 and 110 pcm
for the UO2 and MOX fuel reactivities, respectively, and
0.7% and 1.1% for the UO2 and MOX fuel burnup, respec-
tively. One can observe that the uncertainties are not con-
stant with the assembly sub-batch burnup, increasing for
the reactivity and decreasing for the burnup biases. Such
trend was also observed in reference [21] for the burnup
uncertainties and was attributed to the decreasing effect
of fissile isotopes.

The 95/95% tolerance intervals are also represented:
for each of the n sets of calculations, a specific tolerance
interval is obtained (gray steps in the figures), due to the
variations of the single biases (orange dots). The average
(and nominal, i.e. without the variation of nuclear data)
tolerance intervals are also indicated with blue (and black)
steps. Similarly, the figures present with the same colors
the mean and nominal biases. The impact of nuclear data
on the mean biases and tolerance intervals is not neg-
ligible (observed in the spread of the gray curves). The
MOX cases present stronger variations as there is less fuel
assemblies than for the UO2 cases, and tolerance inter-
vals for sampled nuclear data can cross the reactivity 5%
decrement which is represented in the figures. But mean
(blue steps) tolerance intervals are mostly within such 5%
limits. For the burnup biases, the impact of nuclear data
also increases such intervals, as one can observe from the
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Fig. 7. Same as Figure 4 but for the PWR1 only (UO2 on the left and MOX on the right). Uncertainties, presented as vertical
bars (1σ), are due to nuclear data. See text for details.

Fig. 8. Same as Figure 7 but for the biases on assembly sub-batch burnup.

sampled gray steps presented in Figure 8. The mean is
also close to the values presented in Figure 5.

Different statistical quantities can be extracted from
such variations of tolerance intervals: nominal, average
(considering the n = 100 cases), extreme values, or other
quantities such as standard deviations, etc. Concisely, one
can observe that the mean and nominal values are not
strongly different, implying that the effect of nuclear data
on biases is not outstanding. But individual sampled cases
can strongly differ from the mean values. Additional sam-
pling would be necessary to gain confidence on the rele-
vance of the extreme values, which is outside the scope of
this study.

As a general remark on the interpretation of the
nuclear data uncertainties on quantities presented in
Figures 7 and 8, they represent uncertainties on biases,
and are not part of biases themselves. Both quantities
(bias and bias uncertainty) need to be estimated for many
criticality-safety calculations, as presented in Section 6 of
the ANS standard ANSI/ANS-8.24 [23].

5 Conclusion

The main outcome of this work is the estimation of the
biases on reactivity decrement and burnup, for irradi-
ated assemblies as a function of their burnup. Cases of

three PWRs are considered, including UO2 and MOX
fuels, from low up to high burnup values. For a num-
ber of reasons highlighted in this work, such biases
can be considered conservative. The case of a BWR
core is also presented for comparison’s purpose. The
method used to infer such biases is based on compari-
son between in-core measured and calculated power maps.
Results are presented in terms of average biases and
tolerance intervals, and compared with values from two
published references. In addition, the effect of nuclear
data was quantified. From the application aspect, the
estimated biases can be used as an indication of addi-
tional uncertainties in criticality-safety and for spent fuel
characterization.

Tolerance intervals for the average biases were also
compared to a 5% reactivity decrement of a typical UO2 or
MOX assembly. It was found that generally the tolerance
intervals were included within the 5% reactivity decre-
ment, but not systematically. Such results depend on the
modeling, which includes codes, core models, cycle history
and nuclear data. One should therefore not apply them to
other plants and draw general conclusions. In order to gain
higher confidence in the biases, it is then recommended to
repeat this study for different PWRs, as results are par-
tially different among various studies. An additional veri-
fication can consist in combining the present method with
other sources of information, such as validations based
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on Post Irradiation Examination and measurements per-
formed at hot zero power conditions.
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Appendix A Definitions of terms used in this
study

A.1. General terms

In this appendix, a number of terms are explicitly defined,
to improve the understanding of the results. Three statis-
tical quantities are regularly used in tables and figures,
such as:

• 95% prediction interval: this is the estimate of a bias
range (in pcm) or burnup range for specific assembly
sub-batch burnup values in which a future calculation
will fall, with a probability of 95%, given the previous
observations.

• 95% confidence interval: it corresponds to the esti-
mation with 95% confidence that the mean value for
the reactivity decrement (or burnup) bias is actually
within the provided range, given a number of observa-
tions.

• 95/95% tolerance limits: it represents the limits con-
taining 95% of a specific population, with 95% proba-
bility. It is simply obtained by adding the mean to the
standard deviation times a factor dependent on the
sample size. The values presented in this work corre-
spond to a 2-sided tolerance interval, based on a Nor-
mal distribution.

In addition, other simple statistical terms are used: aver-
age and standard deviation. The average corresponds to
the arithmetic mean: with n realizations of a quantity
xi (i = 1 . . . n), the average x is equal to 1

n

∑n
i=1 xi.

The standard deviation, also called 1σ, is then equal to√∑n
i=1(xi−x)2

n .
The definition of the root mean square (or rms) can be

derived from the mean and standard deviation. Following

the above terms, the rms can be calculated as
√∑n

i=1 x2
i

n .
It also corresponds to the sum x2 + σ2. In the present
study, the quantity of interest is x = C/E, with the C and
E the calculated and measured local power, respectively
(see Ref. [16]).

A.2. Reactivity decrement and bias

Another important term used in this study is the reac-
tivity decrement. As indicated in references [13,14], the
reactivity decrement is defined as the difference between
the k∞ for a fresh fuel assembly (at zero burnup) and
the k∞ for the same assembly at a specific burnup value.
If the first neutron multiplication factor is called kfresh

and the second one kdepleted, the reactivity decrement
∆kdecrement(BU) is defined as

∆kdecrement(BU) = kfresh − kdepleted(BU) (A.1)

This quantity is varying as a function of the assem-
bly burnup (BU), and is relative to a specific assembly
(with its initial fuel enrichment, design and irradiation
history). An example is provided in Figure 4, where such
∆kdecrement(BU) is presented as red lines, for the case of a
PWR assembly, with 4.7% initial enrichment in 235U. In
this example, a simple irradiation history is considered,
leading to a regular decrease of k∞ as a function of the
assembly burnup.

The values of kfresh and kdepleted are calculated in the
present case with the codes CASMO5 and SIMULATE5,
as described in Section 3, based on the nominal perturba-
tion factor Ma = 1 (see Sect. 3.1). Ma is a perturbation
factor applied to the assembly burnup value BU, and as
presented in Figure 1, variations of Ma leads to variations
of the rms values. One can then define the reactivity decre-
ment with an additional variable: ∆kdecrement(BU,Ma):

∆kdecrement(BU,Ma) = kfresh−kdepleted(BU×Ma) (A.2)

and depending on the value of Ma, the reactivity decre-
ment can change. As presented in Figure 1, there might
exist a certain value of Ma which minimizes the rms (i.e.
δrms(Ma)/δMa = 0), called Ma’ (see Sect. 3.2 for the def-
inition of Ma’ if the rms does not present a minimum).

Based on the value of Ma’, the bias on the reactivity
decrement can be calculated as:

B(BU,Ma’) = ∆kdecrement(BU× 1)−∆kdecrement(BU×Ma’)
(A.3)

Simplifying the previous equation leads to the follow-
ing definition for the bias on the reactivity decrement
B(BU,Ma’):

B(BU,Ma’) = kdepleted(BU)− kdepleted(BU×Ma’) (A.4)

B(BU,Ma’) is calculated at given burnup value (BU), for
which the experimental values E exist, and for a specific
Ma’. Such definition is the one used for Figures 3, 4, 6, 7,
C.1, C.2, and in Table 1.

A.3. Burnup bias for sub-batches of assemblies

The value of the burnup multiplication factor leading to
the minimization of the rms, called Ma’, enters in the def-
inition of the bias on the reactivity decrement as indi-
cated in equation (A.4). Consequently, one can consider
the value of Ma’ as the bias on the assembly (sub-batch)
burnup. This value is dimensionless (e.g. 0.99, or 1.01)
but can be expressed in terms of MWd/kg by calculating
|1−Ma’| ×BU, with the burnup value BU corresponding
to the assembly burnup, or more precisely to the burnup
of the assembly sub-batch. Such definition is used for the
calculating the biases as plotted in Figures 5, 6, 8, C.3,
C.4, and in Table 2.
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Appendix B Tabulated values for PWR and BWR cases

Table B.1. Bias values for the reactivity decrement, in pcm, for the case PWR1+PWR3 and UO2 fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kg) interval interval interval
2.9 −1.8 [−6.5,+2.8] [−51,+48] [−56,+53]
5.2 +46 [+24,+68] [−178,+270] [−203,+295]
8.9 +120 [+92,+147] [−302,+541] [−327,+566]
12.7 +67 [+28,+107] [−549,+683] [−586,+721]
16.0 +6.8 [−32,+45] [−584,+598] [−620,+633]
18.7 −2.8 [−61,+55] [−771,+765] [−830,+825]
21.0 −9.8 [−69,+50] [−713,+694] [−775,+755]
24.6 −56 [−118,+5.6] [−921,+809] [−974,+862]
27.4 −108 [−180,−37] [−1055,+838] [−1128,+911]
30.1 −122 [−194,−50] [−1159,+915] [−1222,+977]
33.1 −89 [−171,−6.6] [−1442,+1265] [−1514,+1336]
35.4 +57 [−47,+162] [−1216,+1331] [−1322,+1437]
38.1 +94 [−43,+231] [−1424,+1612] [−1571,+1759]
41.0 +221 [+115,+326] [−934,+1376] [−1046,+1488]
44.5 +61 [−37,+160] [−1201,+1324] [−1298,+1421]
47.7 +285 [+164,+406] [−1394,+1964] [−1514,+2084]
50.3 +284 [+169,+398] [−1240,+1807] [−1349,+1916]
53.8 +377 [+274,+479] [−1276,+2029] [−1364,+2117]
57.5 +568 [+0.0,+0.0] [−1520,+2656] [−1694,+2830]
60.1 +657 [+438,+875] [−672,+1986] [−968,+2281]

Table B.2. Bias values for the reactivity decrement, in pcm, for the case PWR1+PWR3 and MOX fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kgHM) interval interval interval
4.0 −3.8 [−6.3,−1.3] [−17,+9.9] [−21,+13]
7.6 −1.8 [−5.2,+1.6] [−20,+17] [−25,+22]
12.6 −17 [−41,+7.6] [−225,+192] [−253,+219]
17.6 −54 [−110,+1.3] [−457,+348] [−528,+420]
22.1 −83 [−169,+1.7] [−630,+463] [−741,+575]
27.6 −126 [−200,−52] [−749,+497] [−834,+582]
32.5 +29 [−39,+97] [−560,+618] [−644,+702]
37.0 +64 [−141,+270] [−746,+875] [−1002,+1131]
41.2 +117 [+0.2,+234] [−576,+810] [−730,+964]
46.1 +64 [−69,+198] [−975,+1104] [−1131,+1259]
54.0 +73 [−3.8,+150] [−618,+764] [−712,+858]
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Table B.3. Burnup bias values in %, for the case PWR1+PWR3 and UO2 fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kgHM) interval interval interval
2.9 +0.1 [−0.1,+0.2] [−1.4,+1.6] [−1.6,+1.7]
5.2 −1.1 [−1.6,−0.6] [−6.4,+4.2] [−6.9,+4.8]
8.9 −1.8 [−2.2,−1.4] [−8.3,+4.8] [−8.7,+5.2]
12.7 −0.7 [−1.2,−0.3] [−7.5,+6.1] [−7.9,+6.5]
16.0 −0.1 [−0.5,+0.2] [−5.4,+5.1] [−5.7,+5.4]
18.7 −0.0 [−0.4,+0.4] [−5.9,+5.9] [−6.3,+6.3]
21.0 +0.1 [−0.3,+0.5] [−4.8,+4.9] [−5.2,+5.3]
24.6 +0.3 [−0.1,+0.7] [−5.1,+5.8] [−5.5,+6.1]
27.4 +0.6 [+0.2,+1.0] [−4.9,+6.1] [−5.3,+6.5]
30.1 +0.6 [+0.3,+1.0] [−4.8,+6.1] [−5.1,+6.4]
33.1 +0.4 [+0.0,+0.8] [−6.2,+7.0] [−6.5,+7.4]
35.4 −0.2 [−0.7,+0.2] [−6.2,+5.7] [−6.7,+6.2]
38.1 −0.4 [−1.0,+0.2] [−7.3,+6.4] [−7.9,+7.1]
41.0 −0.9 [−1.3,−0.4] [−5.9,+4.1] [−6.4,+4.6]
44.5 −0.2 [−0.6,+0.2] [−5.4,+5.0] [−5.8,+5.4]
47.7 −1.0 [−1.5,−0.6] [−7.7,+5.6] [−8.2,+6.1]
50.3 −1.0 [−1.4,−0.6] [−6.9,+4.9] [−7.3,+5.3]
53.8 −1.3 [−1.6,−0.9] [−7.4,+4.8] [−7.7,+5.1]
57.5 −1.8 [−2.4,−1.3] [−9.2,+5.6] [−9.9,+6.2]
60.1 −2.1 [−2.8,−1.4] [−6.4,+2.2] [−7.4,+3.1]

Table B.4. Burnup bias values in %, for the case PWR1+PWR3 and MOX fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kgHM) interval interval interval
4.0 +0.0 [+0.0,+0.0] [+0.0,+0.0] [+0.0,+0.0]
7.6 +0.0 [+0.0,+0.0] [+0.0,+0.0] [+0.0,+0.0]
12.6 +0.2 [−0.2,+0.6] [−3.5,+3.9] [−4.0,+4.4]
17.6 +0.7 [−0.1,+1.5] [−5.0,+6.5] [−6.0,+7.5]
22.1 +1.0 [−0.0,+2.1] [−5.7,+7.8] [−7.1,+9.2]
27.6 +1.1 [+0.4,+1.8] [−5.2,+7.5] [−6.1,+8.3]
32.5 −0.4 [−1.0,+0.3] [−5.6,+4.9] [−6.4,+5.7]
37.0 −0.3 [−2.0,+1.4] [−7.8,+7.1] [−10,+9.5]
41.2 −0.9 [−1.9,−0.0] [−6.6,+4.7] [−7.9,+6.0]
46.1 −0.4 [−1.4,+0.5] [−8.5,+7.6] [−9.7,+8.8]
54.0 −0.5 [−1.0,+0.1] [−5.2,+4.2] [−5.8,+4.9]
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Table B.5. Reactivity bias values in pcm, for the case BWR and UO2 fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kg) interval interval interval
5.0 −5.7 [−7.8,−3.6] [−27,+15] [−29,+17]
10.2 −3.4 [−6.9,+0.1] [−38,+31] [−42,+35]
15.4 −38 [−73,−3.0] [−396,+320] [−435,+359]
19.5 +12 [−57,+81] [−737,+761] [−810,+834]
23.7 +84 [−25,+194] [−1006,+1175] [−1133,+1302]
27.9 +104 [+14,+193] [−878,+1086] [−979,+1186]
33.4 +337 [+218,+456] [−958,+1632] [−1091,+1765]
38.9 +414 [+303,+525] [−895,+1723] [−1016,+1844]
44.3 +651 [+522,+780] [−1005,+2307] [−1138,+2440]
48.3 +1117 [+0.0,+1458] [−1176,+3411] [−1611,+3846]
52.8 +680 [+0.0,+900] [−1403,+2764] [−1654,+3015]

Table B.6. Burnup bias values in %, for the case BWR and UO2 fuel.

Burnup higher limit Mean 95% confidence 95% prediction 95/95 tolerance int.
(MWd/kg) interval interval interval
5.0 +0.0 [+0.0,+0.0] [+0.0,+0.0] [+0.0,+0.0]
10.2 +0.0 [+0.0,+0.0] [+0.0,+0.0] [+0.0,+0.0]
15.4 +0.3 [−0.0,+0.6] [−2.9,+3.5] [−3.3,+3.8]
19.5 −0.1 [−0.5,+0.3] [−5.0,+4.8] [−5.5,+5.3]
23.7 −0.4 [−1.0,+0.1] [−6.4,+5.5] [−7.1,+6.2]
27.9 −0.5 [−1.0,−0.0] [−5.5,+4.5] [−6.1,+5.1]
33.4 −1.5 [−1.9,−1.0] [−6.8,+3.9] [−7.3,+4.4]
38.9 −1.5 [−2.0,−1.1] [−6.5,+3.4] [−6.9,+3.8]
44.3 −2.2 [−2.6,−1.7] [−7.8,+3.5] [−8.2,+3.9]
48.3 −3.6 [−4.7,−2.5] [−11,+3.8] [−12,+5.2]
52.8 −2.2 [−2.9,−1.5] [−8.9,+4.4] [−9.7,+5.2]
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Appendix C Plots of individual PWR plants

Fig. C.1. Reactivity decrement biases considering only UO2 batch of assemblies. Left: PWR1; right: PWR3.

Fig. C.2. Reactivity decrement biases considering only MOX batch of assemblies. Left: PWR1; right: PWR3.

Fig. C.3. Burnup biases considering only UO2 batch of assemblies. Left: PWR1; right: PWR3.
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Fig. C.4. Burnup biases considering only MOX batch of assemblies. Numbers in italics indicate the number of batches in each
bins. Left: PWR1; right: PWR3.


	1 Introduction
	2 Studied cases
	3 Estimation of reactivity decrement and burnup biases
	4 Results
	5 Conclusion
	Acknowledgments
	A Definitions of terms used in this study
	B Tabulated values for PWR and BWR cases
	C Plots of individual PWR plants

