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Estimation of biases and
uncertainties on PWR nuclide
inventories for severe accidents
analyses
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Institut de Radioprotection et de Sureté Nucléaire, PSN-RES/SNC/LN, Fontenay-aux-Roses, France

The work presented in this paper deals with bias and uncertainty quantification on
nuclear fuel inventory in a pressurized water reactors core during normal operation.
This actinides and fission products inventory is used as input data for radiological
releases evaluation in case of a severe accident. The different sources of bias and
uncertainty, as well as their impacts for UO, and MOX fuel at the assembly and core
levels, are discussed. Uncertainty sources include technological uncertainties (e.g.
dimensions, irradiation history, temperatures), modeling assumptions, uncertainties
related to the resolution methods used in the calculation tools and nuclear data
uncertainties. For each source of uncertainty investigated in this paper, an evaluation
of the associated biases and uncertainties on nuclide inventory is performed. It is
shown that, among the sources of bias and uncertainties studied, spread due to
nuclear data as well as the bias and uncertainties due to ‘“infinite lattice
approximation” are the most significant ones, for the isotopes of interest.
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1 Introduction

Nuclide inventory is an important quantity for the characterization of spent nuclear fuel.
Moreover, it contains the amount of fission products (FP) present in the core at the initial time
of a hypothetical severe accident leading to core fusion and radiological release. Thus, this
inventory is of great importance for the radiological release estimation necessary for severe
accident management and emergency response. Therefore, it is crucial to accurately estimate
radionuclide inventory, as well as the uncertainties associated with this inventory. Furthermore,
it should be stressed that the estimation of uncertainties associated with in-core isotopic
inventories is a vast and non-trivial subject [1] [2]. Indeed, the calculations of nuclear fuel
depletion under irradiation require complex simulations, which include many sources of bias
and uncertainty. The work presented in this paper assesses the impact of the main sources of
uncertainty affecting the calculation of isotopic concentrations in pressurized water reactor
cores but does not claim to be exhaustive. The notions of bias and uncertainty relating to
isotopic inventories are differentiated in several situations.

- technological uncertainties (manufacturing tolerances, moderator and fuel temperatures,

etc.) and uncertainties in operational history;
- uncertainties and biases due to the approximations in the model;

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenrg.2023.1033306/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1033306/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1033306/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1033306/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1033306&domain=pdf&date_stamp=2023-01-24
mailto:raphaelle.ichou@irsn.fr
mailto:raphaelle.ichou@irsn.fr
mailto:julien.taforeau@irsn.fr
mailto:julien.taforeau@irsn.fr
https://doi.org/10.3389/fenrg.2023.1033306
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1033306

Ichou et al.

- uncertainties related to the unreliability of nuclear data.

The impact of these different sources of bias and uncertainty on
the assessment of the nuclide inventory, at the assembly and core
levels, is evaluated for two types of fuel mainly used in the French
nuclear power plants (UO, and MOX). The analysis of the results has
been performed on a list of 47 nuclides, usually used at IRSN for the
assessment of the radiological consequences of severe accidents,
presented in Supplementary Appendix S1. This list of radionuclides
has been selected for their contribution to residual power or
radiological source term and extracted from reference [3] Table 2.
B.3, except **Co, “Co, *Rb, *'Sr, 'Te, '®Te, *'"™Te which are
negligible contributors to health effects or unavailable in CASMO
outputs.

It should be noted that among the sources of uncertainty that may
have a significant impact on the core inventory, some of potential
sources have not been investigated. These include, for example, the
impact of power fluctuations during the irradiation cycle that have a
strong impact on the short-lived isotope concentrations. However, the
nominal power simulation usually tends to maximize their
concentration, so that the approach is considered as conservative in
terms of safety. Moreover, concerning nuclear data uncertainties, a
very simple approach has been used as a first approximation, instead
of a complete uncertainty propagation.

2 Methodology

Time evolution of isotope inventory, particularly fuel
composition, is calculated from the Bateman equation (see Eq.
1), in which the variation of the quantity N; of a nuclide i over a
period At is a balance between its disappearance and its creation by
decay or neutron interaction of some other nuclides j. Solution to
the Bateman equation requires the calculation, usually using the
Boltzmann (or transport) equation, of the neutron spectrum ¢(E,t)
at each time step, which depends on the medium and its
composition. Solving this equation therefore requires the
nuclear radioactive decay data A and the effective cross sections

o for all isotopes and reactions.

dzl = _(Ai +{0i,) - ¢) -N; + Z#,. (Aj—n' + <0j,r—>i> . ¢) -N; (1)

In practice, the fuel depletion is calculated with simulation
codes which iterate between a transport calculation to determine
the neutron spectrum ¢(E,?) and the energy-averaged cross sections
{oxy, and a depletion calculation which solves the Bateman
equation to determine a new material composition at the next
time step. Nevertheless, the transport calculation method, as well as
the method used to solve the Bateman equation, may differ
depending on the calculation tool.

2.1 Neutronics codes used for the inventory
calculations

A short overview of the VESTA and CASMO5 codes as used in the
study presented in this paper is described in this section. VESTA and
CASMOS5 are representative of the two main types of codes for
calculating the isotopic concentration of fuel under irradiation and
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represent the state of the art in neutronics calculation tools. The
VESTA code relies on the Monte-Carlo method, whereas the
CASMOS5 code uses a deterministic approach.

2.1.1 VESTA

VESTA [4] is a computer tool developed at IRSN, which couples a
Monte Carlo neutron transport code with a depletion module. In
VESTA, the Boltzmann and Bateman equations are coupled and form
a closed and complete system of equations that describes the transport
of particles as a function of time. It iterates between a Monte Carlo
steady state transport calculation and a depletion calculation which
solves the Bateman equations using the data (flux, reaction rates)
derived by the transport calculation to calculate the isotopic
concentrations. VESTA allows therefore the depletion of materials
for different geometrical scales, and the calculation of the material
isotopic compositions during irradiation at the pin cell level of the
assembly.

The last release of the code, VESTA 2.2 [4], uses the MCNP6 [5]
code coupled to the PHOENIX depletion module. VESTA 2.2 has been
validated [6] [7]
90 isotopes) from 53 samples of radiochemical measurements and

[8] for isotopic inventory calculations (for

52 PWR UO, assembly decay heat measurements, using the JEFF-
3.1 [9], JEFE-3.2 [10], ENDE/B-VILO [11] and ENDF/B-VILI [12]
nuclear data libraries. The validation database contains a wide variety
of reactors (PWR, BWR, VVER) and fuel (UO,, MOX) types with and
without burnable absorbers.

2.1.2 CASMO5

CASMOS5 [13] is a deterministic code developed by Studsvik
Scandpower Inc. Company. It is a multi-group two-dimensional
lattice and depletion code based on the Method of Characteristics
(MoC) transport calculation. It uses 586 neutron groups for the 1D
collision-probability-based pin cell calculations and a few energy
groups for the MoC calculation (19 groups for UO, fuel and
35 groups for MOX fuel). In particular, the CASMO5 multi-
assembly capability (MxN) has been used for color-set and full
core calculations. This feature allows 2D full core plane (or a
smaller pattern) modeling with the same transport theory
methodology (MoC) as the single assembly (SA) calculations. In
addition, it also allows for accurate modeling of the radial reflector.
The CASMO5 default burnup mesh was used for the calculations'. For
all the SA, color-set and full core calculations presented in this paper,
the default options of CASMO5 have been considered, except for the
following options which were used and are not part of the default
options.

- Consideration of “extended” decay chains for both heavy
nuclides and fission products;

- Consideration of the maximum number of isotopes in the output
listing.

In addition, to allow consistent comparisons with the VESTA

calculation tool, the fourth-order Runge-Kutta-Fehlberg depletion
solver has been turned on and the effective Doppler temperature

1 Fine burnup mesh (every 0.5 GWd/t) up to 10 GWd/t, then progressive
enlargement of burnup step size up to 2.5 GWd/t until the end of irradiation.
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TABLE 1 List of 17 “main” radionuclides for severe accidents analysis.

Eléments Nuclides

Kr ®Kr $MKr ¥Kr #Kr
Sr ®Sr “Sr — _
Nb *Nb — — —
Ru "Ry "Ru %Ry —
I 11 13 — —
Xe Xe 1°Xe — —
Cs Cs 1Cs Cs —
model and the CASMO5 resonance up-scattering model

have been turned off. Finally, the MCNP input files used for the
VESTA calculations have been generated with a dedicated CASMO
option.

All the CASMO5 calculations used in this study have been
performed with the ENDEF/B-VIL1 library, in the so called
“202 neutron data library” of CASMOS5 version 3.01.

2.2 Selected isotopes

A list of 47 radionuclides of interest, considered in severe accidents
studies at IRSN, is presented in Supplementary Appendix SI. These
nuclides are selected for their contribution to residual power and to
radiological release impact on the installation and the environment
(dose, fission product release, etc.). Among those, a sub-list of “main”
nuclides (main contributors to radiological impact) was defined (see
Table 1) including nuclides of Kr, Sr, Nb, Ru, I, Xe and Cs elements.

2.3 Methodology for the biases and
uncertainties estimations

As presented above, different bias and uncertainty sources are to be
considered in the assessment of reactor core isotopic concentrations. It is
therefore complex to estimate these uncertainties and biases
simultaneously in a comprehensive study. For this reason, this paper
presents separately the different sources which are therefore considered
hereafter as independent and uncorrelated.

About uncertainties due to nuclear data, a rigorous evaluation
of the impact of nuclear data uncertainties would require
appropriate tools (still under development) to propagate these
uncertainties through all the calculation chain, from evaluated
data to depleted inventory
Nevertheless, this study considers a wide source of uncertainties

nuclear core computations.
in order to establish which uncertainties are sensitive on isotopic
inventories for radiological releases estimations in case of a severe
accident. This objective leads to the adopt a simplified approach for
nuclear data as a first step. With this approach, only a spread of
results between available libraries has been evaluated.

Depending on the sources, the uncertainties have been studied
with the most suitable calculation code in terms of calculation time or
required resources. For example, the simplified approach on nuclear
data uses VESTA code with distinct nuclear data libraries, as it can use
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a large number of continuous energy’ nuclear data libraries.
Conversely, the estimation of uncertainties and biases associated
with the technological uncertainties and the modeling biases, which
require the simulation of many configurations, have been studied with
CASMOS. Finally, in order to estimate the bias due to the resolution
method on calculated isotopic compositions, inter-code comparison
has been performed. For clarity reasons, the uncertainties and biases
are presented for three different burnup values. At the assembly level,
the selected burnup values correspond to the beginning of life (BOL),
middle of life (MOL) and end of life (EOL of the assembly, i.e. at about
1,30 and 59 GWd/t. Similarly, at the core level, the considered burnup
values correspond to the beginning (beginning of post-refueling
irradiation, noted BOC thereafter), middle (MOC) and end of cycle
(before shutdown for refueling, noted EOC thereafter), i.e.
approximately 1, 7 and 15 GWd/t depending of the fuel management.

3 Data and modeling

The fuels and fuel patterns modeled for full core calculations are
those of the GEMMES and PARITE-MOX fuel management used by
EDF (Electricité de France) on the equilibrium cycles ([14-17]). They
are respectively applied to 1,300 and 900 MWe PWR (pressurized
water reactors). Table 2 shows the main information about these fuel
management options. Furthermore, for single assembly and color-set
calculations, two fuel types are studied: one UO, fuel case enriched to
3.7% ***U and a MOX NT (MOX “Nouvelle Teneur”) fuel case with a
plutonium content of 9.54%. The main characteristics of these fuels are
summarized in Table 3, which shows the geometrical characteristics of
each type of fuel assembly, including the dimensions of the rods, guide
tubes and fuel pellets.

The VESTA 2.2 assembly modeling of the UO, and MOX cases
has been carried out in accordance with the experimental validation
procedure [6], namely.

- Modeling of a 17 x 17 assembly in an infinite environment;

- Model considered as “2D”, using one axial depletion zone (active
length of 1 m);

- Each fuel rod is depleted independently of the others;

- Constant boron concentration (600 ppm for the UOX and MOX
cases) during irradiation;

- Constant and homogeneous temperatures:
e 900 K for the fuel;
« 600 K for the moderator and fuel cladding.

- The burnup steps length is 1 GWd/t.

In addition, the number of neutrons simulated in the Monte Carlo
calculations is an important input data as it drives the statistical
uncertainty of the results. In the context of this paper, the simulated
neutron histories are respectively higher than 4x10” for the modeling
of one assembly and 9x10° for one-eighth of an assembly. All the
continuous energy libraries used by VESTA are processed at IRSN into
the ACE format at different temperatures with the GAIA1 [18] nuclear
data processing code from IRSN, which relies on NJOY [19].

2 VESTA performs reaction rates calculations on a very fine energy groups grid
(44,000 groups).
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TABLE 2 General data on GEMMES and PARITE-MOX fuel management.

10.3389/fenrg.2023.1033306

GEMMES PARITE-MOX
Number of assemblies 193 157
Type of assembly U0, U0,Gd,05 U0, MOX
**U enrichment/Pu content 4%**°U 0.71%**U 3.7%°U 0.25%%*°U/9.54% Pu
Gadolinium (Gd,03) content — 8% Gd,03 — —
Fresh assemblies per reload 40 24 28 12
Core reloaded fraction 1/3 1/4
Cycle length (EFPD) 400 280

TABLE 3 Geometrical input data for both UO, and MOX assemblies extracted
from [14].

UO, and MOX

Assembly lattice 17 x 17
Assembly pitch 21.5 cm
Pin pitch 1.26 cm
Number of fuel rods 264
Number of guide tubes 24
Number of instrumentation tubes 1
External radius of guide/instrumentation tubes 0.6225 cm
Internal radius of guide/instrumentation tubes 0.5725 cm
Guide/instrumentation tubes material Zr-4
Fuel cladding external radius 0.437 cm
Fuel cladding internal radius 0.433 cm
Fuel cladding material Zr-4
Pellet radius 0.4096 cm

For comparison purposes, the CASMO5 modeling follows, as far
as possible, the VESTA modeling. Nevertheless, for CASMO, the fuel
and moderator temperatures correspond to the nominal operating
conditions of the reactors, i.e. 873.15 K and 579.15 K respectively. It
should be noted that these slight differences between CASMO5 and
VESTA 2.2 are not significant to question the validity of the results,
especially for the isotopes of interest which are fission products and
thus less impacted by neutron thermalization.

4 Uncertainties on nuclide inventories at
the assembly level

In this section, for each source of uncertainty and bias previously
mentioned, CASMO5 and VESTA 2.2 have been used to compute the
isotopic concentrations for the two fuel assembly types described in Section
3, which are considered representative of the French PWR reactors.

In the following, bias and uncertainties below 5% will be
considered as not important in view of the radiological context we
are considering.

Frontiers in Energy Research

4.1 Statistical uncertainties estimation

The Monte-Carlo method
uncertainties

involves  statistical
the

uncertainties from static calculations are propagated throughout

inherently
and for depletion calculations statistical
the irradiation of the fuel. In order to evaluate this uncertainty on
the nuclide inventories calculated with VESTA code, 50 independent
calculations have been performed with different initial random seeds.
In this study, the uncertainty retained, o%,,,, is the standard deviation
of the dispersion for each isotope at each burnup step. It should be
noted that this uncertainty depends on the number of simulated
neutron histories and on the modeling used in these calculations
(geometry, materials...).

The analysis of the standard deviations, obtained from
50 independent VESTA calculations, shows o%,,, values well below
1% for most of the studied isotopes for the two fuel types. The largest
standard deviation is of the order of 0.34% and is associated with >*”U
and ***Np at the beginning of irradiation. The results obtained for UO,
fuel are comparable to the uncertainties of the MOX. In conclusion,
the statistical uncertainties associated with the VESTA calculations
performed in these studies are not significant and are considered as
negligible in the following.

4.2 Spread due to nuclear data libraries

Nuclear data (cross sections, decay data, number of neutrons
emitted per fission, efc.) used by the codes are not perfectly known.
They depend on experimental measurements and adjustments based
on theoretical models and are time-to-time updated following the state
of the art. Nuclear data are thus always subject to uncertainty. It is a
source of uncertainty that is inherent to the calculation, which cannot
be avoided and must be evaluated and controlled as accurately as
possible.

In this paper, only a spread of the results due to the use of different
nuclear data libraries is presented, based on the comparison of results
separately obtained with the VESTA 2.2 code for seven different
libraries. The choice of libraries is based on European (JEF, JEFF)
and American (ENDF/B) libraries, from the oldest to the most recent:
JEF2.2 [20], JEFF-3.1, JEFF-3.2, JEFF-3.3 [21], ENDF/B-VIL0, ENDF/
B-VIIL1 and ENDF/B-VIILO [22]. Note that the most recent nuclear
data libraries come with evaluated uncertainties on the data (cross
sections, decay data, fission yields, etc.), and correlations listed in
covariance matrices for cross sections. A correct estimation of nuclide
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FIGURE 1

Spread on the assembly nuclide inventory due to the use of various nuclear data libraries, for three burnup values, for UO, fuel.

inventory uncertainties due to nuclear data should propagate all these
their through  the
calculation chain. However, this method has not been used because

uncertainties  and correlations whole
the tools used in this study are not yet mature enough (or at least not
without prohibitive computation load) for full core inventory
assessment.

The spread is evaluated, for each nuclide, as the maximum
value of the concentration differences obtained with the distinct
libraries at the considered burnup. While this approach, as a first
approximation, of
magnitude of the nuclide inventories uncertainty due to nuclear
data for a large part of isotopes, it should be noted that it may be
limited when several libraries use identical estimates for the same
nuclide, as libraries are never completely uncorrelated. The

statistical uncertainty is neglected in this part because it is

should provide a representative order
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negligible compared to the deviations obtained with the
different nuclear data libraries. Thus, the spread due to the use
of various nuclear data libraries (Ak;},) is evaluated, for each isotope
i, by comparing the extreme values obtained with the VESTA
2.2 code between the seven libraries, with respect to the mean
value, for UO, and MOX assemblies and for burnup values ranging
from 0 to 59 GWd/t, as:

B ci . -Ci

min
Ci

mean

Alp 2

The maximum deviations obtained between nuclear data libraries,
for UO, fuel, at 1 GWd/t, 30 and 59 GWd/t are shown on Figure 1, for
the list of 47 nuclides presented in Supplementary Appendix S1. The
results for MOX fuel are broadly similar for all the isotopes identified
as important for severe accidents.
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TABLE 4 Maximal nuclear data discrepancies and experimental validation bias for UO, (center) and MOX (right) fuel.

Isotopes Uo,

Maximal discrepancies due to
libraries

bias

Experimental validation

MOX

Maximal discrepancies due to
libraries

Experimental validation
bias

Among the 17 nuclides presented in Table 1, the associated
deviations are in general relatively small (<5%) and only a few
nuclides show larger discrepancies. These are **Kr, ®*Kr and "*Cs.
For *Kr and *MKr, the discrepancy of the order of 40%-50% is
explained by lower concentrations calculated with the ENDEF/
B-VIL.1 and ENDEF/B-VIILO libraries. The isotopes of iodine and
xenon show small discrepancies between libraries, less than 5%,
except for **Xe which shows some increasing discrepancies with
burnup that reach 9% for UO, and 5% for MOX, at the end of the
irradiation.

It should be noted that, among the 47 nuclides of interest, even if
most of them show deviations below 10%, other isotopes show
significant deviations. In both cases, about twenty isotopes are
impacted and, overall, the isotopes with significant deviations are
the same for UO, and MOX fuel. It is especially the case of the '*’Sb,
129Sb, 127MTe) 129MTe) 238Pu’ 241Am’ 242Cm and 244Cm.

However, some isotopes show different deviations depending on
the fuel type. ***Pu, as well as >***Cm and ***Cm show lower deviations
for MOX fuel, due to their higher quantity. But some isotopes show
upper deviations for MOX fuel. This is the case of *°Y, for which the
deviations for MOX fuel can be explained by the cumulative fission
yield of *°U and **Pu, of 5% and 2% respectively. As less amount of
Y is produced in MOX fuel, the spread is larger.

It should also be noted that the deviations of a few isotopes are
strongly affected by burnup as shown on Figure 1. **Cs, ***Cm,
***Cm show larger deviations at the beginning of irradiation, due to
their very little amount. On the opposite, '*’"Te and **' Am show
larger deviations at the end of irradiation. The large deviations for
**'Am at the end of irradiation are not observed for **'Pu which
shows similar spread between middle and end of irradiation,
whereas both **’Am and **'Pu have similar spreads at the
beginning of irradiation. The spread observed for **'Am at the
end of irradiation can thus be attributed to cross-sections data of
241Am'

Among the list of the 17 main isotopes, only four isotopes (*°Sr,
1%Ru, **Cs and '¥Cs) are present in the VESTA 2.2 experimental
validation, for PWR fuel assemblies [6]. Table 4 presents the maximal
deviations between libraries obtained for these isotopes from the
VESTA calculations, for UO, and MOX fuel respectively, regarding
VESTA experimental validation bias. The deviations between libraries
are less than 5% for UO, fuel and less than 7% for MOX fuel. It appears
that the deviations due to libraries are much smaller than the
validation biases. Very large measurement uncertainties are actually
obtained, for *°Sr and '"Ru. The latter also shows a very wide
dispersion of the validation results, depending on the sample and
on the measurement. VESTA over- and

The very large

Frontiers in Energy Research

134Cs 5% [~15%, +10%] 7% [-30%, +10%]
157Cs 2% [~10%, +5%] 3% [~10%, +5%]
05 2% [~20%, +20%] 5% [-30%, +15%]
105Ry 3% [-80%, +80%] 3% [-80%, +30%]

under-estimations for '"Ru, reaching 80%, do not seem to be
explained by the spread due to nuclear data libraries, which is of
3% maximum.

It should however be noted that, although the calculations have
been carried out with the continuous energy VESTA code, other
sources of uncertainty may affect the results. Indeed, certain modeling
made (infinite lattice constant and

choices approximation,

homogeneous boron concentration and temperatures during
irradiation, efc.), the lack of precise knowledge of the irradiation
history, as well as the technological uncertainties may have a non-
negligible impact on the results. The impact of the technological
uncertainties is presented in Section 4.4 and the impact of the
infinite lattice approximation is presented in Section 5.

To conclude, this uncertainty source is complex to assess and
analyze. It can be very variable depending on the isotope. It should be
remembered that the method for evaluating this uncertainty source
has been carried out, as a first approximation, by comparing results
obtained from different libraries, and without considering the
uncertainties and correlations associated with the nuclear data
present in the covariance matrices. The consideration of a simple
maximum discrepancy between libraries may be, depending on the
isotope, questionable, as it strongly depends on the sufficient plurality
and diversity of the evaluations present in these libraries. In any case,
the estimated spread can reach more than 30%, or even 100%, for some
isotopes, which is largely significant compared to other uncertainty
and bias sources considered in this study.

4.3 Systematical bias due to the resolution
method

This section is dedicated to the estimation of the bias introduced
by the resolution method used to simulate the neutron transport and
the isotopic composition depletion of the fuel during irradiation. Two
main types of methods exist for neutronics calculations, the Monte-
Carlo and deterministic methods.

- The Monte Carlo method uses a stochastic approach to
determine the physical quantities. This method does not
require any simplification for the solution of the neutron
transport equations, but it does require significant

computational resources. This computational cost becomes

limiting for the depletion of a complete reactor core. Monte-

Carlo calculations are however generally considered as reference

calculations. In addition, beyond the fact that the calculation is

carried out in exact geometry, nuclear data libraries used in the
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Bias due to the resolution method e, (between CASMO and VESTA) on the assembly nuclide inventory, for three burnup values, for UO, fuel.

calculation are continuous in energy and therefore very precise.
Nevertheless, as presented previously, this method implies
statistical uncertainties, associated with the calculated physical
quantities, which are propagated throughout the depletion
calculation.

The deterministic method is based on the numerical
resolution of the neutron transport equations, which

calculation based

requires simplifications on a
discretization of space and energy. Deterministic
calculations  thus implement methods of energy

condensation (multi-group approach) and homogenization
of the medium, which can lead to biases in the nuclide
inventories. However, this approach has the advantage of
being fast and of allowing full core depletion calculations. For
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these reasons, this type of approach is usually used for reactor
cores simulations.

The systematic bias related to the resolution method (g.04.) used
in this study is evaluated, for each isotope i by a deterministic/Monte
Carlo comparison of the Cygsra’ and Ceasyo’ concentrations
calculated  respectively ~with the VESTA 22 and the
CASMOS5 codes. This bias has been determined for UO, and MOX
assemblies and for burnup ranging from 0 to 59 GWd/t, by Eq. 3.

1

i
i _ CCASMO _ CVESTA

code

(©)

i
CVESTA

In order to minimize discrepancies due to modeling
differences, let us remind that the MCNP inputs used by
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VESTA were generated automatically from the CASMO5 ones.
This approach ensures consistency between the two models. In this
section, the ENDF/B-VIL1 library has been used with the two
codes. However, it should be noted here that the ENDEFE/
B-VIL1 library from CASMO slightly differs for some isotopes’,
from the official continuous energy library used by VESTA.
However, the impact of these modified isotopes is not discussed
in this paper. Nor is there any discussion of the possible different
treatment of nuclear data between the two codes, which could have
an impact for some isotopes.

The systematic bias &4 thus integrates all the resolution
approximations specific to deterministic methods, among which
(non-exhaustive list).

- the energy self-shielding model linked to the multi-group
approximation;

- the spatial discretization of the geometry;

- the accuracy of the numerical methods used to solve the
Boltzmann equation.

Figure 2 presents the systematic bias due to the resolution
method, obtained in this case between “CASMO and VESTA, for
the list of 47 nuclides presented in Supplementary Appendix S1 for
UO, fuel case. In general, the systematic bias ¢€.,4. is relatively
small, less than 5%, with a small dependence on the burnup value.
Nevertheless, for about ten isotopes, the bias is more important
and can reach up to 50% (*Kr and **Kr cases). For cases where
the bias is more pronounced, a dependence on burnup can be
noted. For some fission products ('*°Cs), which can show a large
overestimation, and most of actinides (e.g. ***Pu, **°Pu, **'Puy,
*'Am, **?Cm), deviations are larger at the beginning of
irradiation.

Nevertheless, it has been verified that in the CASMO ENDEF/
B-VIL1 “202 neutron data library” the ®™Kr isotope is taken from
TENDL-2012 library, which could explain the large deviations with
VESTA. The same conclusions can be drawn for the actinides,
knowing that the **Pu from the CASMO library is extracted from
the JENDL-4.0 evaluation.

For the Iodine and Xenon isotopes, the deviations are very small,
less than 5% for all burnups. Finally, no major difference between UO,
and MOX fuel can be reported.

To conclude, it appears that the choice of the resolution
method, in this case when comparing the CASMO results to the
VESTA results, for estimating isotopic inventories important for
severe accidents has a relatively small impact. Except for a few
specific isotopes, the bias introduced by the use of CASMO is less
than 5% whatever the type of fuel or burnup.

It should be noted that this bias is totally dependent of the codes
used and is not intended to be used as such for a generic deterministic
versus Monte-Carlo bias estimation.

3 In the ENDF/B-VII.1 library delivered with CASMOS5, some isotopes are
extracted from the JENDL-4.0 library [23] (as example 2*°Pu) or from
TENDL-2012 [24].

4 For the sake of clarity and consistency, concerning the sign of the provided
biases, it must be reminded that a positive ecoge represents an overestimation
of CASMO5 concentrations with respect to the VESTA ones, whereas a
positive eg,, represents an underestimation of the concentrations obtained
using ILA compared to more precise color-set calculations.
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TABLE 5 Technological uncertainties provided in SFCOMPO [25].

Pellet diameter +20 pm
Fuel density +1%
Enrichment +0.05%
Core power +2%
Boron concentration +10 ppm
Fuel temperature +100 K
Moderator temperature +2 K

4.4 Technological uncertainties and variability
of operating conditions

Manufacturing tolerances are associated to each assembly
physical data. This may include, for example, the radius and
their These
manufacturing uncertainties are likely to impact the isotopic
inventory during irradiation. On the other hand, the various

density of the fuel pellets, or enrichment.

operating conditions, linked to the operation of the reactor, can
also affect the isotopic inventory results. They mainly concern the
moderator and fuel temperatures, which have an influence on the
neutronics calculations, especially due to their effects on the
density of the materials, but also on the neutron-nucleus
reactions, which depend on the temperature. The core power is
that fuel
burnup. Consequently, the variability of operating conditions

also a  variable directly  influences  the

generates uncertainties on the evolution of the isotopic
inventory during irradiation.

Thus, this section is dedicated to the estimation of the
uncertainty, of random origin, introduced by the variability of
the technological and operating data used for the modeling of fuel
assemblies. The variable data considered in this study are listed in
Table 5. This list, although not exhaustive, is extracted from the
NEA-SFCOMPO TRG [25] working group recommendations and
provides an order of magnitude of the uncertainties associated with
the fuel manufacturing tolerances and the measurement processes
implemented during reactor core operation.

The methodology adopted consists of considering these
uncertainties as extreme values and carrying out a combinatorial
approach by considering the minimum and maximum values of
These corresponding  to

128 depletion calculations per type of assembly, using CASMO5,

each parameter. combinations,

allow to estimate the technological uncertainties for each isotope i

(07ech’) as the dispersion of the distribution of deviations (standard
deviations, quantiles, etc.) with respect to the nominal irradiation

i 1 N i o\2
0‘Tech = ﬁ anl (An - An) (4)

conditions as:

With,
- N the number of calculations per assembly type (128 in this case);

A= (C-C . )IC! . the deviation from the composition
obtained under nominal operating conditions;
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Technological uncertainties (average bias and 1o error bars) on the assembly nuclide inventory, for three burnup values, for UO, fuel.

- And A, the average of the deviations (in the particular case of the
presented method, A, =0 since the variations are assumed
symetrical around the nominal evolution conditions).

Figure 3 presents the uncertainty related to the variability of
technological and operating data for the list of 47 nuclides in the
case of UO, fuel. In general, the uncertainty o7’ is small, less than
3%, with a particularly strong burnup dependence at the beginning of
irradiation for the majority of nuclides. The maximum uncertainty is
obtained for the case of **Cm with a little more than 5% at the
beginning of the irradiation.

To conclude, it appears that technological uncertainties have very
small impact on the estimation of the isotopic inventory of a fuel
assembly. Except for a few specific isotopes, the technological
uncertainties are less than 3% whatever the burnup or fuel type.
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4.5 Biases and uncertainties due to constant
boron concentration approximation

Infinite medium lattice simulations are usually performed at
constant boron concentration, with an average value of around
600 ppm. In order to quantify the uncertainties related to this
approximation, isotopic concentrations have been compared with
simulations performed with a boron concentration varying linearly
and cyclically between 1,200 and 0 ppm in pseudo-cycles of 15 GWd/t.
All the simulations, both constant and variable boron, have been
performed with CASMO5.

For both UO, and MOX fuel the effect is less than 5% for
all isotopes and burnup values. Boron letdown is not a
major source of uncertainties in the isotopic inventories of
burnt fuels.
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5 Biases and uncertainties due to infinite
lattice approximation

The simulation of the fuel depletion involves many modeling
assumptions to ensure reasonable calculation time with accessible
computational resources. One of the main assumptions usually
applied is to limit the modeling to a single fuel assembly, repeated
ad infinitum in all space directions, assuming that the environment of
the studied assembly is identical to itself. This assumption, which
implements reflective conditions on the limits of the modeling, is
called “infinite lattice approximation” (ILA). Without direct core
calculation, the nuclide inventory of the core is thus reconstructed
from the nuclide inventories of the reactor core assemblies obtained
with single assembly calculations in infinite medium at the desired
burnups. This assumption leads to a bias on the nuclide
concentrations, as it does not consider surrounding effects (flux,
spectrum and burnup gradient). In addition, core reconstruction
also requires the knowledge of the distribution of the reactor core
assemblies’” burnups.

To account for the non-physical ILA, deterministic lattice
transport codes use various leakage corrections to achieve the
criticality. There are several models to account for leakage [26],
which assume that surrounding assemblies are identical and only
adjust the neutron leakage in each energy group to reach criticality.
While the use of a leakage model is commonly accepted by the
scientific community, there is no clear consensus of using a model
or another [27] and whatever the leakage model considered in lattice
calculation, the varying compositions of surrounding assemblies also
need to be addressed.

Indeed, the neutron flux and energy distribution are affected when
the surrounding of the fuel assembly is accounted for. Thus, during
fuel depletion, isotopes whose composition exhibits a dependence on
the neutron flux are strongly affected by the ILA. Therefore, it is
possible to distinguish two categories of nuclides.

- Fission products and actinides that rapidly reach saturation, if
the production by fission of the considered isotope balances with
its disappearance by radioactive decay and/or neutron capture.
The fissions and captures in the fuel are directly related to the
neutron flux, to the effective capture and fission cross-sections of
the father nuclide, and to the associated fission yields. The
contribution of radioactive decay depends on the half-life of
the isotope with respect to the time scales considered. The **Xe
and "**Sm are characteristic of this category.

- Fission products and actinides that accumulate or disappear
indefinitely: if the absorption cross-section and flux level are low
compared to the fission yield or decay rate of the father isotope,
then the considered isotope accumulates or disappears in
proportion to the cumulative fission rate (rate accumulating
the direct production by fission and the indirect production by
decay of a short-lived intermediate fission product).

A recent study using the MxN modeling capability of
CASMO5 was performed to estimate the biases and uncertainties
due to ILA for 2D color-set configurations and 2D full core
configurations [28]. Updated results, taking into account a new
calculation methodology for 2D color-set configurations are
presented here.
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5.1 2D color-set configurations

The methodology for the estimation of systematic bias and
uncertainty induced by ILA is evaluated by comparing the
concentration results of an assembly in an infinite lattice of itself
with a selection of different 3 x 3 cluster configurations representative
of the fuel environment during the reactor operation. The
methodology is described hereafter, using the following terminology.

- the term of bias corresponds to the systematic impact of

considering an environment surrounding the assembly
compared to a single assembly in infinite lattice, which is the

statistical mean of differences and is expressed as:

y C-C

i 1 in finite
Egny = Nznzl (5)

i
in finite

- the term uncertainty refers to the variability of possible
surrounding assemblies in a fuel core management, which is
quantified by the statistical standard deviation of differences and
is expressed as:

i 1 ¢N Ciz B Cénfinite i
T = ﬁzn:l ( i Finite ‘ ©

Using this convention, it should be noted that a positive bias
means an underestimation for calculations using ILA compared to
more precise color-set calculations, whereas a negative bias means an
overestimation.

For each type of fuel (UO, and MOX), several environment
histories has been modeled. Each history assumes that the
considered assembly goes through four cycles in the core, with
constant burnup variation of 15 GWd/t, from its beginning of life
(BOL or burnup 0 GWd/t) to its end of life (EOL or 60 GWd/t). At
each refueling, a different environment is considered, with random
selection of the type (UO, or MOX) and initial burnup (0, 15, 30 or
45 GWd/t) of each of the eight surrounding assemblies. The variability
of the environment and the probability of each random selection were
chosen to be representative of the configurations encountered in the
French PARITE-MOX fuel management, which means fuel type
proportions of 2/3 UO, and 1/3 MOX, and burnup proportions of
30%, 30%, 30% and 10% for 0, 15, 30 and 45 GWd/t respectively. The
initial composition of each surrounding assembly is taken from
infinite lattice calculations, whereas the composition of the central
assembly is kept at each recycling, which considers its variable
environment history. To derive systematic biases and associated
uncertainties, a total of 160 environment histories has been
modeled (80 for each type of fuel).

It is to be noted that in this study color-set configurations are
modeled with mirror boundary conditions (as in single fuel assembly
infinite lattice calculations), assuming that fuel assemblies beyond the
color-set boundary have a negligible impact on the nuclide inventory
of the central fuel assembly for a given burnup. This assumption
should be tested in future prospects. Moreover the environment of fuel
assemblies close to the core periphery with water and steel reflector
assemblies has not been taken into account in this study. Their impact
also should be tested in complementary studies.
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FIGURE 4

Average bias and its uncertainty (1o) due to ILA on the assembly nuclide inventory, for three burnup values, for UO, fuel.

The mean bias and 1o uncertainty due to ILA, obtained by this
method, for a UO, assembly, are presented on Figure 4. The infinite
medium approximation introduces a systematic bias on the isotopic
concentrations dependent on the considered isotope and the assembly
burnup. This bias is less than 5% for most cases except for some fission
products (***Xe, **Cs) for which it can reach 8%, and for most actinides,
mainly at low burnup, for which it can reach 33%. In most cases, this bias
between cluster and infinite lattice calculations is either small or positive,
meaning an underestimation in usual calculations using the infinite lattice
approximation. For some isotopes (like '**Xe), this systematic bias
increases between the beginning and the end of life, whereas for some
others (like **Cs) it decreases, but for the majority it is not significantly
dependent on burnup.

An example of nuclide for which bias and uncertainty due to ILA
increase with assembly burnup is given in Figure 5, for '**Xe in a UO,

Frontiers in Energy Research
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fuel assembly. The mean value of the bias is presented, together with
the minimum and maximum value of the bias. It clearly shows a build-
up of differences of '**Xe concentrations in the cases of a central UO,
assembly surrounded by a varying environment (including MOX and
irradiated UOX) compared to the infinite lattice UO, case. This comes
from the harder neutron spectrum in cluster cases causing more
neutron capture in **U resonances, generating more **Pu, for
which the fission yield of '**I/"**Xe is higher than for **U (+16%).
The mean bias and 1o uncertainty due to ILA for a MOX assembly
is presented on Figure 6. In this case, the infinite medium
approximation introduces a systematic bias on the isotopic
concentrations less than 5% for most cases except for some
actinides (**Pu, ***Cm). Overall, biases are rather small for a MOX
assembly, in most cases they are either small or negative, and as in the
case of a UO, assembly, for some isotopes, this systematic bias
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Differences on the **Xe concentration, with burnup, between cluster calculations and ILA, for UO, assembly

increases between the beginning and the end of life, whereas for others
it decreases.

The combination of both bias and uncertainty is presented in
Table 6, for all nuclides for which the combination of bias and
uncertainty can exceed + 5%, either for UO, or MOX fuel
fuel
assemblies, for which a positive bias is obtained (underestimation
with ILA), but a bit less nuclides for MOX fuel assemblies for which a
negative bias is obtained (overestimation with ILA).

assemblies. It concerns a dozen of nuclides for UO,

To conclude, while the magnitude of the uncertainty and the
average bias introduced by ILA on the concentrations are highly
depending on the isotope and the assembly burnup, they are largely
correlated to the equilibrium kinetics of the isotope, its capture
capability and the flux level in the assembly. The combination of
both bias and uncertainty can lead to an underestimation up to 47%
for UO, fuel assemblies or an overestimation up to 12% for MOX fuel
assemblies (***Cm) in the case of infinite lattice calculations, which is
significant compared to the other uncertainty and bias sources
considered in this paper.

It should be noted that the most significant discrepancies are
mainly observed at low burnup, when the nuclides concentrations are
still very low, and that some extreme values even higher than the ones
quoted here can be observed for specific cases.

5.2 2D full core configurations

The methodology implemented for full core configurations, and
described in [28], to estimate the effects of the ILA on fuel
compositions consists in comparing the nuclide concentration

results obtained with the two following approaches.

- The first method consists, for each fuel pattern, of a reference
multi-assembly calculation carried out with CASMO5 MxN
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modeling capability and initialized with the assemblies’
burnup from EDF fuel patterns. With this approach, all
surrounding effects are considered, both those between
neighboring assemblies and those between the assemblies and
the radial reflector. It should be noted that the compositions of
the core assemblies at the beginning of the cycle are derived from
an ILA calculation type.

- The second method consists in single assembly calculations in
infinite medium for each type of assembly present in the loading
pattern. These calculations are performed for the burnups of the
assemblies obtained in the reference calculation at BOC, MOC
and EOC. Therefore, the average fuel compositions at the core
level can be obtained by a reconstruction method from the single
assembly calculation inventories.

Finally, the bias due to the ILA on the core nuclide inventory,
noted sinfﬁCm, expressed as the relative deviation between the
reconstructed estimation and the reference calculation, is calculated
with Eq. 7. C"Inf and CiCore are respectively the concentration of the
isotope i obtained with reconstructed single assembly calculations in
infinite medium and direct core calculations.

i

G,

nj

Ci

Core

Core

e;nf — Core — (7)

The results of the bias estimation for the 17 nuclides presented
in Table 1 are presented on Figure 7.

For the majority of isotopes presented on Figure 7, as well as for all
the main isotopes for severe accidents calculated by CASMO, the bias
due to ILA on the core nuclide inventory is very small, within 1% in
order of magnitude, both for GEMMES (UO,) and PARITE-MOX
(MOX) fuel management. However, the biases are slightly larger in the
presence of MOX assemblies in the reactor core. In addition, a small
increase of the bias can be observed as a function of the burnup cycle
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Average bias and its uncertainty (1o) due to ILA on the assembly nuclide inventory, for three burnup values, for MOX fuel.

for both fuel management, except for some isotopes for which this
variation is more pronounced (***Xe or *°Cs as an example). As one
can see on Figure 7, only few isotopes (***Xe, **Cs and '**Cs) present a
bias larger than 2%. Concerning "“'I, "’ and '**Xe, which are
particularly important with respect to radiological consequences,
the bias is very small (<1% in absolute value) for both
fuel management whatever the cycle burnup. Whereas for *°Xe,
the bias is small at BOC (~1% in absolute value) but it can
reach 3%-4% at EOC. In addition, the bias for the *°Cs at EOC
can reach more than 4% (UQO,) and 8% (MOX), as observed in
Figure 7.

The most significant biases are presented in Table 7, for all
nuclides among the 47 of Supplementary Appendix S1, for which
the absolute value of the bias exceeds + 2%, either for UO, or MOX
fuel management.

Frontiers in Energy Research

The main parameters of influence that can explain the observed
biases, as explained in [28], are.

- the isotope concentration: significant biases are observed for
isotopes with concentrations lower than 10'® atoms/cm?;

- the relative power of the assemblies: for isotopes highly sensitive
to neutron flux, the bias obtained in each assembly of the core is
strongly correlated to its relative power;

- the compensation effects between core assemblies: as the bias
depends on the assembly being considered (especially on his
power level), the combination of the biases of all the core
assemblies can induce some compensations.

To illustrate these conclusions, the example of '**Xe can be
discussed. **Xe has a bias of about 4% at the core level at EOC,
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TABLE 6 Significant maximum discrepancies (bias + 10) due to ILA. TABLE 7 Maximum significant bias (|bias| >2%) due to ILA for UO, and MOX fuel
management.
Nuclides uo, MOX
Nuclides UO, fuel management MOX fuel
Bias- 10  Bias+ 1o  Bias- 10  Bias + 1o management
< 5% > +5% < —5% > +5% Bias Bias
Xe — +7.2 =55 - > +2% < —2% > +2%
HCs - +75 67 - 19Rh - +2.1 (BOC) - -
Cs - -53 - 13X - +3.4 (BOC) - +4.2 (BOC)
Np — +5.9 -6.6 — 134Cg — — — +2.4 (EOC)
7"Pu - +20.2 - - 15Cs — +4.2 (EOC) - +7.6 (MOC)
**Pu - +67 -6.3 - 2Np ~25 (BOC) +4.0 (EOC) — +3.9 (EOC)
210py — +9.0 — — 241710 ~4.6 (MOC) o o o
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FIGURE 7
ILA bias on the core nuclide inventory, at BOC, MOC and EOC, for both UO; (left) and MOX (right) fuel management.

whereas when we consider the bias at the scale of each assembly, it cross section of this isotope for a thermal neutron. The combination of
varies from +90%, for the least powerful assemblies, to —10% for the  these effects leads to a core bias that remains limited for this isotope.
most powerful assemblies. The value of the bias is correlated to the Finally, at the core level, the order of magnitude of the bias
power of the assembly and thus to the level of neutron flux “seen” by  introduced by the ILA is limited and smaller than at the assembly
the assembly. Indeed, in a SA calculation in infinite medium, the  level. The average core bias for the 47 nuclides considered in this paper
fission rate in the assembly is nominal, whereas for an assembly in the ~ is within 1% with a 2% standard deviation and the maximum
core, the fission rate varies spatially according to its position in the  variations are within -5% and 10% depending on the fuel
core. Nevertheless, the production of **Xe depends directly on this = management being considered. These limited biases are mainly due
flux level and the disappearance of '**Xe by neutron capture is also  to the compensation effects between core assemblies, that can be
very strongly dependent on the flux level, given the very large capture  correlated to the relative power of the assemblies, for some isotopes
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highly sensitive to neutron flux. In particular, the bias for these
isotopes are much smaller because of these compensations.

This study highlights the fact that the impact of the ILA is strongly
correlated to the scale used for isotopic concentration evaluation (the
effect is stronger at local scale). The impact of ILA on safety depends
on the importance of the isotope for the application being considered.

6 Conclusion

The estimation of biases and uncertainties on nuclide inventories
for PWR presented in this paper covers several sources and is
presented both for UO, and MOX fuel at the assembly and the
core level. They were computed both wusing the
CASMOS5 deterministic code, as well as the VESTA 2.2 Monte-
Carlo depletion code, depending on the uncertainty source studied.
They are listed as biases and uncertainties on isotopic concentrations
at different burnup values, for a list of isotopes of interest in case of
severe accident. For each of the sources of uncertainty, an estimate of
the associated biases and uncertainties on nuclide inventories is
provided.

It has been shown that among the sources of bias and uncertainties
studied (nuclear data, technological uncertainties, bias due to the
resolution method, and bias and uncertainties due to Infinite lattice
approximation-ILA-at the assembly level), spread due to nuclear data
as well as the bias and uncertainties due to ILA are the most significant
ones, for the isotopes of interest. Depending on the isotope and on the
burnup value, the estimated nuclear data spread, as well as the bias and
uncertainties due to ILA, can reach more than 30%, or even 100%, for
some isotopes. As an example, Supplementary Appendix S2 presents
the different bias and uncertainties values obtained in the case of the
UO, fuel at the assembly level at the end of irradiation, for the list of
the 17 main contributors in case of severe accident.

The choice was made in this paper not to present the overall
resulting biases and uncertainties, considering all the sources studied.
An important assumption indeed necessary to perform for the
the
independence and non-interaction of the different sources. To get
rid of this assumption, it would be necessary to carry out a very

estimation of the global biases and uncertainties is

complex and computationally expensive multidimensional analysis,
which is not performed here.

Moreover, estimation of biases and uncertainties in isotopic
inventories presented in this paper is not exhaustive and perfectible.

- Uncertainties due to nuclear data could be further developed
through the implementation of advanced methods for nuclear
data uncertainties propagation.

- About inter-code comparison, especially at the core level, only
two fuel management types and a given loading plan, and with a
single nuclear data library were considered. It would therefore be
useful to verify that the biases remain of the same order of
magnitude for other fuel managements and loading plans, as well
as for different nuclear data libraries. This last point could
highlight possible differences in the treatment of nuclear data
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by different codes. Moreover, this particular source of bias is
completely dependent on the code used and cannot be
generalized.

- Another modeling bias is the simulation of the core in two
dimensions, which does not consider axial effects. However,
depending on the axial coast, the conditions differ (water density,
clusters, etc.), which consequently modifies the depletion of
the fuel.

- Finally, an important source of uncertainty for nuclides with a
relatively short half-life is related to power fluctuations within
the reactor. Indeed, the concentrations of nuclides with very
short half-lives such as Xe is directly correlated to the power level
in the hours preceding the shutdown. Other FPs with somewhat
longer half-lives are influenced by fluctuations on longer time
scales. It should be noted that in general the simulation of
irradiation at nominal power maximizes the concentrations of
these isotopes.
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