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Abstract—Precisely modelling burnup behavior of Gadolinia
burnable poison pins in a nuclear reactor is tricky, as it is a very
strong absorber of thermal neutrons. The highly self-shielded
burnable poison depletes largely from outermost zones inwards,
presenting strong flux gradients around the pin. Classic
modelling methods are based on equivalence theory, tracking
pin-averaged cross sections, and collapsing all radial rings
down. However, the subdivision of the whole pin into multiple
radial zones is ineffective, as each zone is still represented by the
same cross sections in 172 groups. To capture the self-shielding
effect, a subgroup method is employed in this work to accurately
account for the ring effect in Gadolinia-bearing pins.
Deterministic code (WIMS) is used for producing homogenised
cross sections for Gadolinia-zoning assemblies, obtaining lattice
power distributions, the results of which are benchmarked
against a Monte Carlo code (Serpent) for model verifications.
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I. INTRODUCTION

Nuclear energy represents one of the main low-carbon
energy solutions for the UK by 2050 [1]. With two EPR
(European Pressurised Reactors) currently under construction
at Hinkley Point C, the new generation of nuclear power
station is expected to provide electricity for six million homes,
whilst mitigating carbon emissions by 9 million tonnes per
year for its commissioning lifespan of 60 years [2]. Albeit the
EPR core design has been certified by the Office for Nuclear
Regulation and the Environment Agency (ONREA) [3]
regarding safety, security and environmental impact, there is
a huge potential for core optimisation, such as the initial
loading pattern of Gadolinia (Gd) burnable poison pins in
designated fresh assemblies to mitigate power peaking and
prevent premature fuel failures at high burnup. Creating a
realistic reference computation model for ongoing innovation
into this has numerous benefits, e.g. facilitating intelligent
decision making for regulatory authorities, boosting fuel
economy whilst reducing costs due to maintenance downtime.

Modelling a nuclear reactor core is mainly tasked with
computing flux and power distributions, for which modern
neutronics typically consist of two steps, progressing from
two-dimensional (2D) lattice-transport to three-dimensional
(3D) diffusion core calculations. The principal route can be
summarised into the following, i.e. homogenisation with
preserved reaction rates, tracking isotopic changes with
burnup, operation conditions parameterisation in branches,
and multi-dimensional table interpolations [4], in which
spatial homogenisation and group collapsing significantly
mitigate computational burden of heterogeneous components.
Relying on the preservation of reaction rates and eigenvalues
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in heterogeneous problems, homogenisation represents the
realistic heterogeneity as averaged cross sections equivalent to
the actual heterogeneous reactor with satisfactory accuracy.
An intuitive treatment is adopting flux-volume weighting of
cross sections, as detailed in previous papers in assembly
homogenisation techniques, notably the classic equivalence
theory [5] as well as the subsequent introduction of
discontinuity factors in a generalised equivalence theory [6].
As an extension of the equivalence model, subgroup treatment
[7] allows cross sections variation in different radial rings to
be modelled accurately. Based on this philosophy, state-of-
the-art computational codes have advanced continuously with
improved predicting accuracy, increased functionality,
reduced computational burden and cost. Among such coupled
calculation suites, 2D lattice codes WIMS (deterministic) and
Serpent (stochastic) are employed in this work for Gadolinia-
bearing burnable poison pins modelling for the EPR fuel.

The paper is organised in four parts. Section II describes
the EPR first-core assembly geometry, and conducts a
comparative study into Gadolinia pin models based on
proposed subgroup approach versus classic equivalence
method. Section III reports assembly power distribution
results based on both deterministic and stochastic calculations
for benchmarking, followed by a conclusion in section I'V.

II. PRECISE MODELLING OF GADOLINIA-BEARING PINS

A. Description of First-core Assemblies and Pins

Following ONREA’s specification [8], the EPR’s fresh
core with 241 fuel assemblies in 5 enrichment zones with Gd
pins positioned are detailed in Table I. Each 17x17 square
lattice consists of 264 fuel rods with M5 advanced cladding,
and 25 guide thimbles for in-core instrumentation. Fig. 1
presents an octant radial description of an EPR assembly
modelled using WIMS, with a 0.8 mm water gap separating
adjacent assemblies. Spacer grids are not modelled and the M5
cladding density is smeared over the gas that accommodates
fuel expansion and cladding creep with burnup.

TABLE L EPR FRESHLY LOADED ASSEMBLIES DESIGN (GD 8WT%)

Zone | Region-wise Assembly Gd rods U35 in

Enrichment Numbers per Assembly Gd Rods

1 42 wt% 72 16 2.2 wt%

2 32 wt% 48 20 1.9 wt%

3 3.2 wt% 24 16 1.9 wt%

4 2.1 wt% 80 8 1.2 wt%

5 2.1 wt% 17 0 -
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Fig. 1. EPR fuel assembly (4.2 wt% UO, + 16Gd pins), octant symmetry.

B. Calculation Procedures and Assumptions in WIMS

As a 2D lattice code tailored for light-water reactor (LWR)
geometries on various meshes, WIMS (Winfrith Improved
Multi-group Scheme) produces burnup dependent fuel
assembly homogenised cross sections and pin power peaking
factors with reaction rates conservation. A fine 172 energy
groups library based on JEF-2.2 tabulation of nuclear data is
collapsed into 6 groups to speed up computations. WIMS
solves transport equations in multiple stages as illustrated in
Fig. 2, with the default treatment for resonance capture
following the classic equivalence model procedure. This
treatment provides pin-averaged cross sections for energy
groups in the resonance region ranging from 4 eV to 183 keV.
However, this method is only applicable for simple
geometries. For more complex geometries such as burning a
poison pin in multiple radial rings, it fails to reliably predict
the spatial distribution of cross sections. This motivates the
development of a subgroup model in this work, in which the
resonance treatment is extended to a wider range of
geometries such as the multiple radial zones for Gd-bearing
pins. For the sake of precision, 11-group energy condensation
is employed in place of a traditional 6-group structure. The
group boundaries are specified in Table II.
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Fig. 2. Flowchart of calculation procedures in WIMS.

TABLE II. 11-GROUP CONDENSATION IN WIMS
Group Upper Energy Group Upper Energy
Number (MeV) Number (MeV)
1 19.6403 E+00 7 1.1500 E-06
2 1.3534 E+00 8 972.0000 E-09
3 183.1564 E-03 9 400.0000 E-09
4 9.1188 E-03 10 220.0000 E-09
5 371.7032 E-06 11 80.0000 E-09
6 4.0000 E-06 - -

C. Subgroup Model for Gd Pins with Self-shielding Effect

Among isotopes of Gd, Gd-157 and Gd-155 exhibit the
highest neutron absorption cross sections, hence contributing
to the most of the thermal neutron absorptions. Simulating this
using Serpent, Fig. 3 sketches the atomic densities of Gd
versus burnup, where Gd-155 and 157 burn out from about 10
GWd/tU. By capturing a neutron, Gd-155 transmutes to Gd-
156. Albeit with small capture cross sections, Gd-156 serves
as a constant source to feed Gd-157 with very high absorption
cross sections, i.e. Gd never burns down completely, resulting
in a residual poison penalty. Note that self-shielding in energy
reduces the neutron capture in the resonance of fertile
material, while spatial self-shielding is caused by the fact that
some of the thermal neutrons entering the fuel from the
moderator are absorbed near the surface of the fuel. They do
not survive to contribute to the thermal flux in the interior. The
outer portion of the fuel thus shields the interior. To
characterise this self-shielding effect in Gd pins, the density
variation of Gd-157 and Gd-155 versus assembly burnup for
different radial zones (rings) is investigated. To account for
this ring effect, the fuel pin admixed with Gd is divided into
10 annular segments of an equal area as depicted in Fig. 4.

Atomic Densities of Gd as a Function of Bumup
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Fig. 3. Gd atomic density vs. burnup for assembly (2.1wt% UO, + 8Gd).

Fig. 4. Modelling an EPR fuel unit cell with Gd in 10 annular rings.
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Modelling the Gd burning in radial rings within a pin is
complicated for WIMS. The simulation results in Fig. 5
illustrate the limitation of performing traditional equivalence
model procedures in WIMS by default for the self-shielding
study. The nearly flat distribution of the PU,34 density in
different radial zones with burnup is unrealistic. In the classic
method based on equivalence theory, pin-averaged cross
sections are tracked, collapsing all radial rings down. This
indicates that the strategic subdivision of the whole pin into
multiple radial zones is cancelled out, as each zone is
represented by the same cross sections in 172 groups. The
equivalence theory-based method is arguably a I1-zone
treatment. To accurately capture the self-shielding effect, the
subgroup method is adopted in WIMS for multiple radial rings
modelling. Fig. 6 depicts the simulated atomic density results
of Gd-157 versus the pin radial distance at different burnup
levels. Neutron absorption at the beginning of life (BOL)
occurs largely in the neighborhood of the fuel outermost
surface. The poison in a pin depletes from the outside inwards.
The spatial self-shielding is extremely strong, resulting in a
relatively slow burning down of the poison for inner zones at
the beginning as shown in Fig. 6. Comparing the 2 curves in
Fig. 7, more pronounced flux depression occurs in the Gd-
bearing pin at BOL. Furthermore, the behavior of reaction
rates in different radial rings at BOC is investigated in Fig. 8.
The capture reaction rate distribution in the Gd-bearing pin
presents the strong effect of spatial self-shielding, with the
absorption rate picking up near the pin surface at BOL. On the
contrary, self-shielding is apparently less pronounced in the
pin without Gd, presenting a less dramatic peaking of capture
rates towards the surface. Non-Gd pins exhibit much higher
values of fission rate, leading to higher burnup in these pins.
To further illustrate the importance of using multiple radial
zones in Gd pins, a comparative study is performed in Fig. 9.

Limitation of Equivalence Theory for Complex Geometry:
(Dividing 10 Radial Rings in EPR 3.2 wt% Pin with 8wt% Gd)
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Fig. 5. Result of Pu,34 density distribution based on equivalence theory.

WIMS Calculation Result of Gd Ring Effect (using 10 Radial Rings)
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Fig. 6. Subgroup method in simulating the change in Gd-157 atomic
density in different annular rings as assembly burnup proceeds.

WIMS Calculation Results of Flux Distribution

in EPR 3.2 wt% Pin with 8 wt% Gd vs. without Gd at BOL
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Fig. 7. Subgroup method in simulating flux dip in EPR 3.2 wt% fuel pin
with 8wt% Gd vs. without Gd at BOL.

WIMS Calculation Result: Reaction Rates Distribution
in EPR Gd-bearing Pin vs. Pin without Gd (BOL, Cyclel)
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Fig. 8. Reaction rates distributions in 3.2wt% pin with and without Gd.

Dividing Gd Pin into 10 Rings vs. the Whole Pin as 1 Zone:
k-inf vs burnup for EPR 3.2 wt% Assembly with 20 Gd
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Fig. 9. Gd burnup results based on 1-zone treatment vs. 10-zone treatment.

From Fig. 9, burning Gd pin in 1 zone (equivalence theory)
overestimates the initial poisoning effect, as illustrated in a
faster rate of Gd burning out with a higher reactivity peak. The
1-zone scheme erroneously assumes a uniformly distributed
Gd. Essentially, at the beginning only the outermost Gd acts
as a black absorber for the incoming thermal neutrons, i.e.
irrespective of the Gd density inside the pin, the incoming
neutrons can only see the poison near the surface. The
depletion of Gd-157 and Gd-155 gradually mitigates the
spatial self-shielding, as shown in Fig. 10 with a flattened flux
distribution over time from beginning of cycle (BOC), to
middle of cycle (MOC), and towards end of cycle (EOC).
With the subgroup approach, the PU,34 density in different
radial zones with burnup is accurately characterised in Fig. 11.
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WIMS Calculation Results of Flux Distribution over Cycle 1
in EPR 3.2 wt% Pin with 8 wt% Gd
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Fig. 10. Flux distributions over cycle 1 for 3.2wt% fuel pin with 8wt% Gd.

WIMS Calculation Result of Pu-239 Density Distribution with Time
_ Burning 10 Rings in EPR 3.2 wt% Pin with 8wt% Gd, HFP, Cycle 1
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Fig. 11. Subgroup method in simulating the change in Pu,34 atomic density
in different rings as assembly burnup proceeds.

As compared with the problematic equivalence-based
modelling results in Fig. 5, the proposed subgroup (10-zone
treatment) in Fig. 11 reports reasonable results for plutonium
and higher isotopes building up in the outermost zone where
most of the resonance absorption in U,34 happens.

III. ASSEMBLY MODELLING RESULTS AND BENCHMARK

Based on the precise subgroup characterisation of Gd pins,
fuel assembly simulation results of the pin-wise radial power
distribution are reported, taking a 4.2wt% assembly with
16Gd as an example during BOC and EOC under hot full
power (HFP) and equilibrium Xenon. As shown in Fig. 12, the
peak-to-average power density of the hot channel (in red) is
obtained using WIMS, which merits careful consideration
with respect to the core thermal limit. Poison pins (in grey)
present low power at BOC. Note that lattice power peaking
factor reduces with burnup as Gd burns out from MOC. The
resulting reduction in thermal neutron absorption leads to
higher power in these Gd pins at EOC (evidenced in Fig. 13).
For benchmark purpose, the relative differences between
Serpent and WIMS in power peaking factors are quantified in
Figs. 14 and 15 for BOC and EOC, respectively. In lieu of
significant numerical approximations, Serpent Monte Carlo
code with variance reduction [9] is free of discretisation in
energy. Both root mean square (RMS) and maximum (max.)
deviation are examined, proving that Serpent and WIMS agree
quite well in predicting the hot rod position. The relative
differences (RMS values) in power peaking factors are below
2% for both BOC and EOC, while the discrepancy is slightly
higher in the vicinity of guide tubes and poison rods.

Fig. 12. WIMS assembly result of pin-wise radial power distribution (1/4th
assembly) at BOC, lattice power peaking factor =1.1473 as shown.
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Fig. 13. WIMS assembly result of pin-wise radial power distribution (1/4th
assembly) at EOC, lattice power peaking factor =1.0260 as shown.

Fig. 14. Relative Difference for Serpent and WIMS in pin-wise assembly
power distributions at BOC: RMS diff. = 1.66%, max. diff. =-3.69%.

199



Fig. 15. Relative Difference for Serpent and WIMS in pin-wise assembly
power distributions at EOC: RMS diff. = 1.52%, max. diff. = -3.55%.

IV. CONCLUSION

This work demonstrates a subgroup multi-ring method in
precisely modelling the fuel assembly of the UK EPR nuclear
reactor fresh core. Using a deterministic lattice code WIMS
for a pin-cell level comparative investigation, we observe that
traditional equivalence theory fails to represent the realistic
self-shielding behavior in burnable poison Gd pins. The
proposed subgroup multi-ring model addresses this problem
by burning the Gd pins down layer by layer. Based on this,
assembly-level pin-wise power distributions with burnup are
obtained and statistically benchmarked using a Monte Carlo
Serpent code. The agreement in results verifies the proposed
subgroup method for the whole fuel assembly modelling. The
demonstrated subgroup approach with multi-zone capability
could benefit a wider range of recently advanced nuclear
reactor cores with self-shielded burnable poisons, hence
informing the core design and optimisation [10]-[27]
targeting the fuel economy and nuclear energy safety [28][29].
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