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Abstract: This paper presents the results obtained by the author within the framework of the OECD/NEA
international benchmark: “Code comparison for depletion of gadolinium-bearing fuel rods in Boiling Water Reactor
assemblies”, dedicated to the validation of computer codes for modelling the burnup of Boiling Water Reactor (BWR)
fuel containing gadolinium as a burnable absorber. The main objective of the benchmark was to analyze the capability of
various computational systems to accurately predict the evolution of reactivity, with a particular focus on the „reactivity
peak“ phenomenon, which is crucial for criticality safety analyses and the burnup credit concept. The calculations were
performed using the SCALE 6.2.2 code package (TRITON/NEWT sequence) with the 252-group ENDF/B-VII.1 nuclear
data library. The paper presents the evolution of the k-inf multiplication factor, changes in the concentrations of key
gadolinium isotopes (Gd-155, Gd-157), and detailed isotopic compositions of actinides and fission products for various
burnup depths and three different water void fractions (0%, 40%, 70%). The obtained results showed very good
agreement with the results of other benchmark participants, correctly reproducing both the general trends and numerical
values. The summary also refers to the general conclusions from the OECD report, identifying nuclear data libraries as the 
main source of discrepancies in the results and highlighting the remaining challenges in modeling the concentrations of
certain isotopes.

Keywords: BWR reactor, gadolinium, burnable absorber, fuel burnup, criticality safety, burnup credit, OECD/NEA
benchmark, SCALE code.

Streszczenie: Artykuł prezentuje wyniki uzyskane przez autora w ramach międzynarodowego benchmarku OECD/NEA
pt. „Porównanie kodów obliczeniowych dla wypalania prętów paliwowych z gadolinem w zestawach reaktora wodnego
wrzącego”, poświęconego walidacji kodów obliczeniowych do modelowania wypalenia paliwa reaktora wodnego wrzącego
(BWR) zawierającego gadolin jako wypalającą się truciznę. Głównym celem benchmarku była analiza zdolności różnych
systemów obliczeniowych do precyzyjnego przewidywania ewolucji reaktywności, ze szczególnym uwzględnieniem tzw. piku
reaktywności, który jest kluczowy dla analiz bezpieczeństwa krytycznościowego i koncepcji burnup credit. Obliczenia wykona no
przy użyciu pakietu kodów SCALE 6.2.2 (sekwencja TRITON/NEWT) z wykorzystaniem 252-grupowej biblioteki danych
jądrowych ENDF/B-VII.1. W pracy przedstawiono ewolucję współczynnika mnożenia k-inf, zmiany stężeń kluczowych izotopów 
gadolinu (Gd-155, Gd-157) oraz szczegółowe składy izotopowe aktynowców i produktów rozszczepienia dla różnych głębokości
wypalenia i trzech wariantów zawartości pary w wodzie (0%, 40%, 70%). Uzyskane wyniki wykazały bardzo dobrą zgodność
z rezultatami innych uczestników benchmarku, poprawnie odwzorowując zarówno ogólne trendy, jak i wartości liczbowe.
W podsumowaniu odniesiono się także do ogólnych wniosków z raportu OECD, wskazując na biblioteki danych jądrowych
jako główne źródło rozbieżności w wynikach oraz na wciąż istniejące wyzwania w modelowaniu stężeń niektórych izotopów.

Słowa kluczowe: Reaktor BWR, gadolin, wypalająca się trucizna, wypalanie paliwa bezpieczeństwo krytycznościowe,
burnup credit, benchmark OECD/NEA, kod SCALE.
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1. Introduction

Mod ern fuel assem blies used in boil ing water reac tors
(BWRs) often employ gad o lin ium oxide (Gd2O3) as
a burnable neu tron absorber (so-called burnable poi son).
Its pres ence leads to a com plex reac tiv ity behav iour of the
fuel dur ing oper a tion. The rapid deple tion of the strongly
absorb ing gad o lin ium iso topes causes the reac tiv ity of the
fuel assem bly to ini tially increase, reach ing a max i mum at
rel a tively low burnup (typ i cally below 20 GWd/MTU), and 
then to decrease steadily. Accu rate pre dic tion of the char -
ac ter is tics of this reac tiv ity peak is a fun da men tal chal -
lenge in crit i cal ity safety anal y ses, par tic u larly in the con -
text of imple ment ing the burnup credit (BUC) approach
for spent fuel.

To val i date and com pare the capa bil i ties of com pu ta -
tional sys tems in mod el ling such com plex phe nom ena, the
OECD Nuclear Energy Agency (NEA), through its Work -
ing Party on Nuclear Crit i cal ity Safety (WPNCS), organ ises
inter na tional code com par i son exer cises (bench marks). The 
direct moti va tion for organ is ing Phase IIB of the bench -
mark – Code Com par i son for Deple tion of Gad o lin -
ium-Bear ing Fuel Rods in Boil ing Water Reac tor Assem -
blies [1] – came from the results of the ear lier Phase IIIC,
which revealed sig nif i cant dis crep an cies aris ing from dif fer -
ences in the mod el ling options cho sen by the par tic i pants.
In response, the Expert Group on Used Nuclear Fuel Crit i -
cal ity (EGUNF) designed Phase IIB with the key objec tive
of iso lat ing and assess ing the dif fer ences result ing directly
from the com pu ta tional meth ods and nuclear data librar ies
used. To achieve this, the bench mark spec i fi ca tion – based
on the geom e try of the 9´9 “STEP-3” fuel assem bly –
adopted a rig or ous pre scrip tive approach. A uni fied,
detailed gad o lin ium -bear ing rod model (divided into 10
con cen tric rings) was imposed on all par tic i pants, along
with pre cisely defined deple tion steps, focus ing the anal y sis
on the reac tiv ity peak region of crit i cal safety sig nif i cance.

The pur pose of this paper is to pres ent and ana lyse in
detail the author’s results for the Phase IIB bench mark.
The work doc u ments the appli ca tion of a selected com pu -
ta tional meth od ol ogy to solv ing the com plex issue of gad o -
lin ium-bear ing BWR fuel deple tion, in strict accor dance
with the OECD/NEA spec i fi ca tion. The pre sented results
and con clu sions con trib ute to the doc u men ta tion and
under stand ing of the behav iour of such mod els, while the
bench mark itself con sti tutes a valu able tool in the devel op -
ment of spent fuel safety analysis methods.

2. Burnable poisons

A burnable poi son (or burnable absorber) is a mate rial
with a high neu tron absorp tion cross sec tion that is inten -
tion ally intro duced into the core of a nuclear reac tor. The
pri mary pur pose of using burnable poi sons is to com pen -
sate for the excess reac tiv ity of fresh fuel at the begin ning
of the reac tor oper at ing cycle. This allows for the safe
load ing of higher-enriched fuel, which in turn enables an
extended fuel cycle length (the period of reac tor oper a tion 
between refuellings) and con trib utes to a more uni form
power dis tri bu tion within the core.

The oper at ing mech a nism of a burnable poi son is that,
dur ing reac tor oper a tion, under neu tron flux, the absorb -
ing mate rial is trans muted into iso topes with much smaller
neu tron absorp tion cross sec tions or into sta ble iso topes.
In this way, the poi son “burns out” and its neg a tive con tri -
bu tion to reac tiv ity decreases. This pro cess causes a grad -
ual increase in reac tiv ity, par tially off set ting the reac tiv ity
decrease result ing from the deple tion of fis sion able mate -
rial and the accu mu la tion of neu tron-absorb ing fis sion
prod ucts. Fig ure 1 illus trates this effect by plot ting the infi -
nite mul ti pli ca tion fac tor of an exam ple fuel assem bly in
two con fig u ra tions — with and with out a gad o lin ium -bear -
ing rod — as a function of depletion time.
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Fig. 1. Dependence of the infinite multiplication factor on the burnup time for the fuel assembly in two configurations: with and without
a gadolinium rod. A characteristic reactivity peak is visible, caused by the presence of gadolinium in the nuclear fuel. Source: author’s own work.



The most com monly used burnable absorber mate ri als
include gad o lin ium oxide (Gd2O3), erbium oxide (Er2O3),
dys pro sium com pounds, and haf nium [2]. The choice of
a par tic u lar mate rial depends on the type of reac tor, the
fuel design and the desired deple tion char ac ter is tics. In
both pres sur ised water reac tors (PWRs) and boil ing water
reac tors (BWRs), the dom i nant and most widely used
burnable absorber is gad o lin ium oxide, added to selected
fuel rods.

3. Gadolinium oxide (Gd2O3)

The popularity of gadolinium oxide as a burnable absorber 
stems from the unique combination of its properties. A key 
feature of gadolinium is the exceptionally large thermal
neutron absorption cross sections of its two naturally
occurring isotopes: Gd-155 and Gd-157 The thermal (n,a)
capture cross section (for neutrons at 0.0253 eV) is
approximately 254.000 barns for Gd-157 and about 61.100
barns for Gd-155 [3]. These values are several orders of
magnitude higher than those for fissionable materials (e.g., 
~580 barns for U-235) or even for other strong reactor
poisons. This property means that even small amounts of
gadolinium can effectively reduce the local neutron flux
and control reactivity.

The isotopic composition of natural gadolinium is signi -
ficant from the point of view of absorption efficiency:
even-mass isotopes with smaller cross-sections differ
(Gd-158 approx. 24.84%, Gd-160 approx. 21.86%, Gd-156
approx. 20.47%), while the main absorbers are Gd-155
(approx. 14.80%) and Gd-157 (approx. 15.65%) (others:
Gd-154 approx. 2.18%, Gd-152 approx. 0.20%) [6]. Thus,
~30% of natural gadolinium constitutes isotopes with very 
large cross-sections, which correspond to the rapid
“burnout” of the gadolinium additive.

In addi tion to its nuclear prop er ties, Gd2O3 has a num -
ber of physicochemical advan tages:

• At elevated temperatures, Gd2O3 dissolves well in ura -
nium dioxide, allowing for homogeneous mixing with
nuclear fuel during manufacturing to produce so-called
UO2–Gd2O3 fuel [4].

• Gadolinium oxide has a high melting point (approx.
2.420°C) and exhibits excellent chemical and radiation
stability under reactor operating conditions. Importan -
tly, upon neutron absorption it does not generate
significant amounts of gaseous transmutation products
[5]. This contrasts with boron, for example, whose B-10
isotope produces helium via the (n,á) reaction,
potential ly leading to increased rod internal pressure
and fuel swelling.
Nev er the less, the use of gad o lin ium also has cer tain

draw backs. Once the main absorb ers (Gd-155 and
Gd-157) have been depleted, the remain ing iso topes -
—espe cially the even-mass ones such as Gd-154, Gd-156,
Gd-158, and Gd-160—have much smaller absorp tion cross 

sec tions and remain in the fuel as so-called resid ual poi son. 
This can adversely affect neu tron econ omy toward the end
of the fuel cycle, reduc ing the achiev able deple tion. [4]

3.1 Chal lenges in mod el ling the deple tion
of gad o lin ium bear ing fuel

Sim u lat ing the deple tion of nuclear fuel is a com plex task
requir ing the simul ta neous solu tion of the neu tron trans -
port equa tion and the sys tem of dif fer en tial equa tions
describ ing the evo lu tion of the iso to pic com po si tion of the
fuel over time. The pres ence of gad o lin ium, due to its
unique prop er ties, increases this com plex ity and intro -
duces a range of chal lenges that must be accu rately
addressed in com pu ta tional codes. Although the fol low ing
chal lenges are dis cussed in the con text of gad o lin ium,
many of them are of a gen eral nature and apply to mod el -
ling any mate rial with very strong neu tron-absorb ing prop -
er ties.

The fol low ing key issues can be iden ti fied when mod el -
ling the deple tion of fuel con tain ing a strong neu tron ab -
sor ber, par tic u larly gad o lin ium.

a) Very large neu tron absorp tion cross sec tions of Gd-155
and Gd-157 iso topes

The extremely high ther mal neu tron cap ture cross sec tions 
of gad o lin ium’s two nat u ral iso topes, Gd-155 and Gd-157
(val ues given in Sec tion 3), are one of the main dif fi cul ties
in mod el ling gad o lin ium-bear ing fuel. To accu rately track
the rapid changes in gad o lin ium iso tope con cen tra tions
and the result ing reac tiv ity vari a tions (espe cially near the
reac tiv ity peak), deple tion cal cu la tions must be per formed
using small time steps (or, equiv a lently, small deple tion
steps).

b) Strong self-shield ing effects

A direct con se quence of gad o lin ium’s very large absorp -
tion cross sec tions is the strong self-shield ing of neu trons.
This means that ther mal neu trons enter ing a gad o lin -
ium-bear ing fuel region are very effec tively absorbed in its
outer lay ers. As a result, the neu tron flux reach ing the
inner por tions of the fuel rod is sig nif i cantly atten u ated
com pared to the flux at its sur face. This effect greatly
reduces the effec tive absorp tion reac tion rate in gad o lin -
ium com pared to the value that would be cal cu lated
assum ing a uni form neu tron flux through out the rod vol -
ume. Con se quently [6]:

• standard diffusion-theory approaches may be insuf fi -
cient. High-resolution neutron transport methods, such
as the Method of Characteristics (MOC) or Monte
Carlo techniques, are required to better captu re the
steep flux gradients in the presence of strong absorbers;

• simple averaging of neutron properties within a compu -
ta tional cell can lead to significant errors if self-shiel -
ding effects are not explicitly accounted for. Therefore,
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homogenisation of materials in the fuel cell is not
applicable here;

• multi-group nuclear data libraries that incorporate self -
-shielding effects, or dynamic “on-the-fly” generation of 
effective cross sections during the calculation, must be
used.

c) Rapid, non-uni form spa tial deple tion

The non-uni form spa tial deple tion of gad o lin ium—often
referred to as the “onion peel ing effect”—is a direct con se -
quence of strong self-shield ing. Gad o lin ium does not burn
uni formly across the fuel rod vol ume; instead, the pro cess
occurs in lay ers, start ing from the outer regions exposed to 
the high est neu tron flux. These outer lay ers quickly lose
Gd-155 and Gd-157, becom ing more “trans par ent” to neu -
trons, which then pen e trate deeper and deplete the next
layer. This cre ates a deple tion front that grad u ally moves
from the rod sur face toward its cen tre.

This highly non-uni form pro cess places sig nif i cant
demands on com pu ta tional codes:
• to accurately capture steep gadolinium concentration

gradients, codes must employ very fine spatial dis cre -
tisation in regions containing gadolinium. In practice,
this means dividing the fuel rod into a series of con -
centric rings (cylindrical zones), with depletion tracked
separately for each [7];

• models treating the entire gadolinium-bearing rod as
a homogeneous zone can produce substantial errors,
e.g. overestimating absorber depletion rates early in the 
cycle. This in turn can lead to deviations in calculated
reactivity, with the model predicting the reactivity peak
too early while a portion of the absorber remains
unburned inside the rod.

• the combination of advanced transportation methods,
fine spatial meshing, and small time (depletion) steps
results in very long simulation times.

d) Sen si tiv ity to irra di a tion his tory and lack
of val i da tion data

The deple tion rate of gad o lin ium is sen si tive not only to
fuel design but also to the detailed irra di a tion his tory and
local reac tor oper at ing param e ters, such as fuel tem per a -
ture, mod er a tor den sity (steam frac tion in BWRs), or the
pres ence of con trol rods [8]. The com plex, cou pled effects
of these param e ters fur ther com pli cate anal y sis.

How ever, the great est lim i ta tion in improv ing sim u la -
tion tools is the insuf fi cient amount of high-qual ity exper i -
men tal data. This is par tic u larly true for the iso to pic com -
po si tion of burned BWR gad o lin ium-bear ing fuel, espe -
cially at low deple tion lev els where the reac tiv ity peak
occurs [9]. Exist ing datasets often lack pre cise mea sure -
ments of resid ual gad o lin ium iso tope con cen tra tions. This
means that even if com pu ta tional codes are the o ret i cally
capa ble of mod el ling com plex phe nom ena, con fi dence in
the accu racy of their pre dic tions is lim ited by the short age
of data for com par i son and val i da tion.

4. Con se quences of the reac tiv ity peak and

require ments for safety anal y ses

The pres ence of gad o lin ium in nuclear fuel leads to a char -
ac ter is tic non-monotonic behav iour of reac tiv ity as a func -
tion of deple tion. In con trast to fuel with out burnable
absorb ers—where reac tiv ity gen er ally decreases—an ini tial 
increase is observed here. This occurs because the trans -
mu ta tion rate of the Gd-155 and Gd-157 iso topes is ini -
tially much faster than the deple tion rate of the fis sion able
mate rial. At the point where most of the effec tive gad o lin -
ium iso topes have been depleted, the reac tiv ity curve
reaches a max i mum, referred to as the „reac tiv ity peak“.
After this point, the dom i nant effects become the loss of
fis sion able mate rial and the con tin ued buildup of fis sion
prod ucts, result ing in a sys tem atic decrease in reac tiv ity.

Although the reac tiv ity peak occurs only dur ing reac tor
oper a tion, it has fun da men tal impor tance for sub se quent
crit i cal ity safety anal y ses—for exam ple, for spent fuel
pools or trans port flasks [10]. Such anal y ses must be based
on con ser va tive assump tions regard ing the fuel state. Since 
a stor age facil ity may con tain assem blies at dif fer ent
deple tion lev els, it is nec es sary to iden tify the most reac tive 
iso to pic com po si tion the fuel could have reached at any
point in its oper a tional his tory. For gad o lin ium-bear ing
nuclear fuel, this most reac tive state does not occur at the
begin ning of the cycle (when gad o lin ium sup presses reac -
tiv ity) or at the end of the cycle (when the fuel is heavily
depleted). Instead, it occurs pre cisely at the moment the
reac tiv ity peak is reached. For this rea son, accu rately pre -
dict ing the iso to pic com po si tion of the fuel at this spe cific
point is a pre req ui site for the safe and reli able imple men -
ta tion of the so-called burnup credit con cept—an appro -
ach in crit i cal ity safety anal y sis that takes into account the
reduc tion in reac tiv ity of spent nuclear fuel due to changes
in its com po si tion after reac tor oper a tion. An incor rect
cal cu la tion of nuclide com po si tion at the peak—for exam -
ple, under es ti mat ing the remain ing fis sile con tent or over -
es ti mat ing the con cen tra tion of poi sons—would lead to
an inac cu rate (non-con ser va tive) assess ment of the neu -
tron mul ti pli ca tion fac tor for stor age and trans port sys -
tems [9].

In sum mary, although the reac tiv ity peak is a reac tor
oper a tional phe nom e non, it defines the most lim it ing case
for spent fuel safety anal y ses. The chal lenge lies not in
mod el ling the peak itself as a pro cess, but in pre cisely cal -
cu lat ing the fuel’s iso to pic com po si tion at this one crit i cal
point in its his tory. The reli abil ity of such cal cu la tions
depends directly on the qual ity of the sim u la tion codes and 
the nuclear data used [11]. There fore, inter na tional bench -
marks, such as the one dis cussed in this work, play a key
role in the ver i fi ca tion and val i da tion of com pu ta tional
tools nec es sary to meet this chal lenge.

The descriptions of specifications, tables, and figures in
this chapter come from the OECD/NEA report [1].
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5. Bench mark spec i fi ca tion

A) Geom e try

Geo met ri cally, the con fig u ra tion con sists of a sin gle 9´9
fuel assem bly with reflec tive bound ary con di tions. The lat -
tice pitch is uni form across the assem bly at 1.45 cm. At the
cen tre of the assem bly there is a square water chan nel con -
tain ing non-boil ing water. Both the water chan nel and the
fuel rod chan nels are mod elled as square regions of iden ti -
cal height. The geom e try of the assem bly and the fuel rod
is shown in Fig. 2.

The pri mary objec tive of the bench mark is to fur ther
inves ti gate dif fer ences in the pre dicted nuclear den si ties of 
gad o lin ium in spent BWR fuel and their impact on crit i cal -
ity. The bench mark imposes a spe cific method for mod el -
ling gad o lin ium in order to mini mise result dis crep an cies
aris ing from dif fer ences in mod el ling approaches among
par tic i pants. Each gad o lin ium-bear ing rod is mod elled
using 10 con cen tric rings of equal cross-sec tional area, as
shown in Fig. 3. Each of the 10 regions in the gad o lin -
ium-bear ing rod is to be treated sep a rately dur ing deple -
tion cal cu la tions, fol low ing the num ber ing shown in Fig. 3
and Table 1. The rings are num bered 1 through 10 from
the cen tre out ward. The fuel assem bly under con sid er ation 
con tains eight gad o lin ium-bear ing rods located in the posi -
tions shown in Fig. 2.

B) Mate ri als

For sim plic ity, it is assumed that all fuel rods with out gad o -
lin ium have the same enrich ment of 4.0 wt% U-235. All
gad o lin ium-bear ing rods are arranged sym met ri cally and

have iden ti cal com po si tion. The nuclear den si ties for fresh 
fuel and the absorber com po si tion are given in Table 2.
The fuel tem per a ture is 900 K. The clad ding, water chan -
nel, and assem bly chan nel box are made of Zircaloy-2. The 
tem per a ture of all non-fuel mate ri als is 600 K, con sis tent
with the tem per a tures used in many con tin u ous-energy
cross-sec tion librar ies. Three void frac tion cases are con -
sid ered for the water sur round ing the fuel rod chan nels:
0%, 40%, and 70%. The nuclear den si ties of Zircaloy and
water are pro vided in Table 3.
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Fig. 2. 2D diagram of the fuel assembly used in the benchmark.

Fig. 3. Details of Gd2O3 rod modelling.



C) Deple tion con di tions

The fuel assem bly power is 25.0 MW/MTU (W/gU)
through out the entire deple tion period, which is con sid -
ered as a sin gle con tin u ous oper a tion with out shut downs.
The deple tion steps are given in Table 4 and were cho sen
in order to:
1. obtain sufficiently accurate results for most code

calculations,
2. provide a precise estimate of reactivity changes in the

depletion region where the reactivity maximum occurs.
Par tic i pants may add addi tional steps if deemed nec es -

sary to improve accu racy.
The first two steps are 0.1 and 0.4 GWd/MTU, fol lowed 

by 39 steps of 0.5 GWd/MTU each, yield ing a final burnup
of 20 GWd/MTU. Deple tion cal cu la tions are to be per -
formed for the fol low ing steam frac tions in the water sur -
round ing the fuel rod chan nels: 0%, 40%, and 70%, using
the den si ties given in Table 3. The water in the cen tral
chan nel and out side the fuel assem bly is assumed to con -
tain no steam (0%) in all cases. It is assumed that the tem -
per a tures of the fuel, mod er a tor, and struc tural mate ri als
are the same in all three cases.

The assem bly design used in the bench mark exhib its
sev eral sym me tries (half, 1/4 and 1/8), any of which may be
applied in the cal cu la tions.

D) Required cal cu la tion results

The fol low ing results were required from all bench mark
par tic i pants:
a) The infinite multiplication factor (k-inf) for the 2-D

configuration for fresh fuel and after each depletion
step, without any interim fuel storage period without
irradiation.

b) The nuclear number densities of the isotopes listed in
Table 5 shall be reported every 2 GWd/MTU:
• without interim storage,
• with a 5-year interim storage period.

c) The average nuclear number densities of actinides and
fission products shall be reported for all fuel rods not
containing gadolinium. The nuclear number densities
of gadolinium isotopes shall be reported for each ring in 
the gadolinium-bearing rods. The required combina -
tions of depletion and storage time are summarised in
Table 6. The depletion of gadolinium-bearing rods shall 
also be reported for each of the ten steps in Table 6 to
assess potential differences in depletion arising from
modelling of gadolinium absorption.
An Excel spread sheet was pro vided to facil i tate the sub -

mis sion of results. Par tic i pants were also requested to pro -
vide gen eral infor ma tion, includ ing details rel e vant for
com par ing results among par tic i pants, namely:
1. Name of the calculation code used,
2. Neutronic/spectral calculation method (e.g., Monte

Carlo, Sn, MOC),
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Table 1. Dimensions of gadolinium rod rings [1].

Ring number External radius [cm]

1 0.151789

2 0.214663

3 0.262907

4 0.303579

5 0.339411

6 0.371806

7 0.401597

8 0.429325

9 0.455368

10 0.48

Table 3. Isotopic composition of water and Zircaloy [1].

Material Element

Nuclear

density

[atoms/b·cm]

Water (0% steam void)
H 4.3417×10–2

O 2.1708×10–2

Water with 40% steam void
H 2.7998×10–2

O 1.3999×10–2

Water with 70% steam void
H 1.6434×10–2

O 8.2170×10–3

Zircaloy-2

Sn 4.9797×10–4

Fe 9.1782×10–5

Cr 7.5861×10–5

Ni 4.0314×10–5

Zr 4.2465×10–2

Table 2. Isotopic composition of fuel and absorber [1].

Material Isotope/Element
Nuclear density

[atom/b·cm]

UO2

U-234 8.4700×10–6

U-235 9.4763×10–4

U-238 2.2447×10–2

O 4.6807×10–2

UO2 + Gd2O3

U-234 6.8396×10–6

U-235 7.6521×10–4

U-238 2.1460×10–2

O 4.6225×10–2

Gd-154 2.5654×10–5

Gd-155 1.7417×10–4

Gd-156 2.4089×10–4

Gd-157 1.8417×10–4

Gd-158 2.9232×10–4

Gd-160 2.5725×10–4



3. Depletion calculation method (e.g., predictor –correc -
tor, predictor only, iterative predictor–corrector, mid -
point method)

4. Nuclear data library (e.g., ENDF/B-VII.1, JEFF-3.1),
5. Num ber of energy groups (or con tin u ous-energy neu -

tron flux spec trum),
6. Portion of the assembly modelled (e.g., full assembly,

half assembly, etc.)
7. Convergence criterion (e.g., source and flux, or keff and

value),
8. Optional description of the code.

6. Results

Deple tion cal cu la tions for the ana lysed BWR fuel assem -
bly were per formed using the TRITON cal cu la tion
sequence from the SCALE code pack age, ver sion 6.2.2
[12]. The SCALE pack age, devel oped by Oak Ridge
National Lab o ra tory, is an inte grated set of tools for mod -
el ling and safety anal y sis of nuclear sys tems. Within the
TRITON sequence, the two-dimen sional deter min is tic
solver NEWT, based on the dis crete ordi nates method
(Sn), was used to solve the neu tron trans port equa tion.
Cou pling between trans port cal cu la tions and deple tion
cal cu la tions was car ried out using the pre dic tor–corrector
method.
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Table 4. Depletion steps [1].

Step No. Lengtha Cumulative depletion ratiob Step No. Lengtha Cumulative depletion ratiob

1 0.10 0.10 32 0.25 7.75

2 0.15 0.25 33 0.25 8.00

3 0.25 0.50 34 0.25 8.25

4 0.25 0.75 35 0.25 8.50

5 0.25 1.00 36 0.25 8.75

6 0.25 1.25 37 0.25 9.00

7 0.25 1.50 38 0.25 9.25

8 0.25 1.75 39 0.25 9.50

9 0.25 2.00 40 0.25 9.75

10 0.25 2.25 41 0.25 10.0

11 0.25 2.50 42 0.5 10.5

12 0.25 2.75 43 0.5 11.0

13 0.25 3.00 44 0.5 11.5

14 0.25 3.25 45 0.5 12.0

15 0.25 3.50 46 0.5 12.5

16 0.25 3.75 47 0.5 13.0

17 0.25 4.00 48 0.5 13.5

18 0.25 4.25 49 0.5 14.0

19 0.25 4.50 50 0.5 14.5

20 0.25 4.75 51 0.5 15.0

21 0.25 5.00 52 0.5 15.5

22 0.25 5.25 53 0.5 16.0

23 0.25 5.50 54 0.5 16.5

24 0.25 5.75 55 0.5 17.0

25 0.25 6.00 56 0.5 17.5

26 0.25 6.25 57 0.5 18.0

27 0.25 6.50 58 0.5 18.5

28 0.25 6.75 59 0.5 19.0

29 0.25 7.00 60 0.5 19.5

30 0.25 7.25 61 0.5 20.0

31 0.25 7.50

a Depletion step length is given in GWd/MTU.
b The cumulative depletion ratio is given in GWd/MTU.



The com pu ta tional model was devel oped in accor dance 
with the bench mark spec i fi ca tion [1]. A full 9´9 fuel
assem bly con fig u ra tion was mod elled with out apply ing
sym me try sim pli fi ca tions, which was one of the mod el ling
options adopted by bench mark par tic i pants. In accor dance 
with the bench mark assump tions, reflec tive bound ary con -
di tions were applied at the exter nal bound aries of the
assem bly for the cal cu la tion of the infi nite mul ti pli ca tion
fac tor (k-inf), thereby sim u lat ing an infi nite lat tice of iden -

ti cal assem blies. A key ele ment of the spec i fi ca tion was the 
detailed mod el ling of gad o lin ium-bear ing fuel rods, which
were divided into ten con cen tric zones of equal cross-sec -
tional area to enable accu rate track ing of poi son deple -
tion. Cal cu la tions were per formed using the 252-group
neu tron data library based on ENDF/B-VII.1, sup plied
with the SCALE pack age.

This paper pres ents selected results rel e vant to the
require ments of the bench mark authors. Fig ure 4 shows
the vari a tion of the mul ti pli ca tion fac tor k-inf as a func tion 
of burnup for three ana lysed steam frac tions. Tables 7 and
8 sum ma rise the cal cu lated nuclear num ber den si ties for
the most impor tant actinides and fis sion prod ucts from the 
stand point of crit i cal ity, tak ing into account dif fer ent
burnup ratio, steam frac tions, and a 5-year cool ing period.
The key bench mark aspect of gad o lin ium poi son deple tion 
is illus trated in Fig ures 5 and 6, where, for iso topes Gd-155 
and Gd-157, the changes in their total num ber den sity
(summed over all rings) are shown as a func tion of deple -
tion and steam frac tion. Fig ure 7 pres ents the rela tion ship
between the deple tion of gad o lin ium-bear ing rods and the
deple tion of the entire fuel assem bly. Due to data rights,
the results of other teams were not repro duced here.
Aggre gate com par i sons are avail able in Annex B of the
OECD/NEA report, where SC20 rows in Gd-155/Gd-157
con cen tra tion tables (e.g., pp. 117–122 [1]) show the same
order of mag ni tude as other par tic i pants; sim i larly, k-inf
results and cor re spond ing burnups are com piled (Tab. 4.2
[1]). The OECD/NEA report [1] noted that 'SC20 acti nide
results indi cate an error in the ini tial ura nium iso to pic con -
cen tra tions' and for this rea son, SC20 results were not
included in the sta tis ti cal anal y ses of actinides. This note
applies solely to actinides and selected fis sion prod ucts – it
does not refer to the gad o lin ium com par i sons or k-inf
trends presented here.

On the depletion of gadolinium-bearing fuel rods in BWR assemblies: a study within the NEA/OECD benchmark

4(138)2025 51

Table 5. Isotopes to report [1].

Actinides U-234, 235, 236, 238,
Np-237,

Pu-238, 239, 240, 241, 242,
Am-241

Fission products Tc-99, Rh-103, Xe-131, Eu-155,
Cs-133, Nd-143, 148, Sm-147, 149, 151, 152

Gd Gd-154, 155, 156, 157, 158, 160

Table 6. Burnup and decay times for reporting [1].

Burnup ratio 

[GWd/MTU]

Storage period

[years]

2 0 and 5

4 0 and 5

6 0 and 5

8 0 and 5

10 0 and 5

12 0 and 5

14 0 and 5

16 0 and 5

18 0 and 5

20 0 and 5

Fig. 4. Changes in the k-inf multiplication factor as a function of burnup for the three analysed water steam void fractions.
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Fig. 5. Changes in the total Gd-155 nuclear density across all rings depending on burnup and steam content.

Fig. 6. Changes in the total Gd-157 nuclear density across all rings depending on burnup and steam content.

Fig. 7. The relationship between the burnup of gadolinium rods and the burnup of the entire fuel assembly.



Table 7. Calculated nuclear densities for the most important actinides from the point of view of criticality, taking into account different burn-up, steam content and a 5-year cooling time.

Steam void
fraction [%

Burnup ratio 
[GWd/MTU]

Storage
time [years]

Nuclear densities of actinides [atom/barn·cm]

U-234 U-235 U-236 U-238 Np-237 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241

0 2 0 8.0919E–06 8.7188E–04 1.0068E–05 2.2313E–02 1.4632E–07 2.2230E–09 1.8703E–05 6.8719E–07 6.0084E–08 7.8557E-10 1.5664E-10

0 2 5 8.0919E–06 8.7188E–04 1.0069E–05 2.2313E–02 1.7169E–07 2.3455E–09 1.9621E–05 6.8683E–07 4.7152E–08 7.8561E-10 1.3033E–08

0 4 0 7.9014E–06 8.1942E–04 1.9468E–05 2.2289E–02 3.8288E–07 1.2122E–08 3.4412E–05 2.4179E–06 4.0231E–07 1.1063E–08 2.1584E–09

0 4 5 7.9015E–06 8.1943E–04 1.9468E–05 2.2289E–02 4.1901E–07 1.3695E–08 3.5310E–05 2.4175E–06 3.0753E–07 1.0764E–08 9.6877E–08

0 6 0 7.7171E–06 7.6944E–04 2.8298E–05 2.2265E–02 6.7703E–07 3.2176E–08 4.6926E–05 4.7667E–06 1.0986E–06 4.7512E–08 9.0197E–09

0 6 5 7.7180E–06 7.6944E–04 2.8298E–05 2.2265E–02 7.2543E–07 4.3407E–08 4.7803E–05 4.7649E–06 8.0128E–07 4.4986E–08 3.0701E–07

0 8 0 7.5384E–06 7.2151E–04 3.6629E–05 2.2241E–02 1.0141E–06 6.4093E–08 5.6810E–05 7.4960E–06 2.0979E–06 1.2684E–07 2.3319E–08

0 8 5 7.5421E–06 7.2148E–04 3.6633E–05 2.2241E–02 1.0782E–06 1.0504E–07 5.7668E–05 7.4928E–06 1.4559E–06 1.1729E–07 6.7046E–07

0 10 0 7.3640E–06 6.7541E–04 4.4524E–05 2.2217E–02 1.3861E–06 1.0948E–07 6.4645E–05 1.0459E–05 3.3271E–06 2.6282E–07 4.6568E–08

0 10 5 7.3744E–06 6.7531E–04 4.4536E–05 2.2217E–02 1.4718E–06 2.1394E–07 6.5497E–05 1.0456E–05 2.2014E–06 2.3807E–07 1.1900E–06

0 12 0 7.1914E–06 6.3109E–04 5.2024E–05 2.2194E–02 1.7931E–06 1.7056E–07 7.0990E–05 1.3566E–05 4.7355E–06 4.6720E–07 7.9351E–08

0 12 5 7.2147E–06 6.3086E–04 5.2052E–05 2.2193E–02 1.9082E–06 3.8641E–07 7.1852E–05 1.3566E–05 3.0021E–06 4.1578E–07 1.8558E–06

0 14 0 7.0196E–06 5.8851E–04 5.9151E–05 2.2169E–02 2.2349E–06 2.4986E–07 7.6181E–05 1.6763E–05 6.2754E–06 7.5010E–07 1.2158E–07

0 14 5 7.0650E–06 5.8810E–04 5.9202E–05 2.2169E–02 2.3877E–06 6.3824E–07 7.7061E–05 1.6770E–05 3.8319E–06 6.5769E–07 2.6499E–06

0 16 0 6.8484E–06 5.4762E–04 6.5916E–05 2.2144E–02 2.7082E–06 3.4981E–07 8.0401E–05 2.0010E–05 7.8963E–06 1.1196E–06 1.7259E–07

0 16 5 6.9285E–06 5.4695E–04 6.6000E–05 2.2144E–02 2.9074E–06 9.8308E–07 8.1303E–05 2.0031E–05 4.6668E–06 9.6951E–07 3.5488E–06

0 18 0 6.6776E–06 5.0837E–04 7.2328E–05 2.2119E–02 3.2089E–06 4.7272E–07 8.3779E–05 2.3276E–05 9.5543E–06 1.5818E–06 2.3120E–07

0 18 5 6.8091E–06 5.0738E–04 7.2454E–05 2.2118E–02 3.4639E–06 1.4321E–06 8.4709E–05 2.3320E–05 5.4907E–06 1.3557E–06 4.5261E–06

0 20 0 6.5072E–06 4.7074E–04 7.8394E–05 2.2092E–02 3.7334E–06 6.2081E–07 8.6430E–05 2.6536E–05 1.1213E–05 2.1413E–06 2.9591E–07

0 20 5 6.7108E–06 4.6936E–04 7.8571E–05 2.2092E–02 4.0536E–06 1.9937E–06 8.7393E–05 2.6611E–05 6.2945E–06 1.8199E–06 5.5550E–06

40 2 0 8.0696E–06 8.7230E–04 1.0398E–05 2.2309E–02 1.7064E–07 2.8752E–09 2.1276E–05 7.7949E–07 7.9735E–08 1.0286E–09 2.0881E-10

40 2 5 8.0697E–06 8.7231E–04 1.0398E–05 2.2309E–02 2.0051E–07 3.0344E–09 2.2319E–05 7.7909E–07 6.2573E–08 1.0287E–09 1.7297E–08

40 4 0 7.8592E–06 8.2065E–04 2.0028E–05 2.2282E–02 4.4888E–07 1.5723E–08 3.9153E–05 2.6886E–06 5.2000E–07 1.4049E–08 2.8102E–09

40 4 5 7.8594E–06 8.2066E–04 2.0027E–05 2.2282E–02 4.9188E–07 1.7889E–08 4.0172E–05 2.6881E–06 3.9711E–07 1.3686E–08 1.2539E–07

40 6 0 7.6568E–06 7.7174E–04 2.9012E–05 2.2255E–02 7.9499E–07 4.1758E–08 5.3485E–05 5.2301E–06 1.3908E–06 5.8830E–08 1.1521E–08

40 6 5 7.6580E–06 7.7175E–04 2.9011E–05 2.2255E–02 8.5321E–07 5.6885E–08 5.4480E–05 5.2282E–06 1.0120E–06 5.5845E–08 3.8970E–07

40 8 0 7.4617E–06 7.2512E–04 3.7438E–05 2.2227E–02 1.1913E–06 8.3155E–08 6.4943E–05 8.1504E–06 2.6150E–06 1.5378E–07 2.9336E–08

40 8 5 7.4666E–06 7.2509E–04 3.7440E–05 2.2227E–02 1.2691E–06 1.3712E–07 6.5917E–05 8.1476E–06 1.8077E–06 1.4272E–07 8.3802E–07

40 10 0 7.2724E–06 6.8050E–04 4.5376E–05 2.2201E–02 1.6270E–06 1.4181E–07 7.4146E–05 1.1300E–05 4.0946E–06 3.1281E–07 5.7881E–08



40 10 5 7.2859E–06 6.8039E–04 4.5386E–05 2.2201E–02 1.7314E–06 2.7690E–07 7.5112E–05 1.1298E–05 2.6937E–06 2.8462E–07 1.4682E–06

40 12 0 7.0868E–06 6.3776E–04 5.2879E–05 2.2173E–02 2.0998E–06 2.2019E–07 8.1691E–05 1.4585E–05 5.7617E–06 5.4648E–07 9.7641E–08

40 12 5 7.1167E–06 6.3751E–04 5.2905E–05 2.2173E–02 2.2397E–06 4.9452E–07 8.2667E–05 1.4589E–05 3.6234E–06 4.8876E–07 2.2636E–06

40 14 0 6.9034E–06 5.9685E–04 5.9976E–05 2.2146E–02 2.6087E–06 3.2111E–07 8.7978E–05 1.7951E–05 7.5634E–06 8.6308E–07 1.4834E–07

40 14 5 6.9612E–06 5.9639E–04 6.0027E–05 2.2146E–02 2.7941E–06 8.0697E–07 8.8975E–05 1.7965E–05 4.5708E–06 7.6072E–07 3.2002E–06

40 16 0 6.7219E–06 5.5770E–04 6.6685E–05 2.2118E–02 3.1503E–06 4.4728E–07 9.3223E–05 2.1358E–05 9.4477E–06 1.2686E–06 2.0915E–07

40 16 5 6.8231E–06 5.5696E–04 6.6770E–05 2.2118E–02 3.3913E–06 1.2283E–06 9.4248E–05 2.1391E–05 5.5135E–06 1.1044E–06 4.2503E–06

40 18 0 6.5422E–06 5.2025E–04 7.3019E–05 2.2089E–02 3.7198E–06 6.0116E–07 9.7570E–05 2.4778E–05 1.1369E–05 1.7671E–06 2.7876E–07

40 18 5 6.7066E–06 5.1917E–04 7.3147E–05 2.2089E–02 4.0270E–06 1.7691E–06 9.8631E–05 2.4840E–05 6.4361E–06 1.5224E–06 5.3845E–06

40 20 0 6.3644E–06 4.8444E–04 7.8989E–05 2.2060E–02 4.3127E–06 7.8500E–07 1.0114E–04 2.8187E–05 1.3289E–05 2.3606E–06 3.5557E–07

40 20 5 6.6166E–06 4.8295E–04 7.9168E–05 2.2059E–02 4.6967E–06 2.4367E–06 1.0224E–04 2.8288E–05 7.3301E–06 2.0161E–06 6.5742E–06

70 2 0 8.0473E–06 8.7273E–04 1.0746E–05 2.2306E–02 1.9567E–07 3.6415E–09 2.3881E–05 8.6431E–07 1.0168E–07 1.2875E–09 2.6767E-10

70 2 5 8.0473E–06 8.7274E–04 1.0746E–05 2.2306E–02 2.3033E–07 3.8457E–09 2.5048E–05 8.6381E–07 7.9791E–08 1.2875E–09 2.2058E–08

70 4 0 7.8169E–06 8.2186E–04 2.0631E–05 2.2275E–02 5.1674E–07 1.9969E–08 4.4033E–05 2.9250E–06 6.4508E–07 1.7023E–08 3.5145E–09

70 4 5 7.8171E–06 8.2187E–04 2.0630E–05 2.2275E–02 5.6716E–07 2.2831E–08 4.5174E–05 2.9242E–06 4.9205E–07 1.6602E–08 1.5579E–07

70 6 0 7.5963E–06 7.7398E–04 2.9802E–05 2.2244E–02 9.1548E–07 5.3060E–08 6.0366E–05 5.6255E–06 1.6900E–06 6.9436E–08 1.4133E–08

70 6 5 7.5978E–06 7.7399E–04 2.9800E–05 2.2244E–02 9.8446E–07 7.2505E–08 6.1482E–05 5.6233E–06 1.2264E–06 6.6092E–08 4.7485E–07

70 8 0 7.3846E–06 7.2859E–04 3.8360E–05 2.2214E–02 1.3710E–06 1.0561E–07 7.3638E–05 8.7070E–06 3.1310E–06 1.7765E–07 3.5458E–08

70 8 5 7.3907E–06 7.2856E–04 3.8360E–05 2.2213E–02 1.4640E–06 1.7347E–07 7.4733E–05 8.7043E–06 2.1552E–06 1.6554E–07 1.0061E–06

70 10 0 7.1805E–06 6.8536E–04 4.6384E–05 2.2183E–02 1.8696E–06 1.7982E–07 8.4487E–05 1.2023E–05 4.8474E–06 3.5486E–07 6.9177E–08

70 10 5 7.1971E–06 6.8524E–04 4.6390E–05 2.2183E–02 1.9945E–06 3.4662E–07 8.5575E–05 1.2022E–05 3.1699E–06 3.2449E–07 1.7419E–06

70 12 0 6.9818E–06 6.4410E–04 5.3934E–05 2.2153E–02 2.4062E–06 2.7823E–07 9.3522E–05 1.5478E–05 6.7558E–06 6.0977E–07 1.1567E–07

70 12 5 7.0186E–06 6.4383E–04 5.3955E–05 2.2153E–02 2.5730E–06 6.1149E–07 9.4622E–05 1.5485E–05 4.2140E–06 5.4845E–07 2.6587E–06

70 14 0 6.7870E–06 6.0473E–04 6.1048E–05 2.2122E–02 2.9783E–06 4.0384E–07 1.0119E–04 1.9016E–05 8.7986E–06 9.4833E–07 1.7451E–07

70 14 5 6.8576E–06 6.0425E–04 6.1094E–05 2.2122E–02 3.1983E–06 9.8541E–07 1.0231E–04 1.9037E–05 5.2616E–06 8.4087E–07 3.7270E–06

70 16 0 6.5955E–06 5.6718E–04 6.7752E–05 2.2090E–02 3.5825E–06 5.5953E–07 1.0774E–04 2.2596E–05 1.0926E–05 1.3742E–06 2.4470E–07

70 16 5 6.7181E–06 5.6642E–04 6.7831E–05 2.2090E–02 3.8672E–06 1.4821E–06 1.0891E–04 2.2642E–05 6.2947E–06 1.2037E–06 4.9157E–06

70 18 0 6.4072E–06 5.3136E–04 7.4061E–05 2.2059E–02 4.2139E–06 7.4783E–07 1.1336E–04 2.6190E–05 1.3093E–05 1.8891E–06 3.2490E–07

70 18 5 6.6049E–06 5.3025E–04 7.4182E–05 2.2058E–02 4.5748E–06 2.1114E–06 1.1457E–04 2.6272E–05 7.3004E–06 1.6375E–06 6.1939E–06

70 20 0 6.2221E–06 4.9721E–04 7.9990E–05 2.2026E–02 4.8674E–06 9.7094E–07 1.1814E–04 2.9776E–05 1.5264E–05 2.4933E–06 4.1347E–07

70 20 5 6.5230E–06 4.9568E–04 8.0162E–05 2.2025E–02 5.3160E–06 2.8790E–06 1.1942E–04 2.9907E–05 8.2716E–06 2.1419E–06 7.5324E–06



Table 8. Calculated nuclear densities for the most important fission products from the point of view of criticality, taking into account different burn-up, steam content and a 5-year cooling time.

Steam void

fraction [%]

Burnup ratio 

[GWd/MTU]

Storage

time [years]

Nuclear densities of fission products [atom/barn·cm]

Tc-99 Rh-103 Xe-131 Cs-133 Nd-143 Nd-148 Sm-147 Sm-149 Sm-151 Sm-152 Eu-155

0 2 0 2.8460E–06 7.3955E–07 1.2166E–06 2.9378E–06 2.1011E–06 8.4670E–07 2.0953E–08 7.9082E–08 1.5038E–07 2.0197E–07 1.3566E–08

0 2 5 3.0077E–06 1.6208E–06 1.4374E–06 3.3096E–06 2.8635E–06 8.4673E–07 7.9810E–07 1.0224E–07 1.4934E–07 2.0200E–07 6.5494E–09

0 4 0 5.8255E–06 2.1418E–06 2.6265E–06 6.2104E–06 4.8391E–06 1.6931E–06 9.5949E–08 8.2212E–08 2.2802E–07 4.7831E–07 2.1982E–08

0 4 5 5.9871E–06 3.2678E–06 2.8499E–06 6.5830E–06 5.6011E–06 1.6910E–06 1.7697E–06 1.0368E–07 2.2164E–07 4.7583E–07 9.2503E–09

0 6 0 8.7798E–06 3.7180E–06 4.0116E–06 9.4491E–06 7.4729E–06 2.5379E–06 2.1926E–07 7.9684E–08 2.6982E–07 7.8193E–07 2.9207E–08

0 6 5 8.9410E–06 4.9253E–06 4.2369E–06 9.8227E–06 8.2241E–06 2.5337E–06 2.7589E–06 9.9179E–08 2.5943E–07 7.7477E–07 1.1423E–08

0 8 0 1.1711E–05 5.3406E–06 5.3714E–06 1.2656E–05 9.9972E–06 3.3817E–06 3.8398E–07 7.7184E–08 2.9296E–07 1.0940E–06 3.6831E–08

0 8 5 1.1872E–05 6.5828E–06 5.5983E–06 1.3031E–05 1.0739E–05 3.3753E–06 3.7312E–06 9.5049E–08 2.7971E–07 1.0806E–06 1.3671E–08

0 10 0 1.4620E–05 6.9706E–06 6.7040E–06 1.5830E–05 1.2414E–05 4.2246E–06 5.8411E–07 7.6224E–08 3.0555E–07 1.4055E–06 4.5417E–08

0 10 5 1.4779E–05 8.2311E–06 6.9319E–06 1.6205E–05 1.3147E–05 4.2159E–06 4.6784E–06 9.2682E–08 2.9022E–07 1.3845E–06 1.6084E–08

0 12 0 1.7499E–05 8.5907E–06 8.0046E–06 1.8965E–05 1.4720E–05 5.0660E–06 8.1398E–07 7.5660E–08 3.1337E–07 1.7092E–06 5.5170E–08

0 12 5 1.7657E–05 9.8616E–06 8.2330E–06 1.9339E–05 1.5443E–05 5.0549E–06 5.5962E–06 9.0805E–08 2.9627E–07 1.6797E–06 1.8712E–08

0 14 0 2.0347E–05 1.0192E–05 9.2699E–06 2.2055E–05 1.6912E–05 5.9058E–06 1.0682E–06 7.4990E–08 3.1930E–07 2.0015E–06 6.6316E–08

0 14 5 2.0502E–05 1.1468E–05 9.4982E–06 2.2429E–05 1.7625E–05 5.8920E–06 6.4820E–06 8.8949E–08 3.0045E–07 1.9624E–06 2.1635E–08

0 16 0 2.3162E–05 1.1768E–05 1.0498E–05 2.5100E–05 1.8988E–05 6.7439E–06 1.3420E–06 7.4098E–08 3.2414E–07 2.2819E–06 7.9036E–08

0 16 5 2.3314E–05 1.3045E–05 1.0726E–05 2.5471E–05 1.9689E–05 6.7272E–06 7.3350E–06 8.7028E–08 3.0341E–07 2.2321E–06 2.4908E–08

0 18 0 2.5943E–05 1.3317E–05 1.1688E–05 2.8097E–05 2.0947E–05 7.5804E–06 1.6308E–06 7.3000E–08 3.2817E–07 2.5506E–06 9.3399E–08

0 18 5 2.6090E–05 1.4590E–05 1.1914E–05 2.8465E–05 2.1634E–05 7.5605E–06 8.1545E–06 8.5055E–08 3.0542E–07 2.4887E–06 2.8556E–08

0 20 0 2.8689E–05 1.4834E–05 1.2839E–05 3.1045E–05 2.2786E–05 8.4155E–06 1.9307E–06 7.1731E–08 3.3153E–07 2.8079E–06 1.0939E–07

0 20 5 2.8830E–05 1.6099E–05 1.3062E–05 3.1408E–05 2.3457E–05 8.3919E–06 8.9400E–06 8.3049E–08 3.0664E–07 2.7322E–06 3.2594E–08

40 2 0 2.8391E–06 7.4610E–07 1.2151E–06 2.9307E–06 2.0914E–06 8.4721E–07 2.0850E–08 8.6716E–08 1.5491E–07 1.9947E–07 1.3649E–08

40 2 5 3.0005E–06 1.6384E–06 1.4362E–06 3.3019E–06 2.8494E–06 8.4724E–07 7.9478E–07 1.1001E–07 1.5375E–07 1.9950E–07 6.5894E–09

40 4 0 5.8070E–06 2.1625E–06 2.6192E–06 6.1901E–06 4.8149E–06 1.6937E–06 9.5048E–08 9.1415E–08 2.3970E–07 4.6909E–07 2.2002E–08

40 4 5 5.9682E–06 3.3055E–06 2.8432E–06 6.5621E–06 5.5715E–06 1.6915E–06 1.7565E–06 1.1263E–07 2.3273E–07 4.6670E–07 9.3423E–09

40 6 0 8.7455E–06 3.7555E–06 3.9943E–06 9.4101E–06 7.4346E–06 2.5381E–06 2.1628E–07 8.9372E–08 2.8839E–07 7.6386E–07 2.9330E–08

40 6 5 8.9062E–06 4.9829E–06 4.2203E–06 9.7829E–06 8.1796E–06 2.5338E–06 2.7303E–06 1.0817E–07 2.7675E–07 7.5688E–07 1.1634E–08

40 8 0 1.1657E–05 5.3949E–06 5.3398E–06 1.2593E–05 9.9464E–06 3.3810E–06 3.7725E–07 8.6747E–08 3.1756E–07 1.0654E–06 3.7251E–08

40 8 5 1.1817E–05 6.6587E–06 5.5673E–06 1.2966E–05 1.0682E–05 3.3745E–06 3.6824E–06 1.0358E–07 3.0232E–07 1.0521E–06 1.4040E–08

40 10 0 1.4542E–05 7.0410E–06 6.6545E–06 1.5737E–05 1.2355E–05 4.2228E–06 5.7170E–07 8.5891E–08 3.3518E–07 1.3649E–06 4.6330E–08



40 10 5 1.4700E–05 8.3235E–06 6.8830E–06 1.6111E–05 1.3081E–05 4.2139E–06 4.6055E–06 1.0106E–07 3.1712E–07 1.3440E–06 1.6643E–08

40 12 0 1.7396E–05 8.6761E–06 7.9346E–06 1.8839E–05 1.4658E–05 5.0629E–06 7.9387E–07 8.5719E–08 3.4699E–07 1.6556E–06 5.6739E–08

40 12 5 1.7552E–05 9.9688E–06 8.1635E–06 1.9212E–05 1.5375E–05 5.0516E–06 5.4960E–06 9.9358E–08 3.2649E–07 1.6259E–06 1.9472E–08

40 14 0 2.0217E–05 1.0291E–05 9.1769E–06 2.1893E–05 1.6856E–05 5.9013E–06 1.0384E–06 8.5571E–08 3.5644E–07 1.9334E–06 6.8636E–08

40 14 5 2.0369E–05 1.1588E–05 9.4055E–06 2.2265E–05 1.7562E–05 5.8873E–06 6.3517E–06 9.7802E–08 3.3355E–07 1.8938E–06 2.2588E–08

40 16 0 2.3002E–05 1.1880E–05 1.0380E–05 2.4898E–05 1.8948E–05 6.7379E–06 1.3003E–06 8.5200E–08 3.6466E–07 2.1976E–06 8.2172E–08

40 16 5 2.3150E–05 1.3177E–05 1.0607E–05 2.5267E–05 1.9642E–05 6.7209E–06 7.1716E–06 9.6188E–08 3.3928E–07 2.1469E–06 2.6041E–08

40 18 0 2.5751E–05 1.3440E–05 1.1543E–05 2.7852E–05 2.0933E–05 7.5728E–06 1.5753E–06 8.4586E–08 3.7199E–07 2.4487E–06 9.7403E–08

40 18 5 2.5893E–05 1.4732E–05 1.1768E–05 2.8216E–05 2.1614E–05 7.5524E–06 7.9555E–06 9.4505E–08 3.4396E–07 2.3853E–06 2.9849E–08

40 20 0 2.8464E–05 1.4967E–05 1.2665E–05 3.0754E–05 2.2811E–05 8.4060E–06 1.8596E–06 8.3766E–08 3.7855E–07 2.6872E–06 1.1429E–07

40 20 5 2.8599E–05 1.6250E–05 1.2887E–05 3.1112E–05 2.3476E–05 8.3819E–06 8.7032E–06 9.2772E–08 3.4774E–07 2.6095E–06 3.4013E–08

70 2 0 2.8319E–06 7.5287E–07 1.2133E–06 2.9234E–06 2.0813E–06 8.4785E–07 2.0744E–08 9.5842E–08 1.5964E–07 1.9677E–07 1.3742E–08

70 2 5 2.9931E–06 1.6564E–06 1.4349E–06 3.2941E–06 2.8349E–06 8.4789E–07 7.9152E–07 1.1927E–07 1.5836E–07 1.9680E–07 6.6349E–09

70 4 0 5.7880E–06 2.1828E–06 2.6109E–06 6.1693E–06 4.7900E–06 1.6945E–06 9.4138E–08 1.0267E–07 2.5206E–07 4.5881E–07 2.2035E–08

70 4 5 5.9488E–06 3.3424E–06 2.8354E–06 6.5406E–06 5.5411E–06 1.6923E–06 1.7432E–06 1.2356E–07 2.4446E–07 4.5653E–07 9.4332E–09

70 6 0 8.7104E–06 3.7905E–06 3.9745E–06 9.3698E–06 7.3953E–06 2.5386E–06 2.1329E–07 1.0150E–07 3.0844E–07 7.4335E–07 2.9469E–08

70 6 5 8.8706E–06 5.0368E–06 4.2011E–06 9.7417E–06 8.1342E–06 2.5342E–06 2.7011E–06 1.1946E–07 2.9544E–07 7.3660E–07 1.1835E–08

70 8 0 1.1602E–05 5.4433E–06 5.3042E–06 1.2527E–05 9.8947E–06 3.3808E–06 3.7049E–07 9.8819E–08 3.4470E–07 1.0326E–06 3.7687E–08

70 8 5 1.1761E–05 6.7270E–06 5.5323E–06 1.2899E–05 1.0623E–05 3.3742E–06 3.6322E–06 1.1440E–07 3.2724E–07 1.0196E–06 1.4394E–08

70 10 0 1.4463E–05 7.1009E–06 6.5995E–06 1.5641E–05 1.2294E–05 4.2214E–06 5.5927E–07 9.7909E–08 3.6855E–07 1.3183E–06 4.7265E–08

70 10 5 1.4620E–05 8.4036E–06 6.8285E–06 1.6013E–05 1.3013E–05 4.2125E–06 4.5300E–06 1.1155E–07 3.4739E–07 1.2977E–06 1.7187E–08

70 12 0 1.7292E–05 8.7462E–06 7.8578E–06 1.8708E–05 1.4595E–05 5.0603E–06 7.7378E–07 9.8086E–08 3.8545E–07 1.5946E–06 5.8345E–08

70 12 5 1.7446E–05 1.0059E–05 8.0871E–06 1.9080E–05 1.5304E–05 5.0489E–06 5.3919E–06 1.0995E–07 3.6101E–07 1.5650E–06 2.0220E–08

70 14 0 2.0085E–05 1.0369E–05 9.0763E–06 2.1725E–05 1.6797E–05 5.8973E–06 1.0086E–06 9.8503E–08 3.9923E–07 1.8572E–06 7.1018E–08

70 14 5 2.0235E–05 1.1686E–05 9.3051E–06 2.2095E–05 1.7496E–05 5.8831E–06 6.2160E–06 1.0873E–07 3.7163E–07 1.8174E–06 2.3533E–08

70 16 0 2.2841E–05 1.1965E–05 1.0254E–05 2.4689E–05 1.8902E–05 6.7324E–06 1.2590E–06 9.8776E–08 4.1156E–07 2.1050E–06 8.5381E–08

70 16 5 2.2985E–05 1.3281E–05 1.0481E–05 2.5055E–05 1.9590E–05 6.7151E–06 7.0015E–06 1.0752E–07 3.8071E–07 2.0536E–06 2.7162E–08

70 18 0 2.5559E–05 1.3530E–05 1.1390E–05 2.7600E–05 2.0910E–05 7.5656E–06 1.5206E–06 9.8799E–08 4.2292E–07 2.3385E–06 1.0147E–07

70 18 5 2.5696E–05 1.4840E–05 1.1614E–05 2.7960E–05 2.1585E–05 7.5449E–06 7.7483E–06 1.0624E–07 3.8868E–07 2.2740E–06 3.1121E–08

70 20 0 2.8240E–05 1.5062E–05 1.2484E–05 3.0456E–05 2.2823E–05 8.3970E–06 1.7897E–06 9.8584E–08 4.3349E–07 2.5585E–06 1.1922E–07

70 20 5 2.8368E–05 1.6363E–05 1.2704E–05 3.0808E–05 2.3482E–05 8.3724E–06 8.4567E–06 1.0490E–07 3.9572E–07 2.4795E–06 3.5401E–08
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Sum mary

This paper pres ents the results obtained by the author
within the frame work of the OECD/NEA Phase IIB inter -
na tional bench mark on mod el ling the deple tion of
BWR-type fuel with gad o lin ium-bear ing rods. The cal cu la -
tions were per formed using the SCALE/TRITON 6.2.2
code, apply ing the dis crete ordi nates (Sn) method to solve
the neu tron trans port equa tion, and employ ing the detai -
led gad o lin ium rod model pre scribed by the bench mark
spec i fi ca tion. The pre sented results clearly reflect the
com plex phys ics of the pro cess. The k-inf mul ti pli ca tion
fac tor curves (Fig. 4) cor rectly illus trate the char ac ter is tic
reac tiv ity peak, the mag ni tude of which decreases and
whose posi tion shifts towards higher burnup as the steam
frac tion increases. Anal y sis of the nuclear num ber den si -
ties of the key gad o lin ium iso topes Gd-155 and Gd-157
(Figs. 5 and 6) shows a rapid decline, which is the main
cause of the ini tial reac tiv ity rise. As expected, this pro cess
occurs fast est for the 0% steam case, where the ther mal
neu tron flux is high est. The rela tion ship between the
burnup of gad o lin ium-bear ing rods and the burnup of the
entire assem bly (Fig. 7) indi cates a slower deple tion rate of 
the poi son com pared to the assem bly aver age, result ing
from local neu tron flux sup pres sion. Detailed iso to pic
com po si tion data for actinides and fis sion prod ucts
(Tables 7 and 8) pro vide a com plete dataset for fur ther,
in-depth safety anal y ses, e.g. in the frame work of the
burnup credit con cept.

Com par i son with the aggre gate results pub lished in the
OECD/NEA report indi cates that the shape of the k-inf
curves and the order of mag ni tude of Gd-155/Gd-157 con -
cen tra tions for the SC20 sub mis sion are con sis tent with the 
trends and scat ter range pre sented in the pub li ca tion. The
reac tiv ity peak val ues for the ana lyzed steam void frac tion
vari ants (approx. 1.250 for 0% void, 1.216 for 40% void,
and 1.177 for 70% void) fall within the reported range. At
the same time, in accor dance with the edi to rial note of the
OECD/NEA report, the SC20 results for actini des indi cate 
a prob a ble error in the ini tial iso to pic com po si tion of ura -
nium, due to which they were not included in the sta tis ti cal
anal y ses of actinides. For this rea son, com par a tive con clu -
sions for detailed acti nide con cen tra tions are not for mu -
lated in this text. The pre sented tables are treated as sup -
ple men tary mate rial for fur ther anal y sis.

The gen eral con clu sions from the Phase IIB bench -
mark, as for mu lated in the OECD report [1], high light sev -
eral key aspects. First, the larg est source of dis crep an cies
between par tic i pants’ results proved to be the nuclear data 
librar ies used, with a lesser impact from the cal cu la tion
code itself or the neu tron trans port solu tion method. It
was observed that exclud ing results based on older gen er a -
tions of librar ies (e.g., ENDF/B-V) sig nif i cantly reduced
the over all scat ter of k-inf val ues. The bench mark also
showed that while con cen tra tions of major iso topes such

as U-238 are cal cu lated with very high con sis tency (devi a -
tion below 0.07%), there remain sig nif i cant uncer tain ties
in pre dict ing the nuclear num ber den si ties of key gad o lin -
ium iso topes (2sssó up to 44% for Gd-155) and cer tain fis -
sion prod ucts, par tic u larly Sm-149, Sm-151, and Eu-155
(2ssssó in the range of 10–26%). These find ings under line
the impor tance of con tin ued work on improv ing nuclear
data and val i dat ing com pu ta tional codes, which are essen -
tial for reli able spent nuclear fuel safety anal y ses.
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