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a b s t r a c t

The performance of gadolinium burnable absorber (GdBA) for reactivity control in UO2 and (U, Th)O2

fuels and its impact on spent fuel characteristics was performed. Five fuel assemblies: one without GdBA
fuel rod and four each containing 16, 24, 34 and 44 GdBA fuel rods in both fuels were investigated.
Reactivity swing in all the FAs with GdBA rods in UO2 fuel was higher than their counterparts with
similar GdBA fuel rods in (U, Th)O2 fuel. The excess reactivity in all FAs with (U, Th)O2 fuel was higher
than UO2 fuel. At the end of single discharge burn-up (~ 49.64 GWd/tHM), the excess reactivity of (U, Th)
O2 fuel remained positive (16,000 pcm) while UO2 fuel shows a negative value (�6,000 pcm), which
suggest a longer discharge burn-up in (U, Th)O2 fuel. The concentration of plutonium isotopes and minor
actinides were significantly higher in UO2 fuel than in (U, Th)O2 fuel except for 236Np. However, the
concentration of non-actinides (gadolinium and iodine isotopes) except for 135Xe were respectively
smaller in (U, Th)O2 fuel than in UO2 fuel but may be two times higher in (U, Th)O2 fuel due to its po-
tential longer discharge burn-up.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The management of reactivity in a reactor is paramount for a
stable reactor power and safety. During the early stage of nuclear
technology, mechanical control rod system was used for this pur-
pose. However, experience revealed that using only mechanical
control rod system does not suppress evenly large neutron multi-
plication and usually resulted to power peaking of fuel rods not
close to the control rods. This made control rods not efficient for
operational reactor control rather adequate for start-up and shut-
down of reactor. Before the introduction of neutron burnable
absorber (BA), soluble boron chemical shim was used for opera-
tional reactor control in light water reactors. But it caused much
reduction on the moderator temperature coefficient of reactivity,
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had chemical effect on volume control system and increased liquid
waste, therefore its continuous use is being discouraged [1e3].

Today, burnable absorber material is blended with the fuel for
general reactivity control and flux flattening. Gadolinia with rela-
tively large neutron absorption cross section is used in PWR and
BWR for reactivity control [4]. The Gd2O3 is mixed with fuel and
placed in some of the designated fuel rods which is irremovable
during reactor operation unlike mechanical reactivity control rods.
The efficiency of gadolinia for reactivity control in UO2 fuel for large
civilian light water reactors has been reported [1,5,6], but not for
thorium-based fuel in SMRs and Westinghouse SMR in particular
which is designed to use three enrichment zones similar to AP1000
reactor. This is key since the neutronic performance and spent fuel
characteristics of reactors depend on the reactor design configu-
ration and fuel type/cycle.

Moreover, some authors [7e10] have reported on the general
potential of thorium-based fuel in PWR for nuclear waste mini-
misation owing to its drastic reduction of plutonium production
andmitigation of proliferation challenge posed by UO2 fuel without
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analysing the impact of Gd2O3 on nuclear waste. Apart from reactor
safety, nuclear waste management is one of the major concerns of
nuclear industry considering the large accumulated nuclear waste
and without any certified deep geological repository. In this sense,
all the recent nuclear technological innovations are centred on
safety, fuel sustainability, waste reduction and cost effectiveness.
The implication is that any material to be used in the reactor core
for energy production either as fuel or reactivity control material
must show justification for waste reduction.

The choice of Westinghouse small modular reactor (W-SMR) for
this research was based on its inherent advanced passive safety
features like AP1000 that is recently licensed by the US Nuclear
Regulatory Commission [11] and the general future prospect of SMR
as an emerging technology. AP1000 is the first licensed Gen
III þ design with advanced passive safety system and three
enrichment zones meant to reduce maximum-to-minimum flux
ratio unlike previous generation's single fuel enrichment. It is,
therefore, pertinent to understand the performance of thorium-
based fuel and the impact of gadolinia BA on the Westinghouse
SMR for its core conversion from UO2 reference fuel to thorium-
based fuel. In this study, a comparative analysis of the perfor-
mance of Gd2O3 burnable absorber for reactivity control in UO2 and
(U, Th)O2 fuels was studied. The effect of GdBA on their spent fuel
was analysed and compared to determine its impact on the char-
acteristic property of their corresponding spent fuel in once-
through cycle. A successful evaluation of the impact of Gd2O3 on
the neutronic parameters and spent fuel of (U, Th)O2 in relation to
UO2 would help in profiling thorium-based fuel for the Westing-
house SMR design.

2. Materials and method

The characteristic properties and design parameters of a 17� 17
hexahedral lattices of W-SMR robust fuel assembly is shown in
Table 1. The geometry of the fuel assembly containing all the
studied fuels and materials was modelled using MCNPX 2.7 code
[12] as shown in Fig. 1. A general-purpose, time-dependent,
generalised-geometry and continuous energy MCNPX 2.7 simula-
tion code integrated with CINDER90 was used to determine steady
state fluxes and for burn-up calculations. The MCNP calculations
were done by usingWIMS 69 energy group cross section and ENDF/
B-VII.0 evaluated continuous-energy cross-section data library [13].
Table 1
Fuel assembly parameters of W-SMR pressurised water reactor design [14].

Parameter Value

Fuel assembly array 17 � 17
Fuel assembly height (cm) 240
Number of fuel rods 264
Number of guide tubes 24
Instrumentation central guide 1
Coolant/moderator Light water
Number of fuel assembly 1 (for this study)
Thermal power per assembly (MWth) 8.989 (~ 9)
Fuel rod
Fuel pellet inner diameter (cm) 0.819
Fuel rod height (cm) 213.35
Cladding inner diameter (cm) 0.8354
Cladding outer diameter (cm) 0.95
Fuel rod pitch (centre-to-centre (cm)) 1.26
Fuel type UO2 and (U, Th)O2

Fresh fuel enrichment (%) Enrichment levels � 20%
Cladding material Zircalloy-4
Circulation in reactor pressure vessel Forced circulation
Thermodynamic cycle Indirect Rankine cycle
Refuelling period (month) 24
Design lifetime (year) 60
In Table 2, the material composition of UO2 and (U, Th)O2 fuels and
other reactor materials are shown. The two fuels and the corre-
sponding number of gadolinia fuel rods were accordingly added in
each of the fuel assemblies with an assumption of homogeneous
mixture. Five sets of the fuel assemblies: onewithout GdBA rod and
four others with different numbers of GdBA rods (16, 24, 34 and 44)
were set up and simulated for UO2 and (U, Th)O2 fuels.

The CINDER90 burn up code calculated the fuel depletion and
new number densities of the isotopic compositions of the fuels by
using matrix exponential method. The calculated new number
densities of the materials were then returned to MCNPX 2.7 for
final calculation and display of the results. For KCODE calculations,
use was made of 10,000 initial neutrons source, 300 effective cycles
and 50 source settling cycles with 1.0 initial effective criticality
guess.

3. Results and discussion

This section presents the results of the performance of UO2 and
(U, Th)O2 fuels whose composition are presented in Table 2.
Thorium-232 as a unique isotope of thorium fuel and a complete
fertile nuclide requires higher fissile enrichment more than ura-
nium fuel to sustain reactivity before breeding fissile 233U. Based on
this, the enrichment for UO2 and (U, Th)O2 fuels was 4.89 and
13.8 wt% respectively, therefore, maintaining the IAEA standard for
low fissile enrichment range of � 20%. The characteristic effect of
gadolinium burnable absorber on the reactivity and waste in-
ventory was investigated to determine and compare its perfor-
mance in both fuels.

Fig. 2 illustrates the dependence of infinite neutron multipli-
cation factor (kinf ) on burn-up in both fuels. Expectedly, the kinf at
the beginning of cycle (BOC) was highest in FAs without GdBA rods
and lowest in the FAs with 44 GdBA rods. Conversely, the kinf at the
BOC for (U, Th)O2 fuel with GdBA rods was respectively higher
compared to its counterparts in UO2 fuel. It was further observed
that the kinf of all the fuel assemblies decreased sharply within first
cycle due to sudden increase on the amount of reactor poisons (e.g.
135Xe, 149Sm etc.).

Furthermore, the neutron suppression in the FAs containing
GdBA fuel rods followed the same trend for both fuels and the
suppression increased with increase on the number of fuel
absorber rods. However, as evident in Fig. 2, the neutron suppres-
sion effect was higher in all UO2 fuel resulting to a stronger reac-
tivity swing especially for FAs with 24, 34 and 44 GdBA fuel rods
compared to their corresponding values in (U, Th)O2 fuel. It is
worthy to note that the reactivity swing in all the FAs with GdBA
rods containing UO2 fuel matched the kinf of the FA without GdBA
rod at 15 GWd/tUwhile this was achieved in (U, Th)O2 fuel above 25
GWd/tHM.

The variation of thermal neutron flux in the two fuels with burn-
up is shown in Fig. 3. The thermal fluxes in all the cases for UO2 fuel
were generally higher than those of their corresponding cases in (U,
Th)O2 fuel. This was due to the larger thermal neutron absorption
cross section of 232Th which removes more thermal neutrons from
the reactor compared to 238U and the high fission cross section of
239Pu and 241Pu which support fission reaction faster in UO2 unlike
233U. This variation in FAs without GdBA fuel rod increased linearly
in ascending order which was more pronounced in uranium diox-
ide fuel. In the fuel assembly with burnable absorber fuel rod, the
thermal fluxes in each fuel assembly followed same trend and the
FAs with 44 GdBA fuel rods had the highest thermal flux value. The
neutron flux decreased sharply and reached a common value at ~13
GWd/tU in UO2 fuel before increasing linearly while the thermal
flux decreased sparsely in each case of (U, Th)O2 before attaining
relative equilibrium at 25 GWd/tHM and then increased slightly.



Fig. 1. Horizontal cross-sectional view of the modelled fuel assemblies. * GdBA means gadolinium burnable absorber.

Table 2
Composition of fuel and other materials.

Material/Fuel Heavy metal weight percent (w/o) Density (g/cm3)

Fuel 1: UO2
235U: 4.89, 238U: 95.11 10.26

Fuel 2: UO2 þ Gd2O3
235U: 4.89, 238U: 86.51, Gd: 8.6 10.012

Fuel 3: (U, Th)O2
235U: 13.8, 238U: 11.2, Th:75 11.56

Fuel 4: (U, Th)O2 þ Gd2O3
235U: 13.8, 238U: 11.2, Th:66.4 Gd: 8.6 11.02

Cladding: Zircaloy-4 Sn: 1.3 Fe: 0.23 Cr: 0.27 Zr: 98.20 6.56
Reflector Light water (H2O) 0.756
Gap Helium gas (He) 0.00164
Gadolinium isotopes 152Gd: 0.20, 154Gd: 2.18, 155Gd: 14.80, 156Gd: 20.47, 157Gd:15.65, 158Gd:24.84, 160Gd:21.86 7.9

Fig. 2. Dependence of infinite neutron multiplication factor on burn-up in (a) UO2 and (b) (U, Th)O2 fuels.
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Fig. 4 shows the variation of the average number of neutrons
produced per fission with burn-up. The average number of neu-
trons produced per fission from UO2 fuel was larger in all cases
which increased smoothly compared to (U, Th)O2 fuel. The large
difference was expected since the number of neutrons produced
per fission is dependent on the fissile component of the fuel. This
difference was attributed to the greater average number of neutron
per fission contributed by fissile 235U, 239Pu, and 241Pu compared to



Fig. 3. Variation of thermal neutron flux with burn-up in (a) UO2 and (b) (U, Th)O2 fuels.

Fig. 4. Variation of the number of neutrons produced per fission with burn-up in (a) UO2 and (b) (U, Th)O2 fuels.
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a similar contribution by fissile 235U and 233U since only a small
concentration of 238U existed in (U, Th)O2 fuel. Also, the variation
was smoother in UO2 fuel compared to (U, Th)O2 because of the
large neutron absorption cross section of 238Pu (~540 b) and 240Pu
(~290 b), which by removing more neutrons in UO2 fuel balanced
the excess neutrons produced by its three fissile (235U, 239Pu, and
241Pu) components. On the other hand, the concentration of 238Pu
and 240Pu in (U, Th)O2 was about 7 times smaller (see Figs. 6 and 7)
resulting to the little bumpy variation in Fig. 4 (b). This little bumpy
variation was conspicuous above 10 GWd/tHM when the absorp-
tion effect of GdBA became had greatly reduced. Indeed, the bumpy
variation would be higher in pure ThO2 fuel enriched with 235U
which requires heavier enrichment for smooth variation especially
at a much low reactor thermal power [15]. Hence, the idea of this
research which blended 20% UO2 which included certain amount of
238U in (U, Th)O2 fuel.

Results in Fig. 5 shows the excess reactivity of the fuels with
burn-up and in relation to the effects of gadolinium burnable
absorber. The highest reactivity was recorded in UO2 and (U, Th)O2
fuels in FAs without GdBA fuel rod which was slightly larger in UO2
fuel due to higher neutron multiplication as stated earlier.
Although, suppression of the reactivity at the BOC was effectively
controlled by gadolinium burnable absorber, it rather introduced
positive reactivity swing that must be controlled. To control reac-
tivity, GdBA hardens the thermal neutron spectrum leading to
decreased fission in 235U but increased 239Pu production by 238U. In
this scenario, 239Pu (with much larger fission cross section and
number of neutrons per fission) fissions at a high rate producing
more neutrons in addition to that from 235U leading to the positive
reactivity swing in all FAs with GdBA fuel rods which increased as
the number of rods increases. This indeed, calls for caution on the
use of reactivity control materials in reactor operation. However,
the excess reactivity in all FAs in (U, Th)O2 fuel was respectively
much larger than their counterparts in UO2 fuel. Remarkably, the
excess reactivity of (U, Th)O2 fuel with or without GdBA fuel rods at
the end of burn-up cycle (~ 49.64 GWd/tHM) was highly positive
(16,000 pcm) compared to UO2 fuel that was negative (�6,000
pcm). Therefore, at a single discharge burn-up of ~ 49.64 GWd/tHM,
negative reactivity insertion (subcritical) was achieved at ~ 41
GWd/tU in UO2 fuel while strong positive reactivity insertion (super
critical) was maintained in (U, Th)O2 fuel. The implication is that
thorium-based fuel will provide longer discharge burn-up which is
one of the advantages of thorium-based fuel over uranium because
of the lower fission cross section and late support to fission by 233U.



Fig. 5. Variation of excess reactivity with burn-up in (a) UO2 and (b) (U, Th)O2 fuels.

Fig. 6. Variation of plutonium isotopes production from UO2 fuel (a) without GdBA fuel rod (b) with 16 GdBA fuel rods (c) with 24 GdBA fuel rods (d) with 34 GdBA fuel rods [16].
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3.1. Major actinides

In this section, plutonium isotopes as none uranium isotope
major actinides produced during reactor operation were analysed.
Plutonium isotopes are important in the reactor operation as they
support fission reaction, determine the level of spent fuel prolif-
eration risk, the residual decay heat mostly by 238Pu and the radi-
otoxicity of the waste especially in a once-through fuel cycle.
Therefore, a comparative analysis of the variation of plutonium
isotopes with time was performed. The fuel assembly with 44
number of GdBA fuel rods was not included in this waste content
analysis for convenience and based on the observed trend of FAs
with GdBA. The initial major actinides of the two fuels at the
beginning of cycles are presented in Table 3, which shows that
plutonium isotopes were completely a creation of nuclear
reactions.



Fig. 7. Variation of plutonium isotopes production from (U, Th)O2 fuel (a) without GdBA fuel rod (b) with 16 GdBA fuel rods (c) with 24 GdBA fuel rods (d) with 34 GdBA fuel rods.

Table 3
The concentration of major actinides in UO2 and (U, Th)O2 fuels at the beginning of cycle.

Actinides Concentration in UO2 fuel (g)

no GdBA rod 16 GdBA rod 24 GdBA rods 34 GdBA rods

232Th e e e e
233U e e e e
235U 1.297Eþ04 1.291Eþ04 1.289Eþ04 1.285Eþ04
238U 2.555Eþ05 2.544Eþ05 2.538Eþ05 2.531Eþ05

Concentration in (U, Th)O2 fuel (g)

no GdBA rod 16 GdBA rod 24 GdBA rods 34 GdBA rods

232Th 2.451Eþ05 2.451Eþ05 2.433Eþ05 2.426Eþ05
233U e e e e
235U 3.427Eþ04 3.427Eþ04 3.401Eþ04 3.391Eþ04
238U 2.816Eþ04 2.816Eþ04 2.796Eþ04 2.787Eþ04
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In Fig. 6(aed), the variation of plutonium isotopes production in
UO2 fuel with andwithout gadolinium fuel rodswas presented, and
239Pu has the highest concentration among plutonium isotopes
because of large amount of its precursor 238U. It was evident that
the variation of plutonium isotopes in UO2 fuel followed the same
trend. The highest mass concentrationwas produced by FAwithout
GdBA fuel rod while the FAs with GdBA rods produced the smallest
mass concentration of 239Pu which decreased as the number of
gadolinium absorber fuel rods increases. This reduction was due to
the increased depopulation of thermal neutrons by gadolinium
neutron absorber and the subsequent shielding effect of fissile
nuclides. Indeed, the mass concentration of 239Pu decreased after
reaching peak value at 1200 days burn-up time as the production
rate became less than depletion rate. In other hand, with exception
of 237Pu, the concentration of other plutonium isotopes increased
relatively linearly.

In Fig. 7 (a), the concentration of plutonium isotopes in (U, Th)O2
fuel without GdBA fuel rod was insignificant compared to the fuel
assemblies with gadolinium fuel rods. This was due to larger
percent of fertile 232Th which in effect decreased the amount of
uranium heavy metal compared to those with GdBA fuel rods. In
Fig. 7(b and c), the respective plutonium isotopes followed the
same trend and decreased as the number of GdBA fuel rods in-
creases. As shown in Figs. 6 and 7, it is, therefore, instructive to
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conclude that thorium-based fuel without GdBA rods produced
fewer number and over 500 times less concentration of plutonium
isotopes compared to uranium-based fuel without such absorber
rods. Also, thorium-based fuel with similar GdBA rods like
uranium-based fuel produced more than two times less concen-
tration of plutonium isotopes compared to uranium. Moreover,
236Pu was not produced in all other fuel assemblies with (U, Th)O2
fuel except for that with 34 GdBA rods unlike UO2 fuel. Therefore,
thorium-based fuel may not require heavy amount of neutron
poison (depending on fissile enrichment level) for reactivity control
as needed by uranium-based fuel due to high thermal neutron
capture cross section of fertile 232Th compared to the 238U
counterpart.

Fig. 8 (a) and (b) shows the net plutonium isotopic composition
at the end of effective full power day. As discussed earlier in this
section, 239Pu for UO2 fuel (see Fig. 8 (a)) was largest in the fuel
assembly without GdBA rodwhile it was not detectable (negligible)
for the corresponding FA in (U, Th)O2 fuel. It was seen that 237Pu
isotope was not yet formed in all (U, Th)O2 fuel cases although
negligible in uranium-based fuel. The concentration of 238Pu in all
UO2 FAs was 70 times higher compared to (U, Th)O2 fuel. Therefore,
its contribution to decay heat in the reactor would be generally
more pronounced in UO2 at this discharge burn-up but the reverse
may be the case at longer burn-up. Notwithstanding the large
concentration difference of plutonium isotopes in UO2 and (U, Th)
O2, it still in all cases remains a major contributor to the amount
and radiotoxicity of a non-reprocessed spent fuel produced via a
once-through fuel cycle reactor operation.
3.2. Minor actinides

A comparative analysis of the minor actinides produced by both
fuels was made. Table 4 illustrates the amount of these minor ac-
tinides produced by the fuels. The total amount of neptunium
isotopes in UO2 fuel assembly without GdBA fuel rods was higher
compared to FAs with GdBA fuel rods. Its concentration in FAs with
burnable absorber rods decreased as the number of the rod in-
creases. The effect was that gadoliniumwith large thermal neutron
absorption cross section shielded more 235U and 238U which are
respectively 237Np and 239Np precursors from neutron interaction
resulting to its reduction as shown in Table 4.
Fig. 8. Net mass of plutonium isotopes produ
For (U, Th)O2 fuel as shown in Table 4, the concentration of
neptunium isotopes in FAs with and without gadolinium absorber
rods followed the same trend as in UO2 fuel with addition of
protactinium isotopes. Comparatively, the concentration of neptu-
nium isotopes except for 236Np was much higher in UO2 fuel
compared to (U, Th)O2 fuel. This difference was attributed to the
higher percentage by weight of uranium isotopes in UO2 fuel than
in (U, Th)O2 fuel and the longer time it would take 232Th to produce
237U and 239U which in turn produced 237Np and 239Np isotopes by
beta minus decay. Moreover, the production of protactinium iso-
topes which to some extent compensated the large amount of
neptunium isotopes observed in UO2 does not in practice increase
the minor actinide content of thorium-based fuel since 233Pa will
decay to 233U within 27 days. The long transmutation processes as
required to produce other minor actinides like Am and Cm justifies
their absence in Table 4 for both fuels.
3.3. Non-actinide inventory

In Fig. 9, 135Xe concentration in all fuel assemblies (FAs)
increased within a short time scale and was respectively larger in
FAs with gadolinium burnable absorber rods in both fuels. Its
concentration in thorium fuel in all FAs was two times larger than
in uranium fuel and remained high at effective full power day. In
UO2 fuel as shown in Fig. 9 (a), there was a build-up of 135Xe at a
relative equilibrium which remained stable for about 240 days but
decreased after 250 days at a point where their values matched up
and then decreased further at constant rate. The 135Xe concentra-
tion shown in Fig. 9 (b) for thorium fuel decreased uniformly but at
a slower rate due to lower fission reaction compared to uranium
fuel. Mostly at the beginning of cycle, the FAs containing 34 GdBA
fuel rods in both fuels had slightly higher concentration while that
without GdBA rod has the lowest concentration. This means that
the concentration of 135Xe increased with increasing number of
gadolinium burnable absorber fuel rods.

Fig. 10 compares the variation of some of the iodine isotopes
produced by the two fuels. The net concentration of each isotope in
either of the fuels was slightly smaller in FA without GdBA fuel rod
but increased sparingly as the number of the absorber fuel rods
increases in FAs with GdBA rods. In both fuels, 129I had the highest
concentration which was about 4 times larger than 127I while 135I
ced from (a) UO2 fuel (b) (U, Th)O2 fuel.



Table 4
Net concentration of minor actinides produced from UO2 and (U, Th)O2 fuels.

Minor actinides Net concentration (g)

UO2 no GdBA UO2 16 GdBA UO2 24 GdBA UO2 34 GdBA

236Np 7.41E-03 7.24E-03 7.14E-03 7.10E-03
237Np 1.96Eþ03 1.90Eþ03 1.86Eþ03 1.82Eþ03
238Np 4.84Eþ00 4.68Eþ00 4.58Eþ00 4.49Eþ00
239Np
232Pa
233Pa

5.43Eþ02e
e

5.26Eþ02e
e

5.18Eþ02e
e

5.05Eþ02e
e

241Am e e e e
242Am e e e e
243Am e e e e

(U, Th)O2 no GdBA (U, Th)O2 16 GdBA (U, Th)O2 24 GdBA (U, Th)O2 34 GdBA

236Np 8.75E-03 8.50E-03 8.43E-03 8.37E-03
237Np 1.71Eþ03 1.67Eþ03 1.64Eþ03 1.61Eþ03
238Np 2.14Eþ00 2.12Eþ00 2.10Eþ00 2.07Eþ00
239Np
232Pa
233Pa

1.03Eþ02
3.10Eþ00
2.51Eþ04

9.37Eþ01
4.01E-01
3.37Eþ03

9.18Eþ01
3.96E-01
3.30Eþ03

8.96Eþ01
3.89E-01
3.20Eþ03

241Am e e e e
242Am e e e e
243Am e e e e

Fig. 9. Variation of 135Xe concentration in (a) UO2 fuel and (b) (U, Th)O2 fuel with effective full power day.
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was significantly small. At same discharge burn-up, the net con-
centration of iodine isotopes was respectively higher in UO2 fuel
compared to (U, Th)O2. However, the concentration of iodine iso-
topes may be two times higher in thorium-based fuel compared to
uranium-based fuel due to its inherent longer discharge burn-up
characteristics displayed by its large excess reactivity as shown in
Fig. 5. This potential high production of iodine isotopes especially
the long-lived 129I makes thorium-based fission products waste
much radiotoxic compared to uranium-based.

Fig. 11(aed) and 12 (a-d) present the variation of gadolinium
isotopes production in FAs with and without GdBA fuel rods. This
investigation was to understand the impact of using gadolinium
burnable absorber for reactivity control on the volume of spent fuel.
In fuel assemblies without GdBA fuel rods as shown in Fig. 11 (a)
and 12 (a), the concentration of 156Gd was much higher followed at
a large difference by 158Gd isotopewhile others were relatively near
zero value. It was evident from Fig. 11(bed) and 12 (b-d) that the
concentration of 156Gd and 158Gd increased with increase in time
but attained relative equilibrium after 220 and 400 days for 158Gd
and 156Gd respectively in UO2 fuel while it attained similar equi-
librium after 600 and 800 days in (U, Th)O2 fuel. This increase on
the concentration of 156Gd and 158Gd was due to their respective
smaller thermal neutron absorption cross section compared to
other gadolinium isotopes. The concentration of 158Gd was higher
in all FAs with GdBA fuel rods in both fuels. On the other hand, the
concentration of 155Gd and 157Gd decreased linearly until reaching
zero value equilibrium at similar burn-up time as seen for 156Gd
and 158Gd cases respectively, which was due to their large thermal
neutron absorption cross section. Others gadolinium isotopes
maintained constant values throughout the burn-up time. The
concentration of gadolinium isotopes were generally higher in UO2

fuel assemblies with andwithout GdBA rods compared to that of (U,
Th)O2 fuel although with the tendency of reversing the trend based
on higher discharge burn-up property of thorium-based fuel.
Considering volume of spent fuel, these findings, therefore, suggest
the larger use of 155Gd and 157Gd isotopes for reactivity control



Fig. 10. Variation of iodine-135 concentration in (a) UO2 fuel (b) (U, Th)O2 fuel.

Fig. 11. Variation of gadolinium isotopes in UO2 fuel (a) without GdBA fuel rod (b) with 16 GdBA fuel rods (c) with 24 GdBA fuel rods (d) with 34 GdBA fuel rods [16].
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compared to 158Gd, 156Gd and other isotopes.

4. Conclusion

A comparative study on the performance of gadolinium burn-
able absorber in UO2 and (U, Th)O2 fuels in W-SMR revealed that:
� The reactivity swing in all the fuel assemblies with gadolinium
burnable absorber rods in UO2 fuel was respectively larger than
their counterparts with similar number of GdBA fuel rods in (U,
Th)O2 fuel. But the excess reactivity in all FAs with (U, Th)O2 fuel
was respectively higher than in UO2 fuel.



Fig. 12. Variation of gadolinium isotopes in (U, Th)O2 fuel (a) without GdBA fuel rod (b) with 16 GdBA fuel rods (c) with 24 GdBA fuel rods (d) with 34 GdBA fuel rods.
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� At the end of cycle burn-up (~49.64 GWd/tHM), the excess
reactivity of (U, Th)O2 fuel was positive (16,000 pcm) compared
to UO2 that was negative (�6000 pcm) which shows the po-
tential for longer discharge burn-up in (U, Th)O2 fuel.

� Thorium-based fuel would require heavy enrichment or longer
cycle length to achieve same discharge burn-up with uranium-
based fuel.

� The concentration of plutonium isotopes and minor actinides
were significantly higher in uranium fuel than in thorium fuel
except for 236Np.

� The concentration of gadolinium and iodine isotopes except for
135Xe were respectively smaller in thorium-based fuel than in
UO2 fuel but would be two times higher in thorium fuel due to
its potential longer discharge burn-up.

These findings, therefore, suggest more caution on the use of
gadolinium burnable absorber in UO2 fuel for reactivity control due
to its higher reactivity swing compared to (U, Th)O2 fuel. It also
suggests the larger use of 155Gd and 157Gd isotopes for reactivity
control compared to 158Gd, 156Gd and its other isotopes as they
would not increase the volume of spent fuel unlike its other iso-
topes. The impact of gadolinium burnable absorber is more pro-
nounced in UO2 fuel than in (U, Th)O2 fuel except on the potential
increment of non-actinides concentration of spent fuel.
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