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The object of this study is an 870 MWy, small
modular boiling water reactor (SMR-BWR) core
that is expected to operate for 12 years without
refueling. The main issue addressed is conven-
tional BWR designs’ limited fuel cycle duration,
typically requiring refueling every 2-3 years. This
short refueling period increases operational costs,
leads to more extended maintenance downtimes,
and generates larger volumes of spent fuel waste.
This study examines the neutronic performance
of thorium-based fuels, namely (Th-***U)0O, and
(Th-*3U)0,, and compares them with standard
UO; fuel in an SMR-BWR core configuration.
The reactor core is a heterogeneous core consist-
ing of 3 fuel zones. To control reactivity, a burn-
able poison in the form of B,C is also added to
the fuel. Neutronic calculations are performed
using the standard reactor analysis code (SRAC)
system with the JENDL-4.0 nuclear data library.
The SRAC code uses the PIJ module for fuel cell
level calculations and the CITATION module for
reactor core level calculations. The results show
that (Th-***U)0; offers the most stable K5 over
a 12-year operating period, consistently remain-
ing above the criticality threshold at all fuel vol-
ume fractions. In addition, this fuel type exhib-
its the most uniform power density distribution
and the lowest PPF values, reducing the poten-
tial for thermal hotspots. (Th-*3U)0, fuel can
achieve a burnup level of around 50,000 MW4d/ton,
which aligns with SMR-BWR standards. UO,
and (Th-**U)0; fuels show a more pronounced
K5 decrease and less favorable power distribu-
tion characteristics. These findings underline the
potential of (Th-**3*U)0, as a promising candidate
for long-cycle, continuous SMR-BWR applications
without refueling
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1. Introduction

In response to global challenges related to clean ener-
gy transition and carbon emission reduction, developing
safer, more efficient, and more sustainable nuclear energy
systems has become a significant focus of contemporary
energy research. One prominent approach gaining increas-
ing attention in the nuclear reactors field is the deployment
of small modular reactors (SMRs), which offer advantages
such as standardized design, passive safety features, and
adaptability for remote areas with limited infrastructure [1].
Among various SMR types, designs based on the boiling
water reactor (BWR) are considered particularly promising
due to their simplified cooling systems and the techno-
logical maturity of their core design. However, a critical
limitation of BWR, including modular variants, is their
relatively short fuel cycle, typically lasting only 2-3 years,
necessitating frequent refueling. This constraint contributes
to increased reactor downtime, elevated maintenance costs,
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heightened safety risks, and the long-term accumulation of
radioactive waste [2].

Developing fuel systems that enable long-term reactor
operation without refueling is a critical issue in pursuing
sustainable nuclear energy. Consequently, investigating al-
ternative fuels capable of supporting extended fuel cycles
has become increasingly important. Thorium-based fuels
have attracted significant global attention due to the fertile
nature thorium-232, which can be transmuted into fissile
uranium-233 under neutron irradiation in the thermal spec-
trum. Thorium offers several advantages, including a high
conversion ratio, reduced generation of minor actinides, and
enhanced resistance to nuclear proliferation, positioning it
as a strong candidate for long-cycle reactor applications [3].

Some studies have shown that researchers can optimize
thorium-based fuel configurations to achieve stable neutronic
performance and extend the reactor operating cycle [4]. How-
ever, the application of thorium in BWR systems remains a sci-
entific challenge that requires further investigation, particularly




in the context of SMR designs, which demand both extended
operational lifetimes and the maintenance of key neutronic pa-
rameters within strict safety margins. The study of thorium uti-
lization in such systems remains highly relevant. It continues to
garner significant scientific attention, driven by the increasing
global demand for compact and inherently safe reactor technol-
ogies to support long-term energy security.

2. Literature review and problem statement

Thorium has been extensively studied as an alternative
nuclear fuel for light water reactors (LWRs), including boiling
water reactors (BWRs), due to its fertile characteristics that
enable the production of fissile uranium-233 (333U) through
neutron absorption in a thermal spectrum. Thorium offers
several notable advantages compared to uranium, such as
reduced generation of minor actinides and radiotoxic waste,
higher conversion ratios, and enhanced resistance to nuclear
proliferation. Furthermore, thorium is more abundant in the
Earth’s crust and exhibits strong potential for extending fuel
cycle durations while minimizing long-term waste manage-
ment challenges. As such, deploying thorium-based fuels rep-
resents a promising pathway for advancing the development
of next-generation nuclear reactors with improved efficiency,
sustainability, and safety performance [5].

Thorium (?33Th) presents several advantages as a nuclear
fuel, including its natural abundance four times greater than
uranium, high conversion potential into fissile 2**U, and re-
duced generation of long-lived radioactive waste. Moreover,
thorium-based fuels offer the potential for incinerating 2*°Pu,
thereby supporting nuclear non-proliferation objectives and
contributing to cleaner energy production [6]. Despite these
benefits, the deployment of thorium in BWR cores faces sever-
al technical and economic challenges. As 232Th is not fissile, it
requires the addition of fissile isotopes such as ?*°U, typically
enriched above 5%, which may increase fuel cycle costs. Fur-
thermore, the presence of 233Pa, an intermediate product in
the thorium fuel cycle, can elevate post-shutdown reactivity,
while 232U complicates fuel handling and refabrication due to
its intense gamma radiation [7]. These issues have limited the
widespread adoption of thorium-based fuels in BWR systems.
Addressing these challenges requires innovative design ap-
proaches, including optimizing fuel zone configurations, spec-
tral control through core engineering, and integrating long-life
modular reactor systems capable of maintaining neutronic
safety margins throughout extended operational periods.

Various thorium fuel designs have been extensively
explored using approaches such as blanket — seed configu-
rations and axially heterogeneous assemblies. For instance,
paper [8] evaluates multiple fuel assembly design options
for BWRs operating in a closed and continuous Th-2**U fuel
cycle. The proposed configuration employs an axially hetero-
geneous layout, with a single fissile zone positioned between
two fertile blanket zones to enhance the fertility-to-fissile
conversion ratio. The study identifies the optimal assembly
parameters and zone dimensions to achieve net breeding
of 23U. However, the investigation is limited to Th-?33U fuels
and does not include comparisons with other fuel types, such
as UO, or Th-?3°U. Similarly, paper [9] reports that using
UZr/ThO, composite fuel in BWRs can improve power den-
sity and fuel utilization efficiency relative to conventional
UO,. However, this study has not discussed the use of thori-
um-based fuel to extend the reactor operating cycle.

Comparative studies have examined the application of
thorium in combination with various fissile materials, includ-
ing 2%U, 23U, and 2*Pu, within BWR systems. Paper [10]
demonstrates that these configurations are technically feasible
when implemented in the conventional GE-14N fuel assembly
geometry, yielding neutronic safety parameters that are compa-
rable to those of low-enriched uranium (LEU) and mixed oxide
(MOX) fuels. Paper [11], which investigates the NuScale-type
small modular reactor (SMR), reports that combining ThO,
with reprocessed fissile materials can significantly extend the
fuel cycle beyond 25 MWd/kgHM and enhance the reactivity
feedback coefficients. However, neither paper [10] nor paper [11]
addresses the implementation of burnable poisons to manage
long-term excess reactivity, which is essential for maintaining
reactor safety over extended operating periods.

Previous studies have demonstrated the significant poten-
tial of thorium-based fuels for application in small modular
reactors (SMRs), particularly in both homogeneous and het-
erogeneous core configurations. These fuel types have been
shown to offer improved reactivity feedback coefficients and
longer burnup cycles compared to conventional uranium-based
fuels. However, the application of thorium fuels in small mod-
ular boiling water reactor (SMR-BWR) remains underexplored.
Moreover, most prior studies have not addressed using burnable
poisons to control long-term excess reactivity, an essential con-
sideration for non-refueling fuel cycles. All this allows to assert
that conducting a study on the neutronic feasibility of thori-
um-based fuels with integrated burnable poisons in SMR-BWRs
for long-cycle, non-refueling operation is expedient.

3. The aim and objectives of the study

The aim of this study is to identifying features of three
different fuel configurations UO,, (Th-23°U)0,, and (Th-233U)
O, within the core design of an 870 MWy, SMR-BWR, in
order to assess the potential of thorium-based fuels to extend
the operational cycle up to 12 years without refueling, with-
out compromising safety margins or the stability of power
distribution within the reactor core.

To achieve this aim, the following objectives were accom-
plished:

— to determine the fuel configuration that maintains the
most stable effective multiplication factor (K.) over a 12-year
operation period;

- to analyze radial and axial power density distributions
to evaluate the stability of power generation;

- to calculate the power peaking factor (PPF) as an indi-
cator of power uniformity and hotspot potential;

— to assess the fuel burnup level as an indicator of fissile
material utilization efficiency during long-cycle operation.

4. Materials and methods

The object of this study is an SMR-BWR with a thermal pow-
er of 870 MWy,. Itis designed to operate for 12 years without refu-
eling. The central hypothesis of this study is that thorium-based
fuels, particularly (Th-2**U)0,, can maintain reactivity above
criticality for 12 years with acceptable power distribution and
burnup levels in an SMR-BWR core. Key assumptions include
constant geometry across all cases and the homogenous mixing
of burnable poisons. The primary simplification uses a two-di-
mensional (2D R-Z) model without thermal-hydraulic coupling.



The present study conducts a comparative neutronic eval-
uation of three fuel types UO,, (Th-23U)0,, and (Th-***U)0,
within the core configuration of an 870 MWy, SMR-BWR. The
analysis focuses on key neutronic parameters, including the
effective multiplication factor (K), power density distribution,
power peaking factor (PPF), and burnup level, to assess reac-
tivity stability, fuel utilization efficiency, and operational safety.
By incorporating B,C as a standard burnable poison, this study
proposes a viable strategy to maintain low excess reactivity over
a 12-year operating period without refueling while preserving
safety margins and ensuring uniform power distribution.

The fuel cell model uses a square cell geometry, as shown
in Fig. 1. The pitch (distance between fuel rod centers) is 1.45 cm.
Each cell consists of a cylindrical fuel pellet clad with Zircaloy-4
and surrounded by light water (H,O) as a moderator. The fuel
volume fractions analyzed in this study are 55%, 60%, and 65%.
In this study, let’s vary the fuel volume fraction by adjusting
the fuel pellet diameter while maintaining a constant fuel pin
pitch. This parametric variation was performed to analyze how
neutronic performance responds to different fuel-to-moderator
ratios, making it an essential part of evaluating the
impact of fuel volume fraction on key neutronic pa-
rameters.

—— 3132 cm

Fig. 1. Fuel cell configuration

To control the initial excess reactivity and maintain re-
actor stability throughout the cycle, burnable poison (BP) in
boron carbide (B,4C) is used, homogeneously mixed with the
fuel. B4C is chosen due to its high thermal neutron absorp-
tion capability and good chemical stability under light water
reactor conditions. It is acknowledged that the use of B,C as
an integral burnable poison (IBP) by homogeneous mixing
with fuel is not standard in current BWR practice. This study
adopts B4C as a conceptual IBP to evaluate its neutronic ef-
fect. While technologically feasible, practical implementation
would require addressing manufacturing challenges, such as
differences in thermal expansion coefficients, sintering com-
patibility, and achieving homogeneous distribution within
the fuel matrix.

The reactor core is modeled as a cylinder with a height
of 313.2 cm and a diameter of 130.5 cm. An R-Z geometry ap-
proximation is used for two-dimensional calculations, in which
the core is divided into three fuel zones (A, B, and C) with dif-
ferent levels of fissile enrichment. Zone A represents the region
with the lowest enrichment, Zone B has medium enrichment,
and Zone C has the highest enrichment level. The distribution
of these fuel zones is arranged radially, as illustrated in Fig. 2,
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with a reflector placed around the outer boundary of the core
to enhance neutron utilization and fuel burnup efficiency [12].
The fissile material enrichment settings for each zone for the
three fuel types analyzed are presented in Table 1. It is deter-
mined that the fuel enrichment based on the requirement to
achieve adequate initial reactivity while remaining within the
safety design limits of the SMR-BWR. The enrichment values
of 4.5-6.5% for 2*>U and 233U were chosen considering results
from our previous parametric studies to ensure criticality and
safety throughout the 12-year operation [1].

Table 1
Fissile material enrichment in each core zone
for each fuel type
Fuel tvpe Zone A (lowest | Zone B (medium | Zone C (highest
P enrichment) enrichment) enrichment)
U0, 4.5% U 5% 235U 5.5% 25U
(Th-35U)0, |  5.5% 235U 6% 235U 6.5% 235U
(Th-233U)0, |  4.5% 23U 5% 23U 5.5% 233U

axial

— 130.5cm —

radial

A= Lowest-enriched fuel
B = Moderately-enriched fuel

C = Highest-enriched fuel
R = Reflector

Fig. 2. Reactor core configuration

Several key neutronic parameters calculated in this
study include the effective multiplication factor (Ky) over
12 years of operation as an indicator of reactivity sustain-
ability, radial and axial power density distributions to
assess the uniformity of power generation, and the power
peaking factor (PPF) as a measure of power distribution
stability. In addition, the fuel burnup level was calculated
to evaluate the efficiency of fissile material utilization,
where a higher burnup reflects more optimal fuel use.
These parameters were analyzed for each fuel type to as-
sess neutronic stability and feasibility within a long-life,
safe, and efficient SMR-BWR core design. The SMR-BWR
design parameters are presented in Table 2. It is possible to
refer to the power level of 870 MWy, based on the BWRX-
300, an SMR-BWR developed by Hitachi. In this study,
it is possible to design the reactor core to ensure that the
average power density remains close to the standard values
used in conventional BWR [13].

Neutronic calculations were performed using the stan-
dard reactor analysis code (SRAC) 2006 version, utiliz-
ing the PIJ module for fuel cell-level calculations and the
CITATION module for core-level flux and reactivity distri-
bution analysis. This study used nuclear data obtained from
the JENDL-4.0 library. The calculation scheme is illustrated
in Fig. 3 [14].



Table 2
Small modular BWR design parameters
Parameters Specification
Thermal power reactors (MWy,) 870
Fuel UO,, (Th-U)0,, and (Th->**U)0,
Cladding structure Zircaloy-4
Coolant H,0
Reflector Stainless steel and H,0

Fuel cell geometry Square cell

25U or 233U percentage (%) 4.5-6.5
Fuel volume fraction (%) 55, 60, and 65
Cladding density (g/cm?) 6.5
Cladding thickness (cm) 0.057
Coolant density (g/cm?) 0.72
Pin pitch (cm) 1.45 cm
Active core diameter (cm) 261.0 cm
Active core height (cm) 313.2cm
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Fig. 3. Calculation scheme of standard reactor analysis code

Fig. 4 shows the effective multiplication factor (K.y)
profiles over 12 years of operation for the three fuel
types UO,, (Th-?33U)0,, and (Th-*3U)0, with and without the
use of burnable poison (B4C), at a fuel volume fraction of 55%.
The UO, fuel without BP exhibits a high initial K. (~1.31) but
drops significantly to subcritical levels (<1.0) by years 5 to 6.
The addition of 0.04% B4C reduces the initial reactivity but is
insufficient to maintain criticality throughout the 12 years.
Meanwhile, (Th-***U)O, shows a more moderate initial Ko
and a slower decline, with 0.03% B4C helping to smooth the
reactivity decrease, although K. still falls below one by the
end of the cycle. The (Th-2**U)0, fuel demonstrates the best
performance, starting with a high K, (~1.36) and declining
very slowly, remaining critical through the end of the opera-
tion. 0.2% B4C lowers the initial K, to ~1.06 but maintains a
value above 1 for nearly the entire operation period, indicat-
ing excellent neutronic stability and the highest potential for
long-life reactor applications.

As shown in Fig. 5, at a fuel volume fraction of 60%,
the increased fissile nuclide density results in a higher
initial Kz than the 55% fraction. However, a decrease in
K. still occurs, particularly for UO, and (Th-***U)0,,
which become subcritical from year 5 to 6, regardless of
the presence of B,C. This result indicates that increasing
the fuel volume fraction alone is insufficient for long-
term reactivity. In contrast, (Th-233U)0, shows the best
performance: without BP, it starts with a high K. (~1.32)
and remains critical until the end of the operation; with
0.2% B4C, the initial reactivity drops to ~1.05 but remains
stable and close to 1.00 throughout the 12 years. (Th-233U)
O, exhibits intermediate performance with moderate
initial reactivity and a slow decline but remains subcrit-
ical by the end of the cycle, making it suitable for tho-
rium transition cycles, although less optimal compared
to (Th-233U)0,.

Fig. 6 presents the effective multiplication factor (K)
profiles for small modular BWRs operating with a fuel vol-
ume fraction of 65%. The profiles correspond to three fuel
types: UO,, (Th-3U)0,, and (Th-*°U)0,.
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performance parameters in this study.
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and (Th-?**U)0, with and without burnable
poison (B4C), to analyze reactivity trends over
a 12-year operation and determine the most
stable neutronic configuration.

Reactor operation time (year)

Fig. 4. Effective multiplication factor (K. profile for a small modular BWR
with a fuel volume fraction of 55% using the three fuel types
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Fig. 5. Effective multiplication factor (K, profile for a small modular BWR
with a fuel volume fraction of 60% using the three fuel types

reflect the configuration with 0.02% B,C added
as a burnable poison.

The power density distribution for UO, fuel
exhibits typical patterns both radially and axi-
ally. Radially, as shown in Fig. 7, a, at the BOC,
the maximum power (~82 W/cc) is concentrat-
ed at the core center and decreases toward the

periphery, reflecting the neutron flux peak at
the center. The overall distribution weakens to-
ward the EOC, with the peak power decreasing
to ~60 W/cc due to reduced reactivity. As
shown in Fig. 7, b, the initial distribution is
uniform in the axial direction from the bottom

to the mid-height (~40-45 W/cc), then increas-
es toward the top. By the EOC, the power peak

shifts upward, reaching ~62 W/cc, indicating a

shift in reactivity location due to fuel burnup.
Radial and axial power distributions for

(Th-233U)0, fuel are presented in Fig. 8. The
results reflect the configuration with 0.02% B4C

added as a burnable poison.

The power density distribution of (Th-23%U)
O, fuel shows significant changes between the

BOC and EOC. As illustrated in Fig. 8, a, the
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Fig. 6. Effective multiplication factor (Kes) profile for a small modular BWR
with a fuel volume fraction of 65% using the three fuel types

Fig. 6 shows that at a fuel volume fraction of 65%, the
increase in fissile density has varying impacts depending
on the fuel type. (Th-233U)0, demonstrates the best per-
formance, with a high initial K, (~1.23) without BP, and
remains critical throughout the 12 years. Adding 0.1% B,C
reduces the initial K4 to ~1.08 but maintains stability over
the entire cycle, reflecting the high fissility of 23U and
its responsiveness to burnable poison. In contrast, UO,
experiences a rapid drop in K,y despite an initial value
of ~1.06; adding 0.01% B,C only slightly improves the ini-
tial reactivity. Surprisingly, (Th-2*>U)0, exhibits an initial
K. below 1, indicating a subcritical condition from the
start and a lack of sustainability without a more complex
reactor design.

radial distribution at BOC is relatively uniform
in the core center with a peak of ~55 W/cc but
increases sharply at EOC to ~95 W/cc at the
center. This result reflects reactivity buildup
due to thorium conversion into 233U. Mean-
while, Fig. 8, b shows that the axial distribution
at BOC is relatively uniform (48-52 W/cc) and,
at EOC, increases slightly with a peak of ~57 W/cc at the
upper core region. Overall, the axial distribution remains
stable, but the radial peaking at EOC should be considered in
thermal design to avoid overheating.

Radial and axial power distributions for (Th-?3*U)0, fuel
are presented in Fig. 9. The results reflect the configuration
with 0.02% B4C added as a burnable poison.

The power density distribution of (Th-233U)0, fuel
demonstrates superior characteristics to the other two fuels.
As shown in Fig. 9, a, the radial power distribution at BOC
is relatively moderate (~50 W/cc) at the core center and de-
creases toward the periphery. At EOC, the power increases
significantly at the center to ~85 W/cc due to 233U buildup,
resulting in a steeper profile. Meanwhile, Fig. 9, b indicates
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power stability. Overall, (Th-233U)0, offers advantages in ax-
ial stability and radial reactivity efficiency, with special atten-
tion required for core-center peaking at the end of the cycle.

that the axial power distribution at BOC tends to rise from
bottom to top, peaking at ~51 W/cc. At EOC, the distribution
becomes more uniform (~48-50 W/cc), indicating vertical
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5. 3. Power peaking factor

Table 3 presents the power peaking factor (PPF) values
in both radial and axial directions at the beginning of cy-
cle (BOC) and end of cycle (EOC) for different fuel types UO,,
(Th-233U)0,, and (Th-?*U)0, under varying fuel volume
fractions (%Fuel) of 55%, 60%, and 65%, and different burn-
able poison (%B4C) concentrations. Generally, radial PPF
values at BOC tend to be higher than at EOC, indicating a
reduction in initial power peaking as fissile material is con-
sumed. UO, fuel exhibits the highest radial PPF at BOC (up
to 1.79), which decreases at EOC but remains relatively high.
The use of B4C has been shown to reduce PPF values, as seen
in UO, with 55% fuel and 0.04% B,C, where the radial PPF at
BOC decreased from 1.79 to 1.67.

For (Th-***U)0, fuel, the radial and axial PPF values
are generally lower and more stable, indicating a more
uniform power profile. Meanwhile, (Th-23*U)0O, shows
good axial power stability, with axial PPF values ranging
from 1.19 to 1.22. However, a significant radial PPF increase
is observed when B,C is used. For example, at a 65% fuel frac-
tion with 0.10% B4C, the axial PPF reaches 1.36.

Table 3
PPF values for each fuel type and volume fraction

Fuel %Fuel | %B4C - Boc - - Eoc -

Radial | Axial | Radial | Axial
U0, 55 0.00 1.79 1.26 1.72 1.22
U0, 55 0.04 1.67 1.20 1.72 1.23
U0, 60 0.00 1.75 1.25 1.73 1.23
U0, 60 0.02 1.66 1.22 1.74 1.23
U0, 65 0.00 1.71 1.24 1.65 1.25
U0, 65 0.01 1.67 1.22 1.75 1.23

(Th-50)0, 55 0.00 1.60 1.15 1.67 1.26
(Th-5U)0, 55 0.03 1.73 1.20 1.67 1.26
(Th-5U)0, 60 0.00 1.75 1.15 1.70 1.27
(Th-5U)0, 60 0.02 1.73 1.19 1.70 1.27
(Th-5U)0, 65 0.00 1.73 1.19 1.70 1.27
(Th-23U)0, 55 0.00 1.74 1.21 1.66 1.19
(Th-23U)0, 55 0.20 1.69 1.48 1.66 1.20
(Th-23U)0, 60 0.00 1.74 1.22 1.65 1.19
(Th-23U)0, 60 0.20 1.70 1.46 1.67 1.19
(Th-23U)0, 65 0.00 1.73 1.23 1.65 1.19
(Th-23U)0, 65 0.10 1.68 1.36 1.67 1.19

From Table 3, it can be concluded that (Th-?*3U)0, fuel
tends to provide a more uniform axial power distribution,
while UO, exhibits higher power peaking and is more sensi-
tive to variations in fuel volume fraction and B4C usage. This
information is crucial for thermal analysis and the long-term
safety design of the reactor core.

5. 4. Burnup level

Fig. 10 illustrates the relationship between reactor op-
erating time (in years) and burnup level (in MWd/ton)
for (Th-2*U)0,, with fuel volume fractions of 55%, 60%,
and 65%, respectively, with B,C additions to each fuel volume
fraction of 0.2%, 0.2%, and 0.1%. In general, the addition of
B4C does not have a significant effect on the burnup level
because the percentage is tiny.

At the end of the reactor operating cycle for 12 years, it
can be seen that the burnup rate can reach 51,373 MWd/ton
at a fuel fraction of 55%, 47,092 MWd/ton at a fuel volume

fraction of 60%, and 43,296 MWd/ton at a fuel volume frac-
tion of 65%. It can be seen that the burnup rate is higher at a
lower fuel volume fraction. This condition occurs because the
lower fuel volume fraction means a larger moderator, so the
thermal neutrons increase, causing fuel burnup to increase.
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Fig. 10. Burnup level for (Th-233U)0; fuel with variations in
fuel volume fraction

6. Discussion of evaluation of thorium-based fuels
for 12-year operation of small modular BWR without
refueling

The evaluation of thorium-based fuels for 12-year opera-
tion of small modular BWR without refueling was conducted
using four main neutronic parameters: the effective multipli-
cation factor (K,y), power density distribution, Power Peak-
ing Factor (PPF), and burnup level.

The K,y results are presented in Fig. 4-6 show that
(Th-233U)0, fuel provides the most stable reactivity per-
formance over 12 years. Without burnable poison (BP), its
initial K, reaches ~1.36 (Fig. 4), indicating high excess re-
activity. The addition of 0.2% B4C successfully reduces this
to ~1.06, maintaining criticality throughout the cycle. The
in-situ breeding of 23U from 23’Th contributes significantly
to sustaining reactivity, making this configuration ideal for
long-life core applications.

In contrast, UO, fuel demonstrates a steep decline in Ky
and becomes subcritical after 5-6 years regardless of B4C
addition, as seen in Fig. 4, 5. Although (Th-?*U)0, performs
better with slower K,q reduction, it still falls below critical
by the end of 12 years. This result confirms that thorium
fuel with 233U provides superior long-term reactivity, which
aligns with results from earlier works [4, 5].

Fig. 7-9 illustrate the radial and axial power density
distributions at BOC and EOC for the three fuel types. For
UO, (Fig. 7), the peak radial power density is ~82 W/cc at
BOC, decreasing to ~60 W/cc at EOC. In the axial direction,
the power peak shifts upward by EOC, suggesting reactivity
migration, which must be considered in thermal-hydraulic de-
sign. For (Th-2%U)0, (Fig. 8), the radial distribution becomes
increasingly peaked, rising to ~95 W/cc at EOC due to localized
233U buildup. The axial profile remains relatively stable. In con-
trast, (Th-233U)0, (Fig. 9) shows symmetric radial peaking from
~50 to ~85W/cc and a consistent axial profile (~48-50 W/cc),
indicating well-balanced reactivity and thermal behavior.



Table 3 provides PPF data, which further supports these
observations. UO, exhibits the highest PPF values, especial-
ly radially. (Th-*U)0, shows significant radial peaking
at EOC, while (Th-**U)0, maintains the lowest and most
stable PPFs in both directions, indicating better power flat-
tening.

The burnup level in Fig. 10 shows that the (Th-?3*U)0,
fuel can achieve a burnup level of 51,373 MWd/ton at a fuel
fraction of 55%, 47,092 MWd/ton at a fuel volume fraction
of 60%, and 43,296 MWd/ton at a fuel volume fraction of 65%
at the end of the operating cycle. These results are close to the
standard SMR-BWR type BWRX-300, which has a projected
burnup level of up to 50,000 MWd/ton [13].

Compared to prior research, this study provides a de-
tailed, fuel-to-fuel evaluation under consistent 870 MWy,
small modular BWR conditions with design-specific power
densities and long-life cycle aims. The results align with
earlier findings [6, 10, 11, 15] while introducing new data on
reactor-scale distribution behavior and long-term reactivity
control at that power level.

In conclusion, based on all evaluated parameters,
(Th-233U)0, emerges as the most viable fuel candidate for
enabling up to 12 years of continuous operation in small mod-
ular BWRs without refueling, offering substantial advantages
in reactivity stability, power distribution uniformity, and
fissile material utilization.

However, this study has several limitations, including
using a two-dimensional (2D R-Z) core geometry model
that does not describe the power density distribution in all
directions in the reactor core. In addition, neutronic calcu-
lations were performed without thermal-hydraulic analysis,
so the effects of temperature and fuel cooling have not been
calculated realistically. Therefore, further development must
include three-dimensional (3D) modeling, neutronic and
thermal-hydraulic integration analysis, and transient safety
evaluation to ensure comprehensive reactor design perfor-
mance and satisfaction.

In addition to the technical limitations of the two-dimen-
sional core model and the absence of thermal-hydraulic cou-
pling, this study also presents several notable shortcomings.
A key drawback is the exclusive reliance on simulation-based
analysis, which has not yet been experimentally validated or
benchmarked against real reactor data. This lack of valida-
tion may result in discrepancies when the results are applied
to more complex physical conditions. To address this issue,
future work should include benchmarking simulation out-
comes using experimental data or well-established reactor
benchmarks to improve result reliability.

Future development of this study should focus on extend-
ing the current methodology to complete three-dimensional
modeling with integrated neutronic and thermal-hydraulic
coupling. In addition, transient and accident condition anal-
yses are necessary to ensure comprehensive safety evalua-

tion. However, such developments are expected to encounter
several challenges, including the need for significant compu-
tational resources to perform long-term 3D simulations and
the use of advanced multiphysics codes capable of modeling
detailed thermal-hydraulic behavior under operational and
off-normal conditions.

7. Conclusions

1. The (Th->**U)O0;, fuel exhibits the most stable K, val-
ues, consistently remaining above 1.00 throughout 12 years
of operation without refueling, making it a strong candidate
for long-cycle applications. Adding burnable poison (B,C)
has reduced the initial excess reactivity.

2. (Th-***U)0, exhibits a symmetric radial power distri-
bution with a moderate increase at the core center by the
end of the cycle, reflecting efficient reactivity utilization and
optimal power control. Its axial power distribution also re-
mains stable throughout the operational cycle, contributing
to thermal stability within the reactor.

3. The power peaking factor (PPF) values for (Th-233U)
O; fuel tend to remain lower and more stable throughout the
cycle, with radial PPF values for all fuel volume fractions
ranging from 1.65 to 1.74 and axial PPF from 1.19 to 1.48,
indicating a uniform power distribution and minimal risk of
hotspot formation.

4. (Th-?33U)0, fuel can achieve a burnup level of around
50,000 MWd/ton, which aligns with SMR-BWR standards.
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