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Abstract

In this paper, several optimized design results of the HTGR-based 10 MWth Reaktor Daya
Eksperimental (RDE) (Experimental Power Reactor), so far conducted, are reviewed and
compared from the neutronics, reactor types, refueling schemes, and fuel cycle points of
view. The review covers the multipass and once-through-then-out (OTTO) pebble-bed
cores, as well as block/prismatic type cores with several fuel shuffling options. As for the
fuel cycle, uranium and thorium fuels are considered. The fuel burnup performance and
power distribution are evaluated and compared among other important design parameters.
Reactor physics codes, nuclear data libraries, and calculation models and procedures
used for the design and analysis are reviewed, and challenges for future improvements
are discussed.

Keywords: optimization; neutronics; design; HTGR; pebble-bed; prismatic/block; multipass;
OTTO; uranium; thorium

1. Introduction
In 2014, the Indonesian National Nuclear Energy Agency—known then as BATAN

and now integrated into the National Research and Innovation Agency (BRIN)—initiated
a project to construct an experimental power reactor, the Reaktor Daya Eksperimental (RDE).
This initiative was planned for the Agency’s principal research facility located within the
Puspiptek Complex in Serpong, South Tangerang. The RDE was envisioned as a foun-
dational step toward the eventual deployment of commercial-scale nuclear power plants
across Indonesia. The primary aim of the RDE project was to validate the safe and depend-
able production of electricity and thermal energy using nuclear technology. As outlined
in the User Requirement Document (URD) [1] issued by BATAN, the proposed reactor
design featured a compact pebble-bed high-temperature gas-cooled reactor (HTGR) with
a thermal capacity of 10 MWth. It was to be fueled by low enriched uranium (LEU) in the
form of UO2 TRISO particles, operating under either a multipass or once-through-then-out
(OTTO) fueling strategy. While Table 1 summarizes the key specifications of the RDE, many
of the detailed design parameters—such as core geometry and fuel characteristics—were
presented as value ranges. These parameters were intended to be refined progressively
through the conceptual, preliminary, and final design stages.
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Table 1. Main design parameters and constraints provided by URD [1].

Reactor Type Pebble-Bed

Thermal power (MWth) 10
Core diameter (m) <2.5
Core height/diameter ratio >1.1
Average power density (PD, W/cm3) 2.0 ≤ PD ≤ 3.0
Upper core void height (m) Not specified
Radial reflector thickness (m) Not specified
Upper and lower reflector thickness (m) Not specified
Fueling scheme Multipass/OTTO
U-235 enrichment (wt. %) ≤17
Heavy Metal (HM) loading (g/pebble) ≤20
Ave. discharge burnup (GWd/t) 80
He inlet/outlet pressure (◦C) 250/700
He inlet pressure (MPa) 3

Several neutronics design efforts based on and beyond the URD requirements were
conducted and reported in detail in References [2–6]. The RDE site license was obtained
in 2018, but at present (2025) there is unfortunately no clear decision to continue the plan
and to build the reactor. Nevertheless, the design efforts and experiences are considered to
be a valuable research and development activity, and a milestone for the Agency and the
related stakeholders.

In this paper, several RDE design results, so far conducted, are compared and reviewed
from neutronics, refueling scheme, and fuel cycle points of view. The calculation models,
codes, and libraries used in the design were also briefly discussed. In addition, since
the analytical work needed for the above-mentioned design efforts, especially during
parametric survey and optimization is enormous, we also proposed and developed a new
method to reduce the design work [7].

2. Neutronics Design
Determining the optimal fuel composition is a critical aspect of HTGR operation, as it

has direct implications for fuel economics, storage requirements for both fresh and spent
fuel, and the overall environmental impact of the fuel cycle. Preliminary investigations
were carried out to explore key fuel parameters—specifically, the heavy metal (HM) content
per fuel pebble or block and the level of uranium enrichment or fissile content. The primary
objective of the studies referenced in [2–6] was to identify suitable ranges for HM loading
and enrichment/fissile content levels tailored to the RDE configuration. The HM hereafter
is defined as the U-235 and U-238 for uranium fuel cycle, and the Th-232 and U-233 for
thorium fuel cycle. The amount of HM per fuel unit significantly influences neutron mod-
eration characteristics, thereby shaping the core’s neutron energy spectrum. Meanwhile,
uranium enrichment or fissile content is closely linked to the reactor’s achievable discharge
burnup. A central performance metric for evaluating fuel composition is the minimization
of fissile material required per unit of energy produced—expressed as the lowest possible
kilograms of fissile material per gigawatt-day (GWd) under equilibrium core conditions.

2.1. Design Parameters, Constraints, and Optimization

In the URD shown in Table 1, the main design parameters and constraints of the RDE
are listed. The reactor type, thermal output, discharge burnup and the coolant inlet/outlet
temperature and pressure are already fixed and treated as the design constraints. As for the
core dimension, three design constraints are imposed, that is, the maximum core diameter,
minimum height/diameter ratio, and average core power density. On the other hand, as
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for the fuel composition, only the maximum uranium enrichment (17 wt. %) and maximum
HM loading (20 g/pebble) are imposed.

Based on the above-mentioned URD, the RDE design parameters shown in Tables 2
and 3 were adopted for the pebble-bed [2–4] and block/prismatic [5,6] type RDE, respec-
tively. Table 2 [2–4] shows the pebble-bed type RDE design parameters adopted for the
scoping study. The TRISO detailed specification is provided in [2–4]. The core diameter was
set to 1.8 m (derived from the Chinese 10 MWth HTR-10 [8]) while the core height/diameter
ratio and average power density were set to their minimum values, i.e., 1.1 and 2 W/cm3,
respectively, to obtain good neutron economics. Setting the core height/diameter ratio to
1.1 provides the minimal neutron leakage for a cylindrical core geometry while setting the
power density to its minimal value (2 W/cm3) yields a larger core dimension, i.e., smaller
neutron leakage.

Table 2. Design parameters of the pebble-bed type RDE [2–4].

Reactor Type Pebble-Bed

Thermal power (MWth) 10
Core diameter (m) 1.8 [8]
Core height/diameter ratio 1.1 (height 1.97 m)
Ave. core power density (PD, W/cm3) 2.0
Upper core void height (m) 0.4
Radial reflector thickness (m) 0.5
Upper and lower reflector thickness (m) 1.0
Fueling scheme Multipass (5 passes) [8]/OTTO
U-235 enrichment (wt. %) 12.5–20.0 (LEU)
U-233 fissile content (wt. %) 5.0–12.5
HM loading (g/pebble)

Uranium fuel cycle 4–10
Thorium fuel cycle 10–22

Average discharge burnup (GWd/t) 80
He inlet/outlet pressure (◦C) 250/700
He inlet pressure (MPa) 3

Table 3. Design parameters of the block/prismatic type RDE [5,6].

Reactor Type and Fuel Block Specification Block/Prismatic HTTR [9]

Thermal power (MWth) 10
Core equivalent diameter (m) 2.31
Core height/diameter ratio 1.0
Average core power density (PD, W/cm3) 1.4
Upper core void height (m) No core void
No. of fuel column 27
No. of fuel block per column 4
Total no. of fuel block 108
Radial reflector thickness (m) 1.0
Upper and lower reflector thickness (m) 1.16
Fueling scheme Single (HTTR) [9]/Multi batch
U-235 enrichment (wt. %) ≤20.0 (LEU)
HM loading (kg/block) 3–5
Average and maximum discharge burnup (GWd/t) 80, 120
He inlet/outlet pressure (◦C) 250/700
He inlet pressure (MPa) 3

A void space positioned at the top of the pebble-bed reactor core was deemed essential,
with its height specified to be around 40 cm [8]. Regarding the initial fuel configuration,
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a scoping analysis was performed to evaluate uranium enrichment levels between 10 and
20 weight percent, alongside heavy metal (HM) loading values ranging from 4 to 10 g
per fuel pebble. Although the design limit for uranium enrichment was set at 17 wt. %,
scenarios exceeding this threshold were also examined to ensure comprehensive coverage,
given that low enriched uranium (LEU) can reach up to 20 wt. %. Fuel configurations with
HM loading below 4 g/pebble or above 10 g/pebble were excluded based on preliminary
screening results.

In the case of the thorium-based fuel cycle, no strict upper limit has been formally
defined for fissile content. Consequently, a justification was developed to set a reasonable
maximum for U-233 concentration. Since U-233 serves as the primary fissile isotope in
thorium fuel and exhibits significantly higher reactivity than U-235 in thermal-spectrum
reactors, it was proposed that an equivalent upper bound would be approximately 11 wt. %.
This figure is based on a comparative assessment with the 20 wt. % enrichment limit
typically applied to low enriched uranium (LEU) containing U-235. For the scoping study,
we limited the U-233 fissile content up to 12.5 wt. %. Hence, for the fresh fuel composition
of thorium fuel cycle, the U-233 fissile content of 5 to 12.5 wt. % and the HM loading of 5 to
25 g/pebble were investigated. Similarly to the uranium fuel cycle, the analysis with the
range of HM loading less than 10 or greater than 22 g/pebble were not included via the
preliminary calculations (mostly for subcriticality reasons).

The URD permits the RDE to operate using either a multipass or an OTTO (once-
through-then-out) fueling strategy. For the multipass configuration, the number of fuel
recirculation was set to five, following the precedent established by China’s 10 MWth
HTR-10 reactor [8]. In this context, the design assumed a uniform distribution of fissile
material without radial zoning.

Due to the absence of finalized specifications for fuel composition, core-reflector
geometry, and structural details at the time, several assumptions were made: the fuel was
considered free of boron or equivalent neutron-absorbing impurities, and the graphite
reflectors were modeled with radial and axial thicknesses of 50 cm and 100 cm, respectively,
using a graphite density of 1.75 g/cm3.

In later stages of the RDE development, an option toward a block or prismatic-type
reactor design was also proposed. This consideration was driven by the geographical reality
that both the RDE site and Indonesia as a whole lie within the seismically active Ring of Fire
(Circum-Pacific Belt). The inherent structural stability of prismatic-type HTGRs—where
fuel elements are fixed and less prone to displacement during seismic events—makes them
particularly suitable for such regions. Additionally, this design facilitates the integration of
control and safety rods directly into the reactor core by incorporating dedicated channels
within the graphite blocks, thereby ensuring sub-criticality during abnormal conditions.

Table 3 [5,6] outlines the design parameters used in the scoping analysis for the
prismatic-type RDE. These specifications and design choices were derived from or adapted
based on the URD [1]. Only the uranium fuel cycle was considered.

The specifications for the fuel blocks and TRISO fuel—excluding the TRISO kernel
composition—were primarily based on those of Japan’s 10 MWth High Temperature
Engineering Test Reactor (HTTR) [9], with several minor adjustments. The HTTR employs
two types of fuel blocks: one containing 31 fuel pins and another with 33. For the RDE
design, only the 33-pin variant was selected to allow for slightly higher fuel loading per
block. Additionally, while the HTTR design does not utilize all available burnable poison
(BP) rod positions, necessitating attention to block orientation during loading and refueling,
the RDE configuration employs all three BP holes. This standardization—using a consistent
number of fuel pins and BP rods per block—is intended to streamline both fuel fabrication
and the refueling or shuffling process.
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To determine the optimal core geometry, three key parameters from the URD were
considered: a core diameter of 2.31 m, a height-to-diameter ratio of 1.0, and an average
power density of 1.4 W/cm3. While the core height-to-diameter ratio slightly exceeded the
specified value (approaching 1.1), the deviation was deemed acceptable, as it would not
significantly impact neutron leakage. It is important to note that the average power density
listed in Table 3 pertains solely to the fuel blocks.

Unlike the pebble-bed configuration, the block-type core does not require a void cavity
at the top. Instead, this space can be occupied by axial graphite reflector blocks, which
effectively reduce axial neutron leakage.

In the original pebble-bed RDE design, constraints included a maximum uranium
enrichment of 17 wt. % and a heavy metal (HM) loading limit of 20 g per pebble. For
the block-type configuration, the scoping study adhered to the LEU threshold of less
than 20 wt. %, but HM loading was defined per fuel block rather than per pebble. This
performance metric is influenced by the TRISO particle packing fraction within the fuel
compact and the atomic number density ratio of carbon to heavy metal (N_C/N_HM).

Given the lack of detailed specifications for fuel and reflector structures in the block-
type RDE, the HTTR design was used as a reference. The radial reflector consists of both
movable and permanent graphite blocks, a configuration directly adopted from the HTTR.
Similarly, two layers of axial graphite reflector blocks are placed at both the top and bottom
of the core, mirroring the HTTR arrangement.

The overall core layout for the block-type RDE was developed with reference to the
HTTR but scaled down to match the RDE’s lower thermal output of 10 MWth—one-third
that of the HTTR’s 30 MWth. To meet the RDE’s design goal of achieving an average
discharge burnup of 80 GWd/t (compared to 33 GWd/t for the HTTR), the core was
simplified by reducing the number of columns and the core height. The radial and axial
configurations are illustrated in Figure 1. The core comprises 27 columns, each containing
four axially stacked fuel blocks, totaling 108 fuel blocks. Seven control blocks are distributed
throughout the core, and three instrumentation blocks—identical in size to the control
blocks—are positioned along the periphery. Surrounding the fuel region is a ring of
replaceable reflector blocks, with two additional reflector blocks placed above and below the
fuel stack. The entire assembly is enclosed by a thick layer of permanent reflector material.

    

Figure 1. Cont.
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Figure 1. Radial (upper) and axial (lower) core layouts of block/prismatic type RDE. Adapted from
ref [6]. Copyright Elsevier.

To enhance discharge burnup in the block-type RDE, several fueling strategies were
assessed, including single-batch (as used in the HTTR), 2-batch, and 4-batch schemes. In all
cases, fuel shuffling was limited to axial movement within the core.

2.2. Calculation Models and Approximations

For the pebble-bed variant of the RDE, deterministic reactor physics tools were utilized
to support the design process. Calculations involving pebble motion, reactor criticality,
fuel burnup, and core equilibrium were carried out using an enhanced version of the
BATAN-MPASS code [10], specifically adapted for pebble-bed HTGR applications. BATAN-
MPASS is an in-core fuel management system built on a multigroup, multidimensional
neutron diffusion framework. It includes features for automated equilibrium and criticality
searches, as well as integrated thermal-hydraulic modeling capabilities. The code also
permits the assignment of varying fissile enrichment/content levels across different radial
zones of the pebble flow paths. Details of the thermal-hydraulic modeling approach
implemented in BATAN-MPASS were documented by Liem and Sekimoto [11]. To validate
the computational framework, benchmark analyses were conducted using the German
HTR-Module design (200 MWth), and the outcomes were subsequently compared with
results from other reactor simulation codes [12]. The equilibrium search function ensures
that all modeled scenarios converge to a core configuration with an effective multiplication
factor of 1.0.

Microscopic cross-sections for a four-group neutron energy structure, along with
temperature- and composition-dependent self-shielding factors, were generated using the
V.S.O.P. code system [13]. For the void cavity located at the top of the reactor core, group
constants were derived using the methodology introduced by Gerwin and Scherer [14].

The reactor core was segmented radially into ten distinct flow channels, each charac-
terized by a unique fuel pebble velocity profile. These radial velocity distributions were
based on experimental data obtained by KFA Jülich [15], which demonstrated a parabolic
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trend—maximum flow rates occurring near the core center and gradually decreasing to-
ward the outer regions.

It should be noted that nuclear data library used by the V.S.O.P. code was considerably
old (compiled around the 1990s, i.e., ENDF/B-V and JEF-1) and newer nuclear data library
may to some extent improve the accuracy of the design analysis results. In addition,
the group constants were prepared using only a 4-group structure which might also be
improved. Another improvement which may be considered is to replace the neutron
diffusion approximation in the BATAN-MPASS code with a higher-order method such as
the SN neutron transport approximation. Adopting the neutron transport approximation is
expected to improve the criticality and burnup calculation accuracy, particularly for directly
treating the upper core void and very small cores with large leakages.

For the prismatic-block configuration of the RDE, reactor physics simulations were
conducted using the continuous-energy Monte Carlo code Serpent 2 [16], coupled with
the ENDF/B-VIII.0 nuclear data library [17]. A key capability of Serpent 2 is its ability
to explicitly model the stochastic spatial distribution of TRISO fuel particles within the
fuel compact. To enhance the accuracy of burnup calculations across the full reactor core,
fuel blocks were segmented into multiple burnup zones. Similarly, burnable poison (BP)
rods were subdivided into five concentric radial layers to enable precise modeling of BP
depletion behavior. The simulations also incorporated the thermal scattering law S(α,β) for
graphite and applied Doppler Broadening Rejection Correction (DBRC) for U-238 in both
lattice-level and core-wide calculations. The Serpent 2 calculation models as well as the
ENDF/B-VIII.0 nuclear data library are considered to be state-of-the-art and accurate, but
it demands huge computation resources as well as long computation times. Conducting
a survey parametric/scoping study using a Monte Carlo code may be prohibitive, and
a methodology to reduce the computation burden should be developed such as that which
is reported in Reference [7].

3. RDE Optimization Design Results and Discussion
3.1. Pebble-Bed Type RDE Design

Table 4 presents the optimization outcomes for the pebble-bed RDE configuration,
while Figures 2–5 illustrate the scoping study results used to determine the most suitable
fuel compositions. The analysis begins with a comparison of the two fueling strategies
considered for the RDE: once-through-then-out (OTTO) and multipass.

Table 4. Main optimization design results of the pebble-bed type RDE [2–4].

Evaluated Parameters
Uranium

Fuel Cycle
Thorium

Fuel Cycle

OTTO Multipass OTTO

Fissile loading requirement (kg/GWd) 1.73 1.66 0.91

Heavy metal loading (g/pebble) 8.0 8.0 18.2

Fissile content (wt. %) 13.7 13.1 7.2

Moderation ratio 470 470 136

Ave. discharge burnup (GWd/t) 1 80.2 80.2 79.9

Ave. fuel residence time (years) 4.6 4.7 15.4

Conversion ratio 0.34 0.39 0.58

Maximum power density (W/cm3) 2.8 2.4 5.3
1 The discharge burnup varies from 60 to 100 GWd/t.
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Figure 2. Fissile loading requirement for uranium fuel cycle (O = OTTO, M = Multipass; Figures of
legend show the U-235 enrichment; Red arrow indicates the optimal HM loading).

Figure 3. Average discharge burnup for uranium fuel cycle (O = OTTO, M = Multipass; Figures of
legend show the U-235 enrichment; Red dot indicates the optimal HM loading).
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Figure 4. Fissile loading requirement for thorium fuel cycle (OTTO; Figures of legend show the U-233
fissile content; Red arrow indicates the optimal HM loading).

Figure 5. Average discharge burnup for thorium fuel cycle (OTTO; Figures of legend show the U-233
fissile content; Red dot indicates the optimal HM loading).

https://doi.org/10.3390/qubs10010005

https://doi.org/10.3390/qubs10010005


Quantum Beam Sci. 2026, 10, 5 10 of 17

Figures 2 and 3 display the evaluation results for both fueling schemes under the
uranium fuel cycle. In Figure 2, the relationship between fissile material requirements and
heavy metal (HM) loading is shown for four uranium enrichment levels: 12.5, 15, 17.5, and
20 wt. %. Across both fueling approaches, the fissile material needed per unit of energy
output decreases as enrichment increases. An optimal HM loading of approximately 8 g
per pebble emerges consistently across all enrichment levels and both fueling schemes, as
indicated by the red arrow in Figure 2.

Figure 3 illustrates how the average discharge burnup of fuel pebbles varies with
HM loading for the same enrichment values. The results suggest a near-linear correlation
between enrichment and burnup for both OTTO and multipass configurations.

This trend confirms that an HM loading of 8 g/pebble remains optimal across all
uranium enrichment scenarios. Selecting this HM loading alongside a target discharge
burnup of 80 GWd/t (highlighted by the red line) yields uranium enrichment values of
13.7 wt. % for OTTO and 13.1 wt. % for multipass (marked by red dots). These combi-
nations correspond to minimum fissile material requirements of 1.73 and 1.66 kg/GWd,
respectively, indicating that the multipass scheme offers slightly improved burnup per-
formance and a marginally higher conversion ratio. The estimated residence times for
fuel pebbles in the core are 4.6 years for OTTO and 4.7 years for multipass operation. The
OTTO fueling strategy tends to yield a more pronounced axial power peak compared to
multipass configurations. However, for the optimized fuel composition identified for the
OTTO scheme, the peak axial power density remains below 3 W/cm3—well within the
acceptable threshold of 0.65 kW per pebble.

Considering the refueling mechanisms needed for multipass and OTTO fuel schemes,
it is obvious that compared to the multipass, the OTTO requires a simpler mechanism since
one does not need to measure the burnup of the discharged pebbles and to send back the
discharged pebbles to the core.

Next, the evaluation on the RDE fuel cycle (uranium vs. thorium) is discussed for the
OTTO loading scheme. Figures 4 and 5 show the fissile loading requirement and averaged
discharged burnup for thorium fuel cycle which are compared with the uranium shown
in Figures 2 and 3. From Figure 4, the optimum value of the thorium fuel cycle is around
18 g/pebble which is significantly higher than the one of the uranium. This implies that
the moderation ratio in the thorium core is lower, i.e., a harder neutron spectrum, and it
enhances the conversion ratio in the thorium core.

Figure 5 illustrates how the average discharge burnup of fuel pebbles varies with
heavy metal (HM) loading per pebble across four different U-233 fissile content levels.
When targeting an average discharge burnup of 80 GWd/t, the optimal fuel configuration
for the thorium-based cycle corresponds to an HM loading of 18.2 g per pebble and a U-233
fissile content of 7.2 wt. %, as indicated by the red marker. The optimum composition
corresponds to minimal fissile requirement of 0.91 kg/GWd, which shows the superior
burnup performance of thorium cycle. However, to start a thorium fueled reactor, enough
U-233 fissile material must be prepared, which may not be practical at the present state.
Although the average discharge burnup shown in Table 4 is 80 GWd/t, the discharge
burnup of individual pebble flow varies from around 60 to 100 GWd/t [4].

Figures 6 and 7 present the axial power density profiles for the uranium and thorium
fuel cycles, respectively. As observed in the figures, the peak power density for the uranium-
fueled core is located near the central axial position, approximately at z = 270 cm. In contrast,
the thorium-fueled configuration exhibits its power peak closer to the upper region of the
core. This upward shift in the power peak for the thorium cycle is primarily attributed to
the reduced pebble flow velocity, which results in an extended residence time of the fuel
within the core.
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Figure 6. Power density distribution along the pebble flow paths for the optimum fuel composition
(uranium fuel cycle, OTTO).

Figure 7. Power density distribution along the pebble flow paths for the optimum fuel composition
(thorium fuel cycle, OTTO).

The above-mentioned RDE’s OTTO uranium fuel cycle with the optimal fuel com-
position is compared to the Chinese HTR-10 (a 10 MWth pebble-bed reactor). Since the
Indonesian RDE is conceptually based on the Chinese HTR-10, their core fuel designs are
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nearly identical. However, extensive scoping studies have been conducted to optimize the
RDE’s fuel composition specifically for Indonesia’s operational goals—namely, a simpler
fuel cycle with similar burnup targets. The following key differences and rationales are
worth mentioning:

Heavy metal (HM) loading (5 g/pebble vs. 8 g/pebble): HTR-10 uses 5 g of HM per
pebble. This is a standard design point for small-scale experimental HTGRs to ensure stable
criticality with a multipass system. Optimization studies by Liem et al. [2–4] found that
increasing the HM loading to 8 g per pebble is more efficient for the Indonesian context.
Higher HM loading allows the fuel to reside in the core longer, improving the conversion
of fertile isotopes to fissile ones and providing more fuel per volume.

Uranium enrichment (17 wt. % vs. 13.7 wt. %): HTR-10 uses a higher enrichment
of 17 wt. %. Because the RDE design targets a higher HM loading (8 g), the results
indicate that the enrichment could be lowered to 13.7 wt. % while still achieving the target
discharge burnup of 80 GWd/t. This is economically beneficial as it reduces the cost of
fuel enrichment.

Fueling scheme (Multipass vs. OTTO): HTR-10 operates on a multipass scheme where
pebbles are circulated through the core five times before being discarded. While the RDE
can support multipass, the optimization results advocated for the OTTO scheme. This
simplifies operations because it removes the need for complex burnup measurement devices
and mechanical systems to re-insert pebbles into the core.

3.2. Block/Prismatic Type RDE Design

The detailed results of the lattice optimization for obtaining the optimal fuel compo-
sition prior to the whole core calculations can be found in References [5,6]. The whole
core calculation results of the block/prismatic design with optimal fuel composition are
summarized in Table 5. The results represent the equilibrium core conditions after several
reshuffling operations were conducted. For example, for 2-batch core, the equilibrium core
conditions are assumed to be achieved after being reshuffled four times, while for 4-batch
they were assumed to be achieved after being reshuffled 8 times.

Table 5. Main optimization design results of the block/prismatic type RDE [5,6].

Evaluated Parameters
Fuel Shuffling Option
(Uranium Fuel Cycle)

Single-Batch 2-Batch 4-Batch

Fissile loading requirement (kg/GWd) 1.64 1.35 1.64
Heavy metal loading (kg/block) 3.74 4.31 4.62
Fissile content (wt. %) 13.15 10.83 9.63
Packing factor (vol. %) 18.1 20.8 22.3
B-nat. content in BP rod (wt. %) 3.5 3.5 2.5
Average discharge burnup (GWd/t) 80 80 80
Minimum and maximum burnup (GWd/t) 67/97 73/90 73/88
Average fuel residence time (years) 8.85 10.2 10.94
Core life time (years) 8.85 5.10 2.73
Radial peaking factor 1 1.15/1.07 1.14/1.11 1.13/1.10
Axial peaking factor 1 1.20/1.14 1.35/1.45 1.44/1.67

1 BOEC/EOEC.

The initial heavy metal loading, fissile content and packing fractions are uniform
across the core, while the fissile loading requirement was calculated from the averaged
values of the discharge fuel blocks. The thermal feedback was not considered in the Serpent
calculations, instead representative temperatures were adopted for the core and reflector
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regions. Furthermore, to decrease the Serpent computation time, the critical control rod
positions were not searched during burnup calculations. These approximations would
affect the axial power distributions to some extent, and would also eventually affect the axial
burnup distributions. However, for the present stage of design and comparative study, these
approximations are not critical. Hereafter, the 2-batch is selected for further discussion.

In the 2-batch core configuration, each fuel cycle achieves an average burnup of
40 GWd/t per fuel block. Refueling is conducted axially: two stacks of irradiated fuel
blocks are removed from the bottom of the core, while two stacks of partially burned blocks
from the top are shifted downward, and two stacks of fresh fuel blocks are inserted at the
top. A refueling outage duration of 30 days was assumed for this scenario.

To achieve a target effective multiplication factor (k-eff) of 1.01 at the end of the
equilibrium cycle (EOEC), calculations were performed using effective fuel compositions
corresponding to various neutron leakage reactivity values (during lattice parametric sur-
vey). As shown in Figure 8, this target can be met when the neutron leakage reactivity
is approximately 20%. The whole core burnup calculations are then conducted by also
considering the BP (B-nat) concentration. Burnable poison (BP) rods were incorporated in
the same manner as in the single-batch configuration, effectively suppressing excess reac-
tivity at the beginning of the equilibrium cycle (BOEC). The optimal boron concentration in
the BP material was found to be around 3.5 wt. % (The concentration is considered high
enough to suppress the initial excess reactivity but low enough so that almost all BP is fully
depleted at EOC). Interestingly, the k-eff at EOEC for the configuration with BP rods is
slightly higher than that without BP, which is attributed to the moderating effect of graphite
formed in the irradiated B4C pins. Additional results for this core design, including radial
and axial power distributions at both BOEC and EOEC, are provided in Figures 9–11. Since
there is no radial distribution of the enrichment, then the radial power distributions show
higher values at the center parts of the core.

A distinct axial power gradient is observed between the upper and lower regions of
the core, which arises from the characteristics of the refueling strategy. At the beginning of
the equilibrium cycle (BOEC), fission activity remains evident in the lower portion of the
core. However, as the cycle progresses toward its end (EOEC), the upper region exhibits
increased fission power due to the depletion of fissile material in the lower region.

One can also observe a significant difference at the boundary between the second and
third blocks. This discrepancy is thought to originate from the combination of the burnable
poison (BP) depletion effect and the large burnup accumulation in the second blocks prior
to axial shuffling. When the first blocks are shuffled downward after one core cycle, their
BPs are already depleted; consequently, in the second block positions, the thermal neutron
flux and power generation reach their peak. As a result, the burnup addition of the second
fuel blocks is also the highest, meaning the third blocks subsequently have large burnup
values and lower power production.

Considering the radial and axial peaking factor, the values of RDE with different
refueling scenarios are comparable to the values of HTTR. As reported, the HTTR design
has maximum radial and axial powers of 1.1 and 1.7, respectively [18].

It is evident that adopting a higher number of fuel batches offers multiple benefits.
These include a reduction in the necessary uranium enrichment, a decrease in the amount
of fissile material required per unit of energy produced, improved control over excess
reactivity, and an extension of the fuel’s residence time within the core. However, increasing
the number of fuel batches also shortens the core cycle length as well as requires frequent
fuel shuffling and increasing the reactor outage, which should be considered in the final
stage of the design.
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Compared to the pebble-bed type core with the online refueling capability, the
block/prismatic type core suffers from off-line refueling and fuel shuffling work.

The above-mentioned block-type RDE 2-batch uranium fuel cycle was compared to
the Japanese HTTR (a 30 MWth, block-type reactor). One can readily observe that the
use of a single enrichment, a fixed number of fuel pins per block, and standardized BP
arrangement and concentration—as well as a much higher discharge burnup (80 GWd/t vs.
33 GWd/t for the HTTR)—significantly simplify fuel preparation and reduce fuel costs. The
RDE’s fuel design is possible since the design does not aim for a very high helium outlet
temperature (700 ◦C vs. 950 ◦C for the HTTR), and the reactor power is only one-third
that of the HTTR. In addition, the core cycle of the RDE is 5 years, which is much longer
than that of the HTTR (less than two years, i.e., 660 days). However, since the RDE adopts
a 2-batch scheme with axial shuffling, the refueling work needed for each core cycle is
estimated to be greater than for the single-batch HTTR.

Figure 8. Evolution of k-eff in 2-batch RDE with and without burnable poison.

Figure 9. Relative radial power distribution of optimum 2-batch RDE with burnable poison (BOEC).
Adapted from ref. [6]. Copyright Elsevier.
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Figure 10. Relative radial power distribution of optimum 2-batch RDE with burnable poison (EOEC).
Adapted from ref. [6]. Copyright Elsevier.

Figure 11. Axial power distribution of optimum 2-batch RDE with burnable poison (dotted lines
show the fuel stack boundaries). Adapted from ref. [6]. Copyright Elsevier.

4. Concluding Remarks and Expectation
Pebble-bed and block/prismatic type 10 MWth RDE with optimal fuel compositions

have been reviewed for both uranium and thorium fuel cycles. To start a thorium fueled
reactor, a sufficient amount of U-233 fissile material must be prepared which may not be
practical at the present state, therefore the uranium fuel cycle should be selected.
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For the pebble-bed type RDE, although multipass fueling scheme show a slightly
better burnup performance, OTTO fueling scheme is considered a good option if one
considers the much simpler mechanism needed for OTTO fueling scheme.

For the block-type RDE configuration, the 2-batch fueling strategy offers the most
balanced solution when considering key operational and economic factors. These include
minimizing fissile material consumption per unit of energy to reduce fuel costs, maintaining
a practical core cycle duration, managing refueling outages, and limiting the frequency of
fuel reshuffling. Under this scheme, a core cycle of five years prior to reshuffling and a total
fuel residence time of ten years can be achieved while meeting the target discharge burnup
of 80 GWd/t.

As stated in the Introduction, at present there is no clear decision to proceed with the
RDE plan and build the reactor, although the site license was already obtained. However,
in recent years, a larger scale pebble-bed type HTGR design is being pursued by BRIN, i.e.,
abbreviated as PeLUIt reactor (Pembangkit Listrik dan Uap Panas Industri; Electric Power
and Industrial Hot Steam Plant) [19,20]. The BRIN design effort of the PeLUIt reactor is
being supported by the Chinese government, via the establishment of the China-Indonesia
Joint Laboratory on HTGR. The laboratory staff from the Chinese side are mainly from the
Institute of Nuclear and New Energy Technology (INET), Tsinghua University [21]. It is
expected that through this collaboration, the RDE and PeLUIt design coverage and quality
would be improved.

Meanwhile in Japan, based on the recent 7th Strategic Energy Plan [22], HTGRs
together with fast breeder reactors and advanced light water reactors are again being
considered as important key elements in national nuclear energy development. This opens
the opportunity to enhance the existing Indonesia (BRIN) and Japan cooperation and
collaboration in the HTGR field.
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