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a b s t r a c t

The United Arab Emirates is currently building and operating four units of the APR-1400 developed by a
South Korean vendor, Korea Electric Power Corporation (KEPCO). This paper attempts to perform APR-
1400 reactor core analysis by using the well-known two-step method. The two-step method was
applied to the APR-1400 first cycle using the open-source nodal diffusion code, KOMODO. In this study,
the group constants were generated using CASMO-4 fuel transport lattice code. The simulation was
performed in Hot Zero Power (HZP) at steady-state and transient conditions. Some typical parameters
necessary for the Nuclear Design Report (NDR) were evaluated in this paper, such as effective neutron
multiplication factor, control rod worth, and critical boron concentration for steady-state analysis. Other
parameters such as reactivity insertion, power, and fuel temperature changes during the Reactivity
Insertion Accident (RIA) simulation were evaluated as well. The results from KOMODO were verified
using PARCS and SIMULATE-3 nodal core simulators. It was found that KOMODO gives an excellent
agreement.
© 2021 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 two-step method has become a standard best practice for
reactor core design and analysis, particularly for water-cooled re-
actors. In this approach, the few-group homogenized cross-sections
of each fuel assembly are produced using the neutron transport
codes such as CASMO-4 [1] and recently using Monte Carlo codes,
for instance, Serpent [2] and OpenMC [3]. First, the cross-sections
are typically generated by solving single fuel assembly with
reflective boundary conditions using B1 leakage correction for
several burnup points with various fuel temperatures, moderator
densities, boron concentrations for pressurized water reactor
(PWR), and control rod insertion. Then, the few-group cross-
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sections are used in a nodal code such as PARCS [4], SIMULATE-3
[5], and KOMODO [6,7] to analyze the reactor behavior at both
static and transient conditions. The nodal codes solve the neutron
diffusion equationwith a short computation time, yet they produce
a reasonable level of accuracy compared to the explicit pin-by-pin
transport solutions. For example, in recent studies, Serpent and
PARCS were utilized effectively in full core modeling of irregular
geometry research reactors such as CROCUS [8] and VR-1 [9]. Be-
sides, in verifying new nuclear designs, CASMO-4 and PARCS were
used for BWR core design studies [10], while CASMO-4E and
SIMULATE-3 were used as calculation tools in evaluating the per-
formance of a new PWR zirconium metal reflector design [11].

Recently, the open-source nodal diffusion code KOMODO
(formerly ADPRES) has been developed to solve up to a three-
dimensional reactor problem in Cartesian geometry for static and
transient conditions with and without thermal-hydraulic feedback.
Different multi-group neutron diffusion solvers are available,
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Fig. 1. Initial core fuel loading pattern. Fig. 2. Simplified control bank configuration.

Table 2
Comparison of steady-state parameters by KOMODO, PARCS, and SIMULATE-3.

Parameter KOMODO PARCS SIMULATE-3

keff at ARO 1.148216 1.148326 1.149250
keff at ARI 0.982255 0.982322 0.982810
CBC at ARO (ppm) 1130.67 1130.52 1129.00
Bank 1 worth (pcm) 1739.23 1738.19 1738.35
Bank 2 worth (pcm) 1070.26 1067.17 1065.30
Bank 3 worth (pcm) 763.85 761.31 763.78
Bank 4 worth (pcm) 242.33 242.87 242.20
Bank 5 worth (pcm) 326.00 325.12 326.03
SD bank worth (pcm) 3286.04 3289.58 3291.60
Total banks worth (pcm) 14714.93 14716.27 14735.80

Table 3
Average error of normalized radial and axial power.

Power Condition Reference Codes PWE EWE

Radial ARO SIMULATE-3 0.459 0.534
PARCS 0.240 0.312

ARI SIMULATE-3 0.444 0.564
PARCS 0.154 0.344

Axial ARO PARCS 1.092 4.345
ARI 1.125 4.142

J. Alnaqbi, D. Hartanto, R. Alnuaimi et al. Nuclear Engineering and Technology 54 (2022) 764e769
including Semi-Analytic Nodal Method (SANM), Polynomial Nodal
Method (PNM), and the traditional Finite Difference Method (FDM)
[7]. Meanwhile, a simplified internal model solving one-
dimensional mass and energy conservation equations is adopted
to calculate the thermal-hydraulic parameters [7]. The code can
perform forward, adjoint, and fixed-source calculations and can be
used to find critical boron concentration. As for transient calcula-
tions, KOMODO is highly capable of simulating rod ejection acci-
dents. KOMODO has been verified against several reactor
benchmark problems, some of them are LMW, NEACRP, and PWR
MOX/UO2 [6,7]. Moreover, it was used recently to evaluate the rod
ejection accident in FangJiaShan (FJS) nuclear power plant [12].

In this study, KOMODO was used to simulate the static and
transient conditions of the Advanced Power Reactor 1400
(APR1400) being built and operated in the United Arab Emirates
(UAE). This work is intended to develop students’ reactor analysis
capabilities to support the nuclear energy program in the UAE. The
APR-1400 reference initial core model was taken from the NURAM-
2020-004-00 report [13,14]. The few-group homogenized cross-
sections were generated through the fuel lattice code CASMO-4.
A utility tool was developed to link CASMO-4 to KOMODO. The
static calculations include finding the effective neutron multipli-
cation factor, control rod worth, and critical boron concentration.
The solution of the Reactivity Insertion Accident (RIA) simulation
from the HZP condition are presented. Finally, the results are
verified against PARCS and SIMULATE-3.
Table 1
Fuel assembly type [13,14].

Type Number of assemblies Enrichment (wt.%) Number of rods per assembly Number of Gd2O3 rods per assembly Gd2O3 contents (wt.%)

A0 77 1.71 236 e e

B0 12 3.14 236 e e

B1 28 3.14/2.64 172/52 12 8
B2 8 3.14/2.64 124/100 12 8
B3 40 3.14/2.64 168/52 16 8
C0 36 3.64/3.14 184/52 e e

C1 8 3.64/3.14 172/52 12 8
C2 12 3.64/3.14 168/52 16 8
C3 20 3.64/3.14 120/100 16 8
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Fig. 3. Normalized radial power distribution at ARO.
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This paper is organized as follows: Section 2 discusses the
APR1400 initial core model and calculation methodology. Section 3
presents the steady-state results, and the transient results are
discussed in Section 4. Finally, the conclusions and recommenda-
tions for future works are given in Section 5.

2. Calculation model and methodology

2.1. APR-1400 initial core

The Advanced Power Reactor APR-1400 is a Generation-
IIIþ pressurized light water reactor with two reactor coolant loops,
developed by Korea Electric Power Corporation (KEPCO) by inte-
grating the technology and features of OPR1000 to enhance plant
safety and efficiency. Four units of the APR-1400 reactor with a
design life of 60 years are being jointly constructed and operated by
KEPCO and Emirates Nuclear Energy Corporation (ENEC) in the
Barakah site to supply up to 25% of the United Arab Emirates’
electricity grid. The first unit has successfully entered the com-
mercial operation phase.

Radially, the APR-1400 reactor core contains 241 PLUS7
advanced fuel assemblies developed by Korea Nuclear Fuel (KNF)
arranged into 17x17 configuration, producing 3983 MWth at full
power with a net efficiency of 35.1%. While axially, the core has an
active length of 3.81 m. Each fuel assembly contains 236 fuel rods
positioned in a 16 � 16 array with four guide thimbles and one
central instrumentation tube fused with the grid. The fuel pellets,
made of uranium dioxide (UO2), are encapsulated in the advanced
ZIRLO fuel cladding. The detailed geometry of the fuel rod and
766
assembly is available in Barr et al. [14].
A quarter initial core loading pattern is illustrated in Fig. 1, and

the fuel assembly types of the initial core are summarized in
Table 1. Nine fuel assembly types are used in the initial core, with
low enrichments between 1.71 wt% and 3.64 wt%, where six of
them are embedded with 12 or 16 fuel pins mixed with 8 wt% of
Gd2O3 burnable poison per assembly. An axial cutback of about
15.24 cm is located at each top and bottom of B and C fuel assem-
blies. In the cutback region, the uranium enrichment is uniform
with about 2 wt%. The fuel is mainly consumed through three cy-
cles, each last for 18months with amaximumof 60,000MWD/MTU
fuel rod burnup.

The APR-1400 is regulated by 93 control element assemblies
(CEAs), composed of 12-fingered and 4-fingered configurations.
These CEAs are grouped into seven banks, in which five banks
(banks 1, 2, 3, 4, and 5) are used for power maneuvering, and the
other two banks (A and B) are for immediate reactor shutdown. To
simplify the modeling, the 12-fingered configuration is modified to
a 4-fingered configuration so that when the control rods are
inserted, they occupy all guide tubes. The simplification results in
additional 16 control rods insertion. Moreover, the two shutdown
banks (SD) were merged into one. This modification is demon-
strated in Fig. 2. The detailed geometry of the control rods is
available in Barr et al. [14]. The control rod uses B4C as the absorber
material.

2.2. Methodology

The lattice transport code CASMO-4 generated the few-group



Fig. 4. Normalized radial power distribution at ARI.

Fig. 5. Normalized axial power distribution at ARI.
Fig. 6. Transient reactivity.
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homogenized cross-sections of the fuel and non-fuel regions.
CASMO-4 is a two-dimensional multi-group method of character-
istics transport lattice code developed by Studsvik Scandpower. It is
widely used to perform lattice burnup calculations and generate
few-group homogenized cross-sections for light water reactors
(LWRs). In CASMO-4, 70 energy-group microscopic cross-sections
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derived from the ENDF/B-VI library were used, then condensed
into two energy groups with cut-off energy at 0.625 eV. In this
work, the automatic branching option in CASMO-4 was utilized to
generate the few-group homogenized cross-sections. The reference
condition was set at a fuel temperature of 900 K, moderator tem-
perature of 580.4 K, and boron concentration of 600 ppm. Mean-
while, a model consisting of a fuel lattice next to a 50 cm thick



Fig. 7. Transient fuel temperature.

Fig. 8. Transient relative power.

Table 4
Transient solutions.

Codes Peak
Time (s)

Peak
Power (%)

Peak
Reactivity (%)

Integral Power (%-second)

KOMODO 0.246 201.45 1.0730 50.36
PARCS 0.238 213.55 1.0753 53.76
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water reflector generates the few-group homogenized cross-
sections for radial and axial reflectors.

The generated few-group cross-sections are then inserted in the
three nodal codes: KOMODO, PARCS, and SIMULATE-3. In KOMODO,
the semi-analytic nodal method [15] was used to solve both static
and transient scenarios. A quarter core model is adopted in the
nodal core simulation. The APR-1400 initial core is divided to 19x19
nodes in the radial direction and 24 nodes in the axial direction. The
active core is divided to 22 axial nodes, and one axial node with a
thickness of 50 cm is located at the top and the bottom of the core.
The assembly discontinuity factors (ADFs) were considered in the
calculation.
768
3. Steady-state simulations

The steady-state calculations were performed at hot zero power
(HZP) condition, defined by having a reactor power of 1E-5%. The
evaluated parameters include the effective neutron multiplication
factor keff, control rod worth, and critical boron concentration, as
summarized in Table 3. The static calculations were carried out for
both all rods out (ARO) and all rods in (ARI) conditions. The absolute
relative difference of the multiplication factor at ARO between
KOMODO and PARCS is relatively small, about 11 pcm. In contrast,
the difference is slightly higher with SIMULATE-3, which is just
over 100 pcm. However, these differences are slightly lower at ARI,
about 7 pcm and 56 pcm against PARCS and SIMULATE-3, respec-
tively. Interestingly, the differences in the effective multiplication
factors do not affect much on the critical boron concentration
(CBC). The difference in the CBC between SIMULATE-3 and other
nodal codes is less than 1 ppm.

In the static calculations, the CR worth of each bank was ob-
tained as this information is crucial for reactor power maneuvering
and nuclear safety. The bank worth was calculated such that the
chosen bank is inserted while others are withdrawn. As shown in
Table 2, the results among the three codes are similar, with
maximum deviations of about 4 pcm and 6 pcm against PARCS and
SIMULATE-3, respectively. As expected, the SD bank has the highest
worth, while bank 4 has the lowest as it is inserted into 8 fuel as-
semblies only, in addition to its position near the periphery of the
core. It is also noticed that when all banks are inserted, the core is at
a subcritical state.

Figs. 3 and 4 show KOMODO's relative power distribution along
with the relative differences with PARCS and SIMULATE-3 at the
ARO and ARI conditions, respectively. The maximum relative dif-
ference between KOMODO and PARCS is 0.58% and 0.74% at ARO
and ARI conditions, respectively. Meanwhile, it is �0.84% and 1.48%
with SIMULATE-3 at ARO and ARI conditions, respectively. The
three codes show an excellent agreement of results. At the ARI
condition, the maximum difference among the three codes is
located at the periphery of the core, next to the radial reflector
region, as shown in Fig. 4.

Fig. 5 displays the reactor axial power profiles of KOMODO and
PARCS at ARI condition where the difference in the trends is
insignificant. Starting from the undermost reflector, followed by the
bottom cutback region, the axial power increases until it peaks at
about 1.5 in the middle of the active fuel region of the assembly.
After surpassing the active fuel mid-region, the power decreases
until it reaches zero as it approaches the top reflector. A similar
trend is observed in the ARO condition. The maximum relative
error of the axial power between KOMODO and PARCS is located
adjacent to the axial reflector, where the axial power is relatively
small.

The average error of the normalized radial and axial power
distribution was found using the power-weighted error (PWE) and
error-weighted error (EWE) where they are given by the equations
[16] below. As summarized in Table 3, KOMODO has an excellent
agreement with the other codes by having PWE and EWE values
less than 1.125% and 4.345%, respectively.

PWE¼
P

ijeijrefiP
irefi

(1)

EWE¼
P

ijeijjeijP
ijeij

(2)

where:



J. Alnaqbi, D. Hartanto, R. Alnuaimi et al. Nuclear Engineering and Technology 54 (2022) 764e769
ei ¼
KOMODOi � refi

refi
� 100 (3)

4. Transient simulations

The Reactivity Insertion Accident (RIA) simulation from the HZP
condition was conducted to examine the reactivity and power
changes due to the control rod ejection. The challenge of simulating
an RIA at HZP condition lies in the exponential power increase since
the negative Doppler reactivity feedback takes longer to effect.
However, by virtue of the inherent safety characteristic of typical
LWRs, the reactivity feedback from fuel and moderator would
eventually suppress the power increase.

In the RIA simulation, KOMODO results were compared against
PARCS’ solutions. All banks except the SD were inserted at the
beginning of this transient, and boron was added to the core to put
it into a critical state. The critical boron concentration was found to
be about 747.21 and 747.77 ppm for KOMODO and PARCS, respec-
tively. Within 0.1 s, both banks 4 and 5 were ejected from the core.
The transient accident duration time was set to 1 s.

Comparisons of the transient core reactivity, fuel temperature,
and relative power are presented in Figs. 6e8, respectively. The
quantitative results of the two codes are summarized in Table 4,
showing a noticeable excellent agreement. Fig. 6 shows that
immediately after ejecting banks 4 and 5, the core reactivity sharply
increased due to absorption reduction then started to saturate
when the banks were fully withdrawn. Afterward, it decreased as
the fuel temperature was increasing after about 0.4 s. This phe-
nomenon is a result of the fuel Doppler temperature reactivity
feedback and negative reactivity feedback from both moderator
temperature and density. The maximum power in this scenario is
about 201.45% by KOMODO, while it is 213.55% by PARCS. Overall, it
is shown that both KOMODO and PARCS results concur very well.

5. Conclusions

In this work, steady and transient analyses have been conducted
for the APR-1400, the reactor type being built and operated in the
United Arab Emirates. The fuel lattice transport code CASMO-4 was
used to generate the group constants which were subsequently
supplied to the open-source nodal code KOMODO. The results were
then compared to the other nodal codes PARCS and SIMULATE-3. It
was found that KOMODO results have a good agreement with
PARCS, but some deviations in the effective multiplication factors
were observed against SIMULATE-3. As for the transient results, the
solutions were compared only against PARCS, and both of the nodal
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codes provided almost similar results. For future works, the Monte
Carlo code will be applied to generate the few-group homogenized
cross-sections of the APR1400, and KOMODO results at both
steady-state and transient calculations will be compared against
the Monte Carlo method solutions.
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