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Abstract: This paper presents the steady state analysis of the Rostov-II benchmark using the con-

ventional two-step approach. It involves the STREAM/RAST-K and CASMO-5/PARCS code sys-

tems. This paper documents a comprehensive code-to-code comparison between Serpent 2, 

CASMO-5, and STREAM at the lattice level for the different fuel assemblies (FAs) loaded in the 

Rostov-II core; and between Serpent 2, PARCS, and RAST-K at the core level in 2D. Finally, the 3D 

results of both deterministic models are compared to the steady state measurements of the Rostov-

II benchmark. With respect to the measurements available in the Rostov-II benchmark, comparable 

accuracy (30 ppm difference in boron concentration, 2% assembly power) with an industrial calcu-

lation scheme (BIPR8) are reported up to 36.73 EFPDs. The calculations reported in the paper 

showed that the modeling of the resonance self-shielding in the lattice code as well as the geomet-

rical modeling of the reflector are key for an accurate solution (reducing the in-out power tilt). At 

the core simulator level, a fairly crude 1D reflector model appears to be enough. Overall, this paper 

provides the detailed models and conditions used in STREAM/RAST-K and CASMO-5/PARCS, and 

accurate calculation solution for the Rostov-II benchmark with STREAM/RAST-K and CASMO-

5/PARCS compared with measurement. 
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1. Introduction 

Currently, a total of 71 Vodo-Vodyanoi Energetichesky Reactors (VVERs) are oper-

ated in 24 countries [1,2]; planning is underway for 32 more plants [3]. As the market size 

of the VVER reactor grows, hexagonal solvers for VVER analysis have been developed in 

various commercial and academic code systems: HEXTRAN [4], PARCS [5,6], SIMU-

LATE-5 [7], DYN3D [8], KIKO3D [9], BIRP-8 [10], and SKETCH-N[11]. Verification and 

validation studies have been performed based on various benchmarks: PHARE SRR 1/95 

project [12], VALCO project [13], V1000CT benchmark project [14], OECD/NEA bench-

mark problems (Kalinin-3 [9], and Rostov-II [10]) and AER benchmark books [13]. The 

Rostov-II benchmark has been recently developed by OECD/NEA to allow validation of 

novel high-fidelity multi-physics codes developed by various international projects [10], 

including the consortium for advanced simulation of LWRs (CASL), nuclear energy ad-

vanced modeling and simulation (NEAMS), and NURESAFE. Currently a BIPR8 [15] so-

lution to the benchmark is provided by the Kurchatov Institute. BIPR8 has been widely 

used for VVER analysis [16–18]. 

This paper presents the analysis of the Rostov-II benchmark [10] using conventional 

two-step approach code systems: CASMO-5/PARCS [19,20], and UNIST in-house code 
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system STREAM/RAST-K [21,22]. This paper has two main purposes. One is the verifica-

tion and validation (V & V) of the calculation scheme of STREAM/RAST-K and CASMO-

5/PARCS for VVERs. The other one is to provide two conventional solutions to the Rostov-

II benchmark. 

This paper documents a comprehensive code-to-code comparison between Serpent 

2, CASMO-5, and STREAM at the lattice level, for the different fuel assemblies (FAs) 

loaded in the Rostov-II core; and between Serpent 2, PARCS, and RAST-K at the core level 

in 2D. Finally, the 3D results of both deterministic models are compared to the steady state 

measurements of the Rostov-II benchmark.  

STREAM/RAST-K is the UNIST in-house two-step code system. A VVER analysis 

module has been developed based on the triangular polynomial expansion nodal (TPEN) 

kernel [23], to extend the application area to reactors with hexagonal geometry. The core 

solver RAST-K has been verified using the Kalinin-3 and VVER-440 [24,25] benchmarks. 

As shown in previous studies, RAST-K has comparable accuracy with other code systems 

like PARCS, ATHLET/KIKO3D, and DIF [24,25]. Additionally, a conventional VVER anal-

ysis scheme is under development at Paul Scherrer Institute (PSI) using CASMO-5 and 

PARCS [26]. Both CASMO-5 and PARCS have been actively used worldwide for analysis 

of nuclear power plants. CASMO-5 has been developed by Studsvik Scandpower Incor-

porated [19] and has been used for analysis of a VVER-1000 with SIMULATE [7]. The 

VVER analysis module ported in PARCS has been verified with few-group constants gen-

erated by HELIOS, nTRACER, and Serpent 2 [6,26].  

The remainder of this paper is arranged as follows. Section 2 describes the code sys-

tems, and Section 3 presents the description of the Rostov-II benchmark. Section 4 contains 

the verification results at the assembly and 2D core level. Section 5 deals with the 3D full 

core results, the comparison to an existing solution produced by BIPR8, and actual meas-

urements performed at the plant: radial and axial power distribution, as well as boron 

concentration in the coolant, are used as quantities of interest.  

2. Code Systems 

2.1. STREAM/RAST-K 

The STREAM/RAST-K two-step approach code system has been utilized to model 

various types of nuclear reactors (APR-1400 [27], OPR-1000 [27], two-loop and three-loop 

Westinghouse nuclear power plants [28], and small modular reactors [29,30]). To extend 

its application area, a VVER analysis module has been recently developed in 

STREAM/RAST-K. Figure 1 displays the flowchart of STREAM/RAST-K. Few group con-

stants are generated by STREAM and are formatted using the linking code STORA 

(STREAM TO RAST-K) [27]. The 3D core simulation is performed by a two-group nodal 

diffusion code, RAST-K. Symbol of * in the figure means the all files (i.e., *.XS means the 

files with contains the ‘.XS’ letters in end of file name). 

STREAM uses the method of characteristic (MOC) for solving the neutron transport 

problem. The pin-based slowing down method (PSM) is used for the resonance treatment 

[31,32]. The library uses a 72 energy group (10–5 eV to 20 MeV) structure, with 39 resonance 

energy groups (0.3 eV to 24,780 eV) [33]. In the present paper, the library is based on the 

ENDF/B-VII.0 library [34]. Finally, the kappa values (energy released per fission for each 

fissionable isotope) come from Origen-2 [35]. STREAM uses the coarse mesh finite differ-

ence (CMFD), and provides the parallel calculation mode for acceleration as option. De-

pletion calculations are performed based on the Chebyshev Rational Approximation 

Method (CRAM). A predictor-corrector algorithm is used for depletion, similar to Serpent 

2. The depletion chains of 1640 isotopes are considered. The quadratic depletion method 

is used for gadolinium isotopes. In addition, the number density and microscopic cross 

sections of 36 isotopes are provided for microscopic depletion calculations ported in 

RAST-K [27]. The details of the case matrix for VVER analysis (branch and depletion con-

ditions) are presented in reference [27]. The hexagonal geometry solver of STREAM has 
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been verified with cross sections generated by the TULIP code for the C5G7 [36] and 

OECD-NEA SFR numerical benchmark [37].  

The hexagonal geometry analysis solver in RAST-K is based on multi-group CMFD 

acceleration with triangular-based polynomial expansion nodal method (TPEN) [22,23]. 

The TPEN kernel ported in RAST-K has been successfully verified with VVER-440 [24] 

and VVER-1000 (Kalinin unit 3) benchmark problems [25]. RAST-K performs microscopic 

depletion calculations considering 36 isotopes (i.e., 22 of heavy nuclides and 12 of fission 

products). The micro-depletion solver is developed based on CRAM [27]. The micro-de-

pletion solver has been verified with 58 spent fuel pins, and the number densities of the 

most important isotopes are within ±4%, as shown in reference [38]. The simplified one-

dimensional single channel thermal-hydraulic feedback (TH1D) solver is used to provide 

T/H feedback in this paper. Assembly discontinuity factors (ADF) and corner flux discon-

tinuity factors (CDF) are used in all reported calculations.  

 

Figure 1. Flowchart of STREAM/RAST-K and CASMO-5/PARCS code system. 

2.2. CASMO-5 and PARCS 

Figure 1 presents the flowchart of the CASMO-5/PARCS code system. CASMO-5 

generates the few-group constants for 3D core simulation, and GenPMAX [39] is used as 

linking code, to format the few-group constants produced by CASMO-5. The 59 branches 

(trees) and one reference calculation are used for generation of FA few-group constants: 

59 branch conditions are composed by 4 branches of control rod (CR), 32 branches of mod-

erator density, 14 branches of boron concentration, and 9 branches of fuel temperature. 

PARCS version 3.3.1 is used in this paper. CASMO-5 uses the 586 energy-group ENDF/B-

VII.0 library (i.e., e7r0.125.586 library) [34], with 41 resonance groups (the range of energy 

groups is 10.0 eV to 9118 eV). During the 3D core simulation, internal T/H feedback 

scheme is used in both of PARCS [40] and RAST-K calculation. 

2.3. Serpent 2 

The code Serpent 2.1.27 [41] is used to provide reference results for code-to-code com-

parison at the assembly level and for 2D full core geometries. Serpent 2 is a 3D continuous-

energy neutron physics code for particle transport based on the Monte Carlo method. This 

code has been developed at VTT since 2004, and has been utilized by 809 registered users 

in 201 organizations for neutronic analysis of reactors [42]. Serpent 2 has been used for 3D 

full core analysis of VVERs [43]. In addition, few-group constants generated by Serpent 2, 

have been used for 3D core simulations in previous studies [44,45]. A continuous-energy 
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neutron cross-section library based on the ENDF/B-VII.0 [34] nuclear data is used for the 

calculations in this paper.  

3. Description of Rostov-II Benchmark Problem 

The Rostov-II reactor is a VVER-1000 type reactor, which has been operated since 

2010 [46]. The detailed specifications were obtained from the benchmark description [10]. 

This section deals with specification of FA, core, reflector, and control rod models for anal-

ysis of Rostov-II benchmark. Figure 2 presents the radial layouts of five different FAs 

loaded in the Rostov-II reactor. Table 1 contains the general specifications of the Rostov-

II reactor, and Table 2 presents the detailed information of Rostov-II fuel assemblies. A 

total of 163 fuel assemblies are loaded in the Rostov-II reactor; each assembly consists of 

312 fuel rods.  

Detailed FA models are presented in Section 3.1. Section 3.2 contains the reflector 

models, and Section 3.3 deals with the control rod model used in 3D simulation.  

 

Figure 2. Radial layouts of five different Rostov-II fuel assemblies. 

Table 1. Specification of Rostov-II. 

Parameter Value Unit 

Nominal thermal power 3000 MW 

Fuel assembly type TBC-2M  

Fuel assembly pitch 23.4 cm 

Pin pitch 1.275 cm 

Number of fuel assemblies 163  

Active core height 370 cm 

Table 2. Specification of Rostov-II fuel assemblies. 

FA Type 
Number of Fuel Pins/En-

richment (wt.% 235U) 

Number of Gadolinia Pins 

(wt.% Gd2O3/235U) 

Number of Fuel As-

sembly in the Core 

U13 312/1.3 - 48 

U22 312/2.2 - 42 

U30Y9 303/3.0 9 (8.0/2.4) 37 

U39A9 243/4.0, 60/3.6 9 (5.0/3.3) 24 

U39B6 240/4.0, 66/3.6 6 (5.0/3.3) 12 
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3.1. Effect of the Geometry Approximations at the Lattice Level  

The current hexagonal analysis solver ported in STREAM has a limitation in model-

ing the central helium gap and guide tubes (i.e., a radius of guide tube is larger than the 

fuel pin pitch). For this reason, two approximations were used when modeling the FA. 

Figure 3 presents the approximated models of the UO2 fuel pin and guide tube. Figure 3a–

c are nominal models of the UO2 fuel pin and the guide tube. Figure 3b,d are the approx-

imated models. In the approximated model, the central helium hole (R1) and the fuel ma-

terial (R2) are homogenized (R6) by using the volume ratio: the number density is defined 

using the relationship of VR1 * NDR1 + VR2 * NDR2 = VR6 * NDR6, where V is the volume and 

ND is number density. A total of 18 guide tubes and the central instrument tube have 

larger outer radius compared with the fuel pitch, namely R7 region of Figure 3c. The vol-

ume ratio was used to generate the approximated model, and the outer radius of the guide 

tube is changed to 0.6370 cm (R8 of approximated model) from 0.6500 cm (R7 of nominal 

model). The total mass is the same in the nominal model and the approximated model. 

To assess the effect of the approximated models in fuel assembly calculations, a sen-

sitivity study was performed using Serpent 2. Table 3 contains the calculation conditions, 

and Figure 4 illustrates the results. The k-inf discrepancies are within ±71 pcm for the 

entire exposure range considered. Figure 3b contains the differences between the nominal 

model and approximated model (the reference is the nominal model). The geometrical 

approximations involved in STREAM are shown to have only a minor effect on the reac-

tivity of the FA. The approximated model is used for all calculations in this paper. To 

maintain the consistency, FA models of CASMO-5 are also designed with the approxi-

mated models. In addition, the effect of approximated models in terms of radial power 

for the 2D core model is within ±0.64%. Details are provided in Appendix A. Comparison 

is performed with Serpent 2, and the difference of multiplication factor is 2 pcm. Approx-

imated models have a negligible effect on the multiplication factor and radial power in 

core calculation.  

 

Figure 3. FA modeling approximation. 

Table 3. Calculation condition for sensitivity study. 

Parameter Value 

Fuel temperature 900 K 

Moderator temperature 600 K 

Boron concentration 1000 ppm 

Calculated burnup range 0–50 MWd/kg 

Number of depletion steps 39 

Number of fuel rod rings 
5 rings for UO2 fuel pin 

10 rings for Gadolinia pin 

Particle histories in Serpent 2 Histories/cycle 400,000 
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Inactive cycles 20 

Active cycles 100 

MOC Ray condition in STREAM 

Ray spacing 0.03 cm 

Polar angles in π 6 

Azimuthal angles in 2π 96 

MOC Ray condition in CASMO-5 

Ray spacing 0.05 cm 

Polar angles in π 8 

Azimuthal angles in 2π 64 

 

Figure 4. Differences between nominal models and approximated models with Serpent 2. 

3.2. Reflector Models for Two-Step Approach 

This section presents the reflector models for two-step approach calculation. Three 

different radial reflector types (1D, 2D, and core type) are involved. The 1D, 2D, and core 

type radial reflectors are shown in Figures 5–7, respectively. The 2D type and core type 

reflector models are provided the XS data based on single assembly calculation and full 

core model, separately. The sensitivity study about the radial reflector modeling is pre-

sented in Section 4.2.2. Smeared reflector material is used for the design of 1D radial re-

flector, as shown in Figure 5c. The reflector model is produced in Cartesian geometry, as 

shown in previous study [47]. Figure 6 presents the five different 2D radial reflector mod-

els, which are composed of pin-wise smeared materials. The 2D reflector model is de-

signed according to reference [48]. The central red hexagonal mark represents the reflector 

positions for which the homogenized few group constants are produced. The nominal 

core type reflector (Figure 7b) is generated by 2D transport calculations with CASMO-5 

and STREAM. The reflector is designed based on pin-wise homogenized material, as 

shown in Figure 7c: the water holes in the heavy reflector (upper graph) are approximated 

as pin-wise homogenized regions (lower graph).  

The active height of the fuel is 370 cm. It is divided in 20 axial layers of 18.5 cm thick-

ness in the diffusion solvers. Two 37 cm thick reflectors are used for both the top and 

bottom regions of the core. Due to the lack of detailed information about the axial reflec-

tors in the Rostov-II specifications of version 1.5, the description of the axial reflectors of 

the X2 reactor are used [43]. Axial reflectors are modeled similarly to the 1D radial reflec-

tors. Figure 8 presents the smeared axial reflector model. Figure 8c contains the thickness 

of each reflector material, and Figure 8d presents the volume ratio of each reflector mate-

rial. Assessment of designed axial reflectors is performed in Section 5 with the 3D Rostov-

II model.  
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Figure 5. Radial layout of 1D radial reflector model. 

 

Figure 6. Radial layout of 2D radial reflector model. 

 

Figure 7. Radial layout of Rostov-II nominal radial reflector model. 
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Figure 8. Composition of axial reflectors. 

3.3. Control Rod Model 

Figure 9 presents the radial layout of the Rostov-II reactor [10]. Figure 9a shows the 

loading pattern of the Rostov-II reactor, and Figure 9b contains the radial control rod bank 

positions of Rostov-II. The control rod bank #10 is moved to adjust the excess reactivity 

during the 3D core simulation. Figure 10 presents the axial configuration of two different 

CR models: nominal and simplified CR models. The nominal CR model consists of B4C 

and Dy2O3-TiO2, and the geometry is shown in Figure 10a. The simplified CR model is 

only built with B4C and the configuration is shown in Figure 10b. The material in the tip 

region is the difference between the nominal and simplified CR model: Dy2O3-TiO2 of the 

nominal tip model is replaced by B4C in the simplified CR model. 

 

Figure 9. Radial layout of Rostov-II reactor. 
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Figure 10. Axial composition of simplified control rod and measured fuel assembly positions. 

4. Verification Results  

This section contains the verification results for FA and 2D full core calculations. FA 

results are presented in Section 4.1, and 2D core results in Section 4.2. The analysis at the 

FA level is focused on the assessment of the STREAM and CASMO-5 respective perfor-

mances against a reference solution produced with Serpent 2. The quantities of interest 

are k-inf and the few-group constants. Then 2D full core calculations are carried out and 

their results are compared to Serpent 2 in terms of k-inf and radial power distributions.  

Unless otherwise mentioned in the text, STREAM and CASMO-5 used the inscatter-

corrected transport cross section, the thermal expansion was not considered, and the 238U 

resonance up-scattering correction was turned off for consistency with Serpent 2. General 

calculation conditions are presented in Table 3. Serpent 2 used a total of 48,000,000 neu-

tron histories, i.e., 400,000 neutrons per cycle with 120 cycles (20 inactive and 100 active). 

The standard deviations are around 10 pcm and 0.3% in terms of multiplication factor and 

pin power solutions, respectively.  

4.1. Fuel Assembly Calculation 

Section 4.1.1 presents the single transport calculations for various conditions. Section 

4.1.2 contains the depletion results, and Section 4.1.3 presents the comparison of few-

group constants.  

4.1.1. Steady State Calculations under Various Conditions  

This section presents a comparison of STREAM, CASMO-5, and Serpent 2 k-inf for 

all FA types at various conditions. Specifically, the following tests are carried out: (1) rod 

out calculation at hot full power (HFP), (2) B4C rod in at HFP, (3) Dy2O3-TiO2 rod in at 

HFP, and (4) hot zero power (HZP). Figure 11 presents the comparison of multiplication 

factors and layouts of FAs used for calculation. Fuel temperature was set as 900 K in case 

(1), (2), and (3); 600 K was used in case (4). Moderator temperature and boron concentra-

tion are 600 K and 1000 ppm, respectively. Five different fuel enrichments are used for 

comparison: 1.3 wt.%, 2.2 wt.%, 3.0 wt.%, 3.6 wt.%, and 4.0 wt.%. During this sensitivity 

study, burnable absorber (e.g., gadolinia) was not involved in the calculation, and approx-

imated control rod models were used. Table 3 contains the calculation conditions of 

STREAM and CASMO-5. Two CASMO-5 solutions are provided with different Pn-scat-

tering orders: 0th (isotropic scattering with transport correction) and 3rd. The results of 

the 3rd order case give a more accurate solution with respect to Serpent 2; specifically, the 

control-rod-in caseshave high sensitivity in the Pn-scattering order [49]. The different 

trends observed between CASMO-5 and the STREAM are caused by the different reso-

nance self-shielding methods involved. STREAM uses the pin-based pointwise energy 

slowing-down method (PSM), while CASMO-5 uses a distributed resonance integral 

(DRI) approach [19,31]. The observed k-inf underestimation in STREAM with respect to 
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CASMO-5 is consistent with previous studies [31]. Detailed information about the Figure 

11 are presented in Appendix A.  

Finally, it is clear in Figure 11 that STREAM has difficulty predicting capture in the 

Dy2O3-TiO2 rods accurately. These differences are most likely due to the energy discreti-

zation used in CASMO-5 and STREAM. The notation of 0th and 3rd in the CASMO-5 

labels of Figure 11 correspond to the 0th and 3rd order Pn-scattering, respectively. For the 

rod-in case, 18 guide tubes are filled with control rods. The reference is the Serpent 2 so-

lution, and absolute differences are presented in the figure. 

Figure 12 presents the energy boundaries of 72 groups and 586 groups used in 

STREAM and CASMO-5 [50]. The capture cross sections of 162Dy and 10B are included in 

this figure. CASMO-5 covers the first resonance of 162Dy with narrow energy intervals, 

and no additional self-shielding treatment is required. In STREAM, self-shielding treat-

ment is needed, and it introduces fairly large discrepancies with respect to the Monte 

Carlo solution. Such discrepancies should have a negligible effect on 3D core simulations 

since Dy2O3-TiO2 is only encountered in the tip of the control rods. Details are presented 

in Section 5.  

 

Figure 11. Multiplication factors of STREAM and CASMO-5 in various simulation conditions. 
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Figure 12. Capture cross section of 162Dy and 10B. 

4.1.2. Depletion Calculations 

This section contains verification results of STREAM and CASMO-5 in FA depletion 

using Serpent 2 as a reference. Calculation conditions are described in Table 3. Figure 13 

presents the evolution of the k-inf discrepancies with respect to a Serpent 2 solution for 

STREAM and CASMO-5 as exposure increases. In Figure 13a, Serpent 2 Q values [51] are 

used in STREAM. In Figure 13b, Origen-2 Q values are used in STREAM. Figure 13c illus-

trates the differences between CASMO-5 and Serpent 2. CASMO-5 uses the exposure de-

pendent Q values as described in reference [52]. The differences between STREAM and 

Serpent 2 are within ±200 pcm with Origen-2 Q values (default option) and are within 

±300 pcm with consistent Q values from Serpent 2. In addition, the difference between 

CASMO-5 and Serpent 2 are within ±300 pcm. This result is similar to previous studies 

[53,54]. As shown in a previous VERA 1C benchmark analysis [53,54], the use of Origen-

2 Q-value leads to higher multiplication factor results than when using the Serpent 2 Q-

value cases. As STREAM tends to produce lower multiplication factors than Serpent 2, the 

use of Origen-2 Q helps reduce the discrepancies between both codes. 

Figure 14 contains the difference of pin-wise radial power between STREAM and 

Serpent 2; U13 FA and U22 FA are used for comparison. The radial power discrepancies 

are within ±1.3%. Monte Carlo uncertainties in terms of radial power are around 0.3%. 

Figure 14b and 14c present the radial power distribution at 10 MWd/kg, and Figure 14f 

and 14g show the radial power distribution at 50 MWd/kg. Figure 14d and 14h contain 

the relative difference of pin power. Figure 14a and 14e present the maximum, minimum, 

and root mean square differences of pin power in U13 and U22 FAs as burnup proceeds. 

The same analysis has been carried out with CASMO-5 (not shown here for the sake of 

conciseness) and produces similar results: With respect to Serpent 2, CASMO-5 pin power 

distributions have 0.51% and 0.42% root mean square (RMS) difference at 10 MWd/kg and 

50 MWd/kg, respectively. These results are in line with the typical agreement between 

deterministic and Monte Carlo codes for PWR assembly problems [55].  
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Figure 13. Evolution of k-inf discrepancies during depletion calculations. Reference is Serpent 2. 

 

Figure 14. Comparison of radial power distribution. 

4.1.3. Few-Group Constants Comparison 

Figure 15 contains the comparison of the few-group constants of STREAM and 

CASMO-5 compared with Serpent 2. U22 and U39A9 FAs are involved in the comparison. 

The considered burnup range is 0 to 50 MWd/kg. Group 1 and 2 are the fast and thermal 

energy groups, respectively. Four different parameters were compared in this study: (1) 

diffusion coefficient, (2) absorption cross section, (3) removable cross section, and (4) nu-

fission cross sections. 𝛴𝑟𝑒𝑚1 is the removable cross section calculated by Equation (1) [44]. 

2
1 ,1 2 ,2 1

1

*rem s s




→ → =  +  , (1) 

where the 1  and 2  are the flux of group 1 and group 2, respectively. , 1 2s →  and 

, 2 1s →  are the scattering cross sections. CASMO-5 and STREAM use the inflow transport 

correction and CM method [49,56] to determine the diffusion coefficients. Serpent 2 uses 

the hydrogen transport correction curve reported in previous studies [57,58] for the deter-

mination of the diffusion coefficients. As shown in the Figure 15, STREAM and CASMO-
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5 show comparable accuracy with respect to Serpent 2 for few-group constants, with rel-

ative differences in the range of ±1% over the exposure range considered. In CASMO-5, 

the largest difference is observed for the thermal group diffusion coefficient; this is con-

sistent with previously published results [57] targeting PWR lattices. Since the transport 

cross section affects the power distribution, as mentioned in previous studies [45,57], a 

detailed comparison is presented in Section 4.2 to assess the magnitude of these discrep-

ancies on the power distribution in VVER type geometries. 

 

Figure 15. STREAM few-group constants compared with Serpent 2 and CASMO-5. 

4.2. Two-Dimensional Core Results 

This section contains the verification results for 2D core calculations. Two main com-

parisons are contained in this section. One is the comparison of the 2D full core transport 

results (generated by the lattice codes directly) against Serpent 2, and the other is the com-

parison of the two-step code systems with Serpent 2.  

4.2.1. Transport Solutions 

The 0th order Pn scattering with a transport corrected total cross section was used 

for the CASMO-5 and STREAM calculations. For the Serpent 2 solution, a total of 

1,256,000,000 neutron histories were used (i.e., 400,000 neutrons per cycle, 3000 active cy-

cles, and 140 inactive cycles). It resulted in a standard deviation for a multiplication factor 

of 2 pcm. In addition, average standard deviations for FA and pin power are 0.074% and 

0.8%, respectively.  

Because STREAM and CASMO-5 cannot model a water hole model of circular geom-

etry in baffle region (see Figure 16b), a simplified reflector model was built using homo-

geneous pins, preserving the total mass of the reflector materials. The density and volume 

of the materials are changed according to equation of Nwater × Vwater + Nbaffle × Vbaffle = Nsmeared 

× Vsmeared, where the N is the number density and V is the volume. The simplified model is 

shown in Figure 16a, and is used in 2D calculations of STREAM, CASMO-5, and Serpent 

2. Table 4 contains the calculated multiplication factors associated with the different cal-

culation cases performed for a range of fuel temperature, moderator temperature, and 



Energies 2022, 15, 3318 14 of 24 
 

 

boron concentration conditions. STREAM and CASMO-5 have within ±37 pcm and ±89 

pcm difference compared to Serpent 2, respectively. Radial power profile is compared in 

Figure 17. Figure 17a contains the radial power distribution of Serpent 2. Figure 17b and 

17c present the relative differences with respect to Serpent 2, of CASMO-5 and STREAM, 

respectively. The RMS difference of CASMO-5 from the Serpent 2 reference solution is 

1.62% and 1.07%, at the assembly and pin level, respectively. For STREAM, the RMS dif-

ference is reduced to 0.7% both at the assembly and pin level (see Table 5 for details). 

These results are in-line with previously published studies, such as the comparison of 

nTRACER with the Monte Carlo code, McCARD [59] (1.20% RMS), or with Serpent 2 (1.8 

% RMS) [26]. The CASMO-5 results are worse than the STREAM ones due to the different 

resonance treatment. To assess the effect of resonance treatment in radial pin power dis-

tribution, a comparison with different resonance treatment is performed with STREAM. 

PSM and Stamm’ler equivalent two-term method (EQ 2-term) [60] are considered, as the 

latter is similar to what is used in CASMO-5. As shown in Figure 18, the discrepancies in 

terms of pinpower due to the different resonance treatment methods are within ±1.6%, 

e.g., the same range than the discrepancies observed between STREAM and CASMO-5, 

which can then be explained by the resonance treatment differences.  

The effect of the reflector modeling on the pinpower distribution is assessed through 

two Serpent 2 calculations performed with the simplified and nominal models (see Figure 

16a and 16b). The results are shown in Figure 19: RMS difference is 1.44%, and the maxi-

mum differences are found next the edge of reactor (nearby baffle). This result represents 

that homogenized material description of the heavy reflector could produce significant 

radial power differences in regions close to the reflector.  

 

Figure 16. Radial layout of the nominal and simplified reflector model. 

Table 4. Multiplication factor of three difference test cases. 

Case  

(TFU a, TMO b, BOR c) 

Serpent 2 STREAM CASMO-5 

keff keff Diff. [pcm] keff Diff. [pcm] 

CASE01 

(900 K a, 600 K b, 1000 ppm c) 
1.01707 ± 0.00001 1.01726 19 ± 1 1.01796 89 ± 1 

CASE02 

(900 K a, 600 K b, 0 ppm c) 
1.14575 ± 0.00001  1.14538 −37 ± 1 1.14579 4 ± 1 

CASE03 

(600 K a, 600 K b, 0 ppm c) 
1.15543 ± 0.00001 1.15534 −9 ± 1 1.15566 23 ± 1 

a is fuel temperature; b is moderator temperature; c is boron concentration. 
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Figure 17. Radial power distribution of Serpent 2, STREAM and CASMO-5. 

 

Figure 18. Pin power difference with different resonance treatment. 

 

Figure 19. Radial power distribution of Serpent 2 with different reflector models. 

Table 5. Relative power difference compared with Serpent 2. 

Code CASMO-5 STREAM 

Parameter Pin Power FA Power Pin Power FA Power 

Minimum −3.08 −3.11 −1.99 −1.30 

Maximum 2.45 3.12 2.25 1.66 

RMS 1.07 1.62 0.70 0.70 

4.2.2. Two-Step Calculations 

This section presents the verification results of conventional two-step code systems, 

CASMO-5/PARCS and STREAM/RAST-K. As shown in the previous section, the model 

of the radial reflector strongly affects the power distribution. Various approaches are 
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considered to produce the reflector cross sections in the two-step calculations: the 1D, 2D, 

and core type radial reflector models introduced in Section 3.2 are tested in this section.  

Fixed calculation conditions are used in the 2D core simulations: moderator temper-

ature of 600 K, fuel temperature of 900 K, and boron concentration of 1000 ppm. Figure 20 

presents the radial power differences of PARCS compared with CASMO-5 for the three 

different reflector modeling approaches. The 2D radial reflector model has the lowest in-

out tilt, as shown in Figure 20. Although the 1D reflector model has less in-out tilt com-

pared with core reflector model, the accuracies of 1D and core type reflector are similar. 

Table 6 contains the summary of radial power differences compared with Serpent 2 

assuming a simplified radial reflector model. Calculations with 1D, 2D, and core radial 

reflector models have results of similar accuracy. Both of CASMO-5/PARCS and 

STREAM/RAST-K calculations have good performance with 1D radial reflector models. 

As a result, 1D radial reflector models are used for the 3D core simulations in this paper.  

 

Figure 20. Radial power differences of PARCS with respect to CASMO-5 for different reflector mod-

els. 

Table 6. Comparison of three different code systems for the 2D Rostov-II model. 

Code  
Reflector 

Type 
keff 

Difference a 

[pcm] 

Relative Power Difference [%] 

Min Max RMS 

Serpent 2 
Nominal 

reflector 

1.01749 ± 

0.00002 
- - - - 

CASMO-5/PARCS 

1D 1.01822  73 ± 2 –1.93 1.85  0.97  

2D 1.01839  90 ± 2 –1.60 1.71  0.87  

Core 1.01820  71 ± 2 –1.61 1.62  0.83 

STREAM/RAST-K 

1D 1.01732 −17 ± 2 –2.47 2.21  1.23  

2D 1.01767 18 ± 2 –2.04 1.78  1.07  

Core 1.01786 37 ± 2  –2.29 1.50  0.95  
a reference is Serpent 2. 

5. Validation Results  

This section describes the comparison of the STREAM/RAST-K and CASMO-

5/PARCS 3D full core models with measurements during a part of the first Rostov-II cycle. 

The calculation conditions are presented in Table 3. Fundamental mode buckling calcula-

tion was performed for the generation of few-group constants. The 238U resonance up-

scattering correction was turned on. As suggested in the benchmark specifications, the 

calculations are performed without the thermal expansion of fuel and cladding [10]. 

The locations of the CR banks are presented in Figure 9; only bank #10 is moved dur-

ing the considered part of the reactor cycle. As described in Section 3.3, a simplified CR 

model is used. Fuel and coolant thermal hydraulic parameters (temperatures, water den-

sity) are obtained using TH1D model in RAST-K, while a similar approach is used in 

PARCS.  
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Boundary conditions are obtained from the reference [10,16]: control rod positions 

are from the reference [16]; the evolution of the thermal power from the reference [10]. A 

constant flowrate of 18,551.37 kg/s and inlet temperature of 292.2 °C are used as recom-

mended from the Rostov-II benchmark [10] specifications. The first part of the Rostov-II 

first reactor cycle is simulated from 0 to 36.73 EFPDs. Four quantities of interest are com-

pared in this section: (1) critical boron concentration, (2) outlet moderator temperature, (3) 

Doppler fuel temperature, and (4) radial and axial power profile. The 1 g/kg boron con-

centration is converted as 174.88 ppm according to the reference [43].  

Figure 21 contains differences in terms of critical boron concentration with respect to 

the measurements. The BIPR8 results from reference [15] are also provided. A total of 76 

depletion points are used for comparison. Average RMS differences in terms of boron 

concentrations are 32, 37, and 32 ppm in STREAM/RAST-K, CASMO-5/PARCS, and BIPR-

8 calculations, respectively. Compared with previous VVER-1000 analysis [7], calculation 

results have comparable accuracy.  

Figure 22 contains the comparison results of T/H parameters, Doppler temperature, 

and volume average moderator temperature. Same material properties are used in T/H 

feedback at PARCS and RAST-K calculations. STREAM/RAST-K and CASMO-5/PARCS 

present good agreement. Figure 23 presents the relative power difference of RAST-K with 

respect to the measurement [15] at 36.73 EFPDs. The relative differences are within ±2.46% 

and the RMS difference is 1.23%. Figure 24 contains the same information for the PARCS 

solution. Relative differences are within ±4.29%, and a RMS difference is 1.58%. As shown 

in these figures, an in-out tilt is observed in both codes. This effect may be related to the 

modeling of the radial reflector. The overestimation of the FA power at the core center 

from the two-step approach as compared to the measurement is consistent with the results 

of the 2D fresh core calculations shown in Section 3.2. In addition, to assess the effect of 

radial reflector model in terms of radial power distribution, a comparison is performed 

with 1D and 2D radial reflectors, as shown in Figure 23. In this calculation, group con-

stants, ADFs, and CDFs of reflectors, are calculated by each reflector model: 1D and 2D 

cases use those from 1D and 2D reflector models, respectively. Only minor difference is 

reported.  

Figure 25 presents the axial power distribution of STREAM/RASTK, CASMO-

5/PARCS, and BIPR8 compared with the measurements at 36.73 EFPDs. The normalized 

axial power for the measurements and BIPR8 solution are obtained from reference [15]. 

The location of the four FAs used for comparison is shown in Figure 10c. FA IDs are 84, 

87, 114, and 124. As shown in the Figure 25, the various axial power profiles considered 

have large differences near the bottom reflector regions. Table 7 contains the RMS differ-

ences and RAST-K has slightly larger difference with respect to the measurements than 

BIPR8 or PARCS, which show similar performance. Using the same resonance model in 

STREAM and CASMO-5 tends to reduce this discrepancy  
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Figure 21. Absolute difference of boron concentration with measurement. 

 

Figure 22. T/H Feedback—inlet, flowrate, fuel temperature (doppler). 
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Figure 23. Relative radial power difference of RAST-K compared with measurement. 

 

Figure 24. Relative radial power difference of PARCS compared with measurement. 

 

Figure 25. Axial power difference at 36.73 effective days. 

Table 7. Relative RMS difference of axial power profile. 

FA ID 84 87 114 124 

BIPR8 5.30% 5.36% 6.04% 5.94% 

RAST-K 7.49% 8.68% 8.82% 7.77% 

PARCS 5.52% 5.20% 5.03% 5.02% 

RAST-K (EQ) a 5.77% 4.56% 4.96% 4.84% 
a EQ is the cross section generated with EQ 2-term method in lattice code. 

6. Conclusions 

This paper presents the analysis of the Rostov-II benchmark using conventional two-

step approach code systems: CASMO-5/PARCS, and UNIST in-house code system 

STREAM/RAST-K. This paper covers the V&V of the calculation scheme of 

STREAM/RAST-K and CASMO-5/PARCS for VVERs, and generation of two conventional  

solutions for the Rostov-II benchmark. Serpent 2 is used for code-to-code comparison at 
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the lattice and 2D core level, and 3D results of both deterministic models are compared to 

the steady state measurements of the Rostov-II benchmark. 

The comprehensive set of calculations performed with STREAM/RAST-K and 

CASMO-5/PARCS at the FA, 2D, and 3D core levels have shown the good performances 

of those two conventional code systems. With respect to the measurements available in 

the Rostov-II benchmark, comparable accuracy (30 ppm difference in boron concentration, 

2% assembly power) with BIPR8 is reported up to 36.73 EFPDs. The outcomes of the cal-

culations reported in the paper showed that the modeling of the resonance self-shielding 

in the lattice code as well as the geometrical modeling of the reflector are key for an accu-

rate solution (reducing the in-out power tilt). At the core simulator level, a fairly crude 1D 

reflector model appears to be enough. 

In addition, the generated few-group constants by the lattice codes show good agree-

ment compared to Serpent 2, by achieving 1% difference except for the diffusion coeffi-

cient (~1.5%). This difference has negligible effect on the radial power comparison, achiev-

ing assembly power difference within ±2.47% between STREAM/RAST-K and Serpent 2 

in the 2D core model. Moreover, sensitivity study of resonance treatment is performed 

with PSM and EQ two-term. This study concludes that the PSM method has better agree-

ment in terms of multiplication factor and CBC result with the measurement. 

Overall, this paper provides detail calculation models and conditions used in 

STREAM/RAST-K and CASMO-5/PARCS, and accurate calculation solution for the Ros-

tov-II benchmark with STREAM/RAST-K and CASMO-5/PARCS. As future work, the bo-

ron dilution transient will be performed by using STREAM/RAST-K and TRACE/PARCS. 
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Abbreviations 

1D one-dimensional 

2D two-dimensional 

3D three-dimensional 

ADF assembly discontinuity factor  

BOR boron concentration 

CDF corner flux discontinuity factor 

CMFD coarse mesh finite difference 

CR control rod 

CRAM Chebyshev rational approximation method 

DRI distribution resonance integral 

EFPD effective full power day 

FA fuel assembly 

HFP hot full power 

HZP hot zero power 
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MAX maximum 

MIN minimum 

MOC method of characteristics  

NPP nuclear power plant 

PSM point energy slowing-down method 

PWR pressurized water reactor 

Q value energy release per fission 

RA reflector assembly 

RMS root mean square  

TFU fuel temperature 

TH1D Simplified one-dimensional single channel thermal-hydraulic feedback 

T/H thermal-hydraulic 

TPEN Triangular-based polynomial expansion nodal method  

TMO moderator temperature 

UNM unified nodal method 

VVER Vodo-Vodyanoi Energetichesky Reactor 

V&V verification and validation 

WT.% weight percent 

Appendix A 

Table A1 contains the detail information of the multiplication factors in various cal-

culation conditions. Sensitivity study of Pn-scattering order also contains in this table. 

Figure A1 contains the detail information of multiplication factor difference between 

STREAM and STREAM/RAST-K calculations. Calculation model is U22 FA which is one 

of Rostov-II FA model and comparison was performed at 20 MWd/kg. Although the dif-

ferences of 135Xe and 239, 240, and 241Pu are larger than other isotopes, all differences are within 

± 30 pcm. 

Table A1. Multiplication factor in various calculation conditions. 

Parameter Serpent 2 [A] STREAM [B] 
CASMO-5 [C] 

0th Order Pn-Scattering 3rd Order Pn-Scattering 

Case wt.% keff 
Std a. 

[pcm] 
keff Diff. b [pcm] 

keff  

[C] 

Diff. c 

[pcm] 

keff  

[D] 

Diff. d 

[pcm] 

HZP,  

rod out 

1.3  0.92341  6 0.92290  −51  0.92367 26 0.92342 1 

2.2  1.10309  6 1.10261  −48  1.10358 49 1.1033 21 

3.0  1.19464  5 1.19433  −31  1.19537 73 1.19507 43 

3.6  1.24259  5 1.24223  −36  1.24328 69 1.24297 38 

4.0  1.26815  5 1.26784  −31  1.26888 73 1.26855 40 

HFP,  

rod out 

1.3  0.91541  5 0.91476  −65  0.91521 −20 0.91495 −46 

2.2  1.09374  6 1.09313  −61  1.0937 −4 1.09341 −33 

3.0  1.18483  6 1.18425  −58  1.18486 3 1.18455 −28 

3.6  1.23253  5 1.23188  −65  1.23249 −4 1.23216 −37 

4.0  1.25802  5 1.25734  −68  1.25793 −9 1.25759 −43 

HFP,  

rod in,  

B4C 

1.3  0.64338  10 0.64516  178  0.64795 457 0.64525 187 

2.2  0.80077  9 0.80319  242  0.80604 527 0.80307 230 

3.0  0.88988  9 0.89290  302  0.89568 580 0.89266 278 

3.6  0.94005  8 0.94307  302  0.94579 574 0.94277 272 

4.0  0.96761  8 0.97103  342  0.97368 607 0.97067 306 

HFP,  

rod in,  

Dy2O3-TiO2 

1.3  0.69547  9 0.69298  −249  0.69739 192 0.69539 −8 

2.2  0.86467  10 0.86162  −305  0.8673 263 0.86523 56 

3.0  0.95989  8 0.95636  −353  0.96282 293 0.96081 92 

3.6  1.01280  8 1.00891  −389  1.01581 301 1.01385 105 

4.0  1.04193  7 1.03802  −391  1.04514 321 1.04322 129 
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a. standard deviation of a Monte Carlo simulation; b. difference calculated by [B] − [A]; c. difference 

calculated by [C] − [A]; d. difference calculated by [D] − [A]. 

 

Figure A1. Calculation difference between STREAM and STREAM/RAST-K (calculation model: 

U22, burnup: 20 MWd/kg). 
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