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A B S T R A C T   

This paper introduces the creation of a module for Uncertainty Quantification (UQ) specifically designed for 
VVER analysis through the implementation of the STREAM/RAST-V two-step approach. The aim was to expand 
the range of use by developing a UQ module tailored for analyzing VVER. This research presents two innovative 
computational functionalities: (1) development of a library for the pin-based pointwise energy slowing down 
method (PSM), and (2) extension of the analysis area to study hexagonal-geometry fuel assemblies. The proposed 
UQ scheme was evaluated through verification using UAM benchmark, and comparative analysis between codes 
using SCALE 6.2.2 for. STREAM provides an accuracy comparable to that of SCALE 6.2.2. Additionally, a PSM 
covariance library was utilized in the calculations, achieving 0.7941% and 0.7907% accuracies in the hot full 
power and hot zero power calculations, respectively. To assess the UQ sequences in the two-step method, the 
STREAM/RAST-V calculation scheme was verified using the STREAM lattice code. To conclude, this study fur
nishes comprehensive insights into the development of the UQ module within the two-step method for VVER 
analysis, and it validates its performance through utilization of the UAM benchmark.   

1. Introduction 

This research elucidates the developed uncertainty quantification 
(UQ) module within the STREAM/RAST-V two-step methodology for 
VVER analysis. The UQ analysis approach has been expanded compared 
to previous studies [1,2] by introducing two key novel features in the UQ 
process: (1) generation of a pin-based pointwise energy slowing down 
method (PSM) covariance library [3], and (2) expansion of the appli
cation area to include hexagonal geometry fuel assembly (FA) analysis. 
To assess these novel features, several verifications were performed in 
this study, with SCALE 6.2.2, which was used for comparative analysis 
between codes, leveraging the variance-to-covariance matrix (VCM) of 
SCALE 6.2 [4]. Additionally, for comprehensive solutions, this study 
employs the VCM of ENDF/B-VII.1 [5]. 

UQ finds application across diverse domains such as licensing ex
amination, design advancement, and safety analysis. For example, un
certainty is harnessed to establish safety criteria, such as the upper 
safety limit, in burnup credit assessments crucial for the design of 
storage systems for spent nuclear fuel [1]. In safety analysis with 

transient simulation (e.g., rod ejection), the uncertainty arising from 
neutronic data and input parameters helps define the confidence range 
of the hot cell. Consequently, projects and benchmarks such as the 
Consortium for Advanced Simulation of Light Water Reactors [6] and 
UAM [7] have emerged. These initiatives aim to enhance the competi
tiveness of participating laboratories’ code systems. In the UAM 
benchmark, the participation was extended to 19 codes and 15 countries 
[7]. To align with these trends, a UQ calculation module was developed 
in in-house two-step code [1,2]. This study elaborates on this module 
and validates its results using the UAM benchmark by comparing the 
outcomes with those from SCALE 6.2.2. 

As established in previous studies [8,9], a module for analyzing 
hexagonal geometry FAs was integrated into our proprietary two-step 
code system, STREAM/RAST-V [10,11]. The computational capacity 
of this hexagonal geometry reactor has been thoroughly verified and 
validated with various benchmarks [8,9]. To provide preliminary UQ 
results with a hexagonal FA using STREAM/RAST-V, Kozloduy-6 from 
the UAM benchmark was utilized in this study [7]. 

As illustrated in a prior investigation [3], the PSM resonance 
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treatment yields more accurate results than the Calvik’s two-term 
rational approximation (EQ) resonance treatment used in the prior UQ 
module [12–14]. Consequently, to broaden the scope of applications and 
provide more precise results, this study describes the development of a 
UQ module and libraries specifically designed for PSM resonance 
treatment. 

The structure of this manuscript is outlined as follows: Section 2 
furnishes an elaborate exposition of the computational methodology 
with resonance treatment and generation progress of a covariance li
brary, and resonance treatment. To assess the developed covariance li
brary and UQ module, the UAM benchmark was used for calculations. 
Section 3 contains the detailed benchmark specifications. Section 4 
presents detailed UAM benchmark results and a comparison of the 
STREAM calculation capability with the covariance libraries for PSM 
and EQ [12–14]. 

2. Code system 

This section deals with the details of STREAM/RAST-V two-step 
method for UQ. The perturbation of the cross sectional module was 
conducted using STREAM with covariance data. In the STREAM/RAST- 
V dual-stage methodology, STREAM generates a set of group constants 
using perturbed cross-sectional data, followed by the utilization of 
RAST-V for three-dimensional core simulation incorporating perturbed 
few-group cross sections (XSs) generated by STREAM. In the preceding 
iteration of the UQ module, resonance treatment was limited to the EQ 
method due to the absence of support from the PSM VCM. As demon
strated in previous studies [3], PSM offers more accurate results than the 
EQ method. Therefore, in order to improve the calculation capability of 
lattice code and broaden the scope of application for the created UQ 
module, a VCM and perturbation module tailored for PSM were 
formulated. 

In addition, the updated version of NJOY-2016 [15] code is 
employed for the generation of a VCM for comparison with previous 
studies [1,2]. The EQ covariance library was constructed utilizing a 
72-energy group structure encompassing 14 reactions listed in Table 1. 
In this study, VCM between difference isotopes are not considered such 
as VCM between 235U (z, γ) and 238U (z, γ). For the PSM covariance li
brary, a 10,000-group structure was used for the resonance regions of 
the three reactions, as listed in Table 2. Details of resonance treatment 

methods and perturbation methods are in Section 2.1 and 2.2, 
separately. 

During the depletion calculation, STREAM leverages the CRAM 
method [10] to resolve the Bateman equation by computing 1640 iso
topes [16]. Within the STREAM/RAST-V two-step methodology, 
RAST-V employs a micro depletion solver for approximately 36 isotopes 
[17]. Our in-house two-step code system has been rigorously tested and 
authenticated with a variety of benchmarks [9,18]. The 
rectangular-geometry FA analysis module has been validated using 
various core types, including OPR-1000, Westinghouse 3-loop, and 
APR-1400 [18]. As part of the continuing research, a 
hexagonal-geometry FA analysis module was developed to broaden the 
application scope, and its computational ability was tested and validated 
with various VVERs [8,9]: Rostov-II, AER-DYN-001, Kalinin-3, AER-
DYN-002, X2, and Novovonezh-4. In order to expand the versatility of 
the UQ module, it was developed and validated for a 
hexagonal-geometry FA employing the UAM benchmark. Section 4 
provides an elaborate exposition of the outcomes derived from this 
verification procedure. 

2.1. Resonance treatment used in UQ 

The primary distinction between the EQ and PSM methods lies in the 
use of pointwise cross sectional data for the resonance region. The EQ 
method utilizes 72 groups of cross sectional data in both the non- 
resonance and resonance regions. In contrast, PSM applies 72 group 
XS data for the non-resonance region, while employing 10,000 group 
(point-wise) XS data in the resonance region. Consequently, during the 
UQ with the EQ, a perturbation of the 72 group XS was performed. 
Simultaneously, during UQ with PSM, perturbations of both the 72 
group XS and the 10,000 group XS were carried out. 

The EQ is an equivalence theory with Carlvik’s two-term rational 
approximation [19,20]. The foundational principle of this equivalence 
theory posits that the probability of neutron escape from resonance 
material can be approximated through a rational function correlating to 
the total cross section of a resonance nuclide. The expression for the 
escape cross section is articulated through an analytical formula, 
incorporating the shadowing effect via the Dancoff factor. The desig
nation “2-term" pertains to the application of Carlvik’s duo of terms in 
delineating the Dancoff factor, as elucidated in Equation (1) [20]. 

Pe = 2
2Σe

Σt,F + 2Σe
−

3Σe

Σt,F + 3Σe
, (1)  

where Σe represents the escape macroscopic cross section, and Σt,F is the 
total macroscopic cross section in the fuel region. Pe denotes the fuel 
escape probability. The EQ method has the advantage of simplifying the 
definition of effective cross sectional data while still providing a 
reasonable solution. Subplot (a) of Fig. 1 was used for the EQ 
calculations. 

The PSM’s core concept involves the use of segmented fuel pins, as 
shown in subplot (b) of Fig. 1 [3]. Its methodology unfolds in three 
stages to estimate collision probabilities [3]: initially defining collision 
probability for subdivided fuel pins using the CPM solver, then deter
mining the Dancoff factor with Carlvik’s method and adjusting for 

Table 1 
List of reactions employed during perturbation involving 72-group (72G) VCM.  

# Reaction 

1 Elastic scattering XS, (z, z0) 
2 Inelastic scattering XS, (z, n) 
3 Fission XS, (z, fission) 
4 Capture XS, (z, γ) 
5 Manufacture of two neutrons, (z, 2n) 
6 Manufacture of three neutrons, (z, 3n) 
7 Manufacture of a proton, (z,p) 
8 Manufacture of a deuteron, (z, d) 
9 Manufacture of a triton, (z, t) 
10 Manufacture of an alpha particle, (z, α) 
11 Manufacture of a triton and 2 alpha particles, (z, t2 α) 
12 Mean quantity of prompt neutrons emitted per fission occurrence, νp 

13 Mean quantity of delayed neutrons emitted per fission occurrence, νd 
14 Fission spectrum, f(E →E′)

Table 2 
Cross section type used in calculation (for PSM) with 
10,000G VCM.  

# Reaction 

1 Fission XS, (n, fission) 
2 Capture XS, (z, γ) 
3 Total XS, (z, t)  

Fig. 1. Fuel pin model used in resonance treatment.  
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shadowing effects to reconcile differences in fuel escape probabilities. 
Finally, it applies these corrections to refine both escape and collision 
probabilities. 

2.2. Stochastic sampling method 

RAST-V incorporates an UQ module developed based on the sto
chastic sampling method. This section outlines the calculation scheme 
for the stochastic sampling method and the covariance library used. 
Notably, only the explicit effect is considered when calculating the un
certainty owing to cross sectional data. To develop the UQ module, a 

stochastic sampling method based on reference [21] was used. As 
indicated in previous studies [1,2], the covariance matrix and singular 
value decomposition (SVD) methods were utilized to perturb neutronics 
data. In total, 182 isotopes were used for the calculations. The 
ENDF/B-VII.1 covariance data were generated using NJOY-2016 [15]. 

Fig. 2 illustrates a flowchart of the perturbed neutronics data. To 
elucidate the perturbation process in PSM and EQ calculations, detailed 
flowcharts are illustrated in Figs. 3 and 4 [3]. The symbol Γ denotes the 
Dancoff factor. The term Piso

e,F represents the escape probability of neu

trons from an isolated fuel rod, while Pe,F indicates the escape 

Fig. 2. Flowchart of perturbed cross section data in two-step method.  

Fig. 3. Flowchart of perturbed XS based on PSM VCM.  
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probability from a fuel rod within a lattice; the overbar signifies a 
parameter calculated under the assumption of a single flat source region 
within the fuel pellet. The factor ηF adjusts for the shadowing effect. The 
probability of neutron collisions from one fuel region to another is 
expressed as Pij for fuel-to-fuel interactions, PiM for interactions from the 
fuel region to the moderator region, and PMi for the opposite. PMM rep
resents the probability of collisions within the non-fuel region. The flux 
in submesh i of the fuel rod is denoted by φi(u). The term Piso

ij refers to the 
first-flight collision probability from submesh i to j for an isolated fuel 
pin. Lastly, σr

x(u) is the pointwise cross section, and σr
x,i,g is the 

position-dependent multi-group cross section. 
The more details of gray region of Fig. 2 is presented in those figures. 

The blue section represents the generation of the covariance library for 
PSM and EQ data. N denotes the number of samples. NJOY-2016 gen
erates a covariance library as a COVFIL format file. NJOYCOVX converts 
a COVFIL file into a COVERX file [22,23]. CADLLAC and COGNAC were 
included in SCALE 6.1 code package [24]. CADILLAC combines multiple 
covariance data files into a single file. COGNAC converts 
COVERX-formatted libraries from BCD to binary format files. Before the 
SVD of the covariance matrix, the binary format files were converted to 
ASCII format data files because the Python script uses ASCII format data 
files. In this study, a total of 500 perturbed libraries are employed for the 
stochastic sampling method, as suggested by a prior study [25]. The 
STREAM code utilizes the covariance library to generate perturbed 
few-group constant data files (*.stn - STREAM to nodal). STORA 
(STREAM TO RAST-K), a linkage code, then converts these perturbed 
few-group constant data files into perturbed cross section data. Subse
quently, RAST-K utilizes this perturbed cross section data to perform 3D 
core simulations. A notable distinction in the application between the 
EQ and PSM resonance treatments lies in the perturbation process 
within the STREAM calculations, which is influenced by covariance 
matrices generated by NJOY-2016. Particularly, the perturbation pro
cess in the resonance region exhibits differences between cases utilizing 
EQ and those employing PSM. Moreover, subsequent to the perturbation 
procedure, the fission spectrum underwent normalization, particularly 
in the interval between the perturbation phase and the transport 
calculation phase, as shown in Fig. 2. This normalization process was 
accomplished through the aggregation of the perturbed groupwise 
fission spectra. 

Fig. 3 [3] presents two main components: the perturbation of the 
pointwise resonance intermediate (RI) library, covering a range from 

0.3 eV to 30 keV, and the perturbation of cross section data, spanning 
from 10− 5 eV to 20 MeV. Perturbations are applied using 10,000 and 72 
energy group structures for the RI and cross section libraries, respec
tively. To create the PSM library, modifications had been made to the 
ERRORR and GROUPR modules, specifically in terms of matrix size and 
memory size definitions. To assess the calculation capability of the 
modified NJOY-2016, a comparison is conducted using isotope uncer
tainty generated by the modified software. The PSM resonance treat
ment case utilizes covariance matrices C and CPSM, while matrices A and 
APSM are employed for cross section perturbation. 

The perturbation method is derived from previous studies [21,26]. 
The covariance matrix was defined based on reactions presented in 
Tables 1 and 2: Equation (2) illustrates the covariance matrix for the 72 
energy group structure, and Equation (3) represents the covariance 
matrices for the 10,000 energy group structures. Table 3 lists the 182 
isotopes perturbed by covariance library. 

C=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ΣR1,R1 ⋯ ΣR1,R10 ΣR1,R11 O O O
⋮ ⋱ ⋮ ⋮ ⋮ ⋮ ⋮

ΣT
R1,R10 ⋯ ΣR10,R10 ΣR10,R11 O O O

ΣT
R1,R11 ⋯ ΣT

R10,R11 ΣR11,R11 O O O
O ⋯ O O νp O O
O ⋯ O O O νd O
O ⋯ O O O O χ

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (2)  

CPSM =

⎡

⎢
⎢
⎣

ΣRPSM 1,RPSM 1 ΣRPSM 1,RPSM 2 ΣRPSM 1,RPSM 3

ΣT
RPSM 1,RPSM 2 ΣRPSM 2,RPSM 2 ΣRPSM 2,RPSM 3

ΣT
RPSM 1,RPSM 3 ΣT

RPSM 2,RPSM 3 ΣRPSM 3,RPSM 3

⎤

⎥
⎥
⎦, (3)  

where O matrix contains the zeros, and size is 72 × 72. The notation of 
ΣI1 ,I2 is the covariance data, representing the interrelationship between 
the I1 cross section and I2 cross sections, is encapsulated within a matrix 
of dimensions 72 × 72. The structural designs of I1 and I2 are produced 
through the application of RX, where the notation X denotes the reaction 
indices as outlined in Table 1. For instance, R1 represents elastic scat
tering and R2 denotes inelastic scattering. The notation RPSMX corre
sponds to the reactions presented in Table 2. For instance, RPSM1 
signifies a fission cross section. The matrix size of the terms in Equation 
(3) was 10,000 × 10,000. 

Term represents the transposed matrix. The covariance matrix is 
decomposed via SVD as shown in Equation (4) [21]. Matrix A, utilized 
for the perturbation in STREAM, was calculated using Equation (5) [21]. 

Fig. 4. Flowchart of perturbed XS based on EQ VCM.  

Table 3 
List of isotopes affected by ENDF/B-VII.1 VCM perturbation.  

1 and 2H 28,29, and 

30Si 

99Tc 147Pm 229,230, 232Pa 

4He 41K 101-104,106Ru 149,151,152Sm 230-233,234,235,236, 

238U 
6 and 7Li 46-50Ti 103Rh 153,155Eu 234-239Np 
9Be 50,52, and 

53Cr 

105-108Pd 152-160Gd 236-240,241, 242-246Pu 

10 and 

11B 

55Mn 109Ag 166-168,170Er 240,241,242, 242m, 

243Am 
C 54,56, and 

57Fe 

127,129I 169Tm 240-250Cm 

15N 59Co 131,132,134Xe 180, 182-184, 

186W 

245-250Bk 

16O 58 and 60Ni 133 and 135Cs 191,193Ir 246, 248-254Cf 
19F 89Y 139La 197Ag 251-255, 254mEs 
23Na 90-96Zr 141Ce 204,206-209Pb 255Fm 
24Mg 95Nb 141Pr 209Bi  
27Al 92, 94- 

100Mo 

143,145,146, and 

148Nd 

227-234Ac  
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Matrix A is used in the neutron perturbation within STREAM. where 
Cpsm denotes the covariance matrix used in the PSM resonance treat
ment. Equations (6) and (7) are applied to the PSM covariance library. 
The final equation forms are defined as Equations (8) and (9). These 
equations are used for perturbation of cross section in STREAM. 

C=UΣUT = AAT, (4)  

A=U
̅̅̅̅
Σ

√
, (5)  

CPSM =UPSMΣPSMUT
PSM = APSMAT

PSM, (6)  

APSM =UPSM
̅̅̅̅̅̅̅̅̅̅̅
ΣPSM

√
, (7)  

x=A⋅z + μ, (8)  

x=APSM⋅z + μ, (9)  

where Σ, U, ΣPSM, and UPSM are the results of SVD of the covariance 
matrices. A Python script was used for the SVD [26]. Matrices Σ and U 

are 72 × 72 matrices, and matrices ΣPSM and UPSM are 10,000 × 10,000 
size matrices. Matrix A and APSM were used for perturbation in STREAM. 

In addition, in order to mitigate the issue of negative XSs emerging 
throughout the perturbation procedure, a zero-cutoff strategy was 
implemented, consistent with methodologies delineated in prior UQ 
research [27,28]. Furthermore, the Latin Hypercube Sampling (LHS) 
technique was utilized for the generation of random numbers, a method 
validated by earlier investigations [29]. Random seeds were generated 
based on the Box-Muller transform, as shown in Equation (10) [29]. 
{

r1 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2 ln α1

√
sin(2πα2)

r2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
− 2 ln α1

√
cos(2πα2)

, (10)  

where r1 and r2 are random numbers following a normal distribution. 
The variables α1 and α2 represent random variables that adhere to a 
uniform distribution, spanning the interval from zero to one. To evaluate 
the covariance library generation process, as depicted in Fig. 2, LANL 
results were used for verification [30]. Fig. 5 shows the results of this 
comparison. The comparison results of the other isotopes are presented 
in Ref. [31]. For consistency in calculation conditions, a 33 energy group 

Fig. 5. XS uncertainty (Δσ/σ) of 235U across different energy levels.  

Fig. 6. Covariance library for EQ and PSM.  
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structure was used. Covariance data were generated based on 
ENDF/B-VII.1. Fig. 5 shows the cross sectional uncertainty (Δσ/ σ) of 
235U. Isotopes were selected considering that they primarily contribute 
to the uncertainty for comparison. As indicated in this figure, the 
generated covariance library exhibits an accuracy comparable to that of 
the LANL. where (n, tot) represents the total XS, (n, inel) signifies the 
inelastic scattering XS, (n, f) denotes the fission XS, (n, γ) represents the 
capture XS, (n, 2n) indicates the production of deuterons, and (n, el) 
refers to the elastic scattering XS. 

Fig. 6 displays the XS uncertainty derived from covariance libraries. 
Specifically, the EQ and PSM methods employ different covariance li
braries in the resonance region, as depicted in the figures. The resonance 
region is defined as ranging from 0.3 eV to 30 keV. For the PSM calcu
lation, the covariance library marked as ‘PSM’ in this figure is utilized. 
Furthermore, a 10,000 group energy structure is employed for the PSM 
calculation within the resonance treatment region. 

3. Description of benchmark problems 

The Kozloduy-6 benchmark problem was employed to evaluate the 
performance of a UQ module designed for hexagonal-geometry FAs 
[32]. Fig. 7 shows the detailed layouts. Subplot (b) illustrates the fuel 
pin layout, and subplot (c) shows the guide tube layout. Further details 
are presented in Table 4. The UAM benchmark document [7] does not 

provide specific information regarding corner stiffeners in fuel assem
blies. Detailed information is obtained from the X2 document [33], 
which related to the VVER-1000 fuel assembly used in the X2 reactor 
was obtained from the X2 document [33]. This FA is similar to the 
Kozloduy-6 FA. Because the STREAM limitations do not accommodate 
the geometry presented in subplot (d) of Fig. 7, a simplified corner 
stiffener model was used in the calculations as a substitute for the 
nominal corner stiffener model. 

A verification process using Serpent 2 [34] compared the calculation 
capacities of the simplified and nominal models. The calculations 
involved 48,000,000 neutrons, including 100 active cycles, 20 inactive 
cycles, and 400,000 histories per cycle. ENDF/B-VII.0 library [35] is 
utilized for computational purposes. The up-scattering correction for 
238U was not considered in this calculation [34]. The observed differ
ences between the simplified and nominal models amount to 71 pcm, 
with a standard deviation of ±7 pcm, suggesting that the simplified 
calculation model has comparable accuracy to the nominal model. 
Therefore, a simplified calculation module is used in this study. 

4. Results and discussion 

This section outlines the computational outcomes for the Kozloduy-6 
benchmark and delves into the validation findings of Kozloduy-6. The 
SCALE 6.2.2 code, which is widely used to analyze the uncertainty of 
neutronics data with the UAM benchmark [36–40], serves as the basis 
for comparative analysis between codes. During verification of the UQ 
module adapted in STREAM, TSUNAMI of SCALE 6.2.2 [41] was used. 
TSUNAMI calculates the uncertainties based on the GPT [4]. STREAM 
uses the stochastic sampling method with 500 perturbed cross sectional 
datasets. 

Section 4.1 details the verification results of the UQ module, devel
oped specifically for hexagonal-geometry FA, using SCALE 6.2.2. Sec
tion 4.2 encompasses the validation outcomes aimed at assessing the 
computational proficiency of the perturbation module and covariance 
libraries within the PSM approach. 

4.1. Verification of UQ module for hexagonal geometry FA with SCALE 
6.2.2 

This section showcases the validation findings in comparison to the 
results acquired from SCALE 6.2.2. The Kozloduy-6 FA served as the 
verification model. For comparison, two separate cases from SCALE 

Fig. 7. Geometric arrangement of the Kozloduy-6 Fuel Assembly and the model of the pin cell.  

Table 4 
Specification of Kozloduy-6.  

Content Variable Unit 

Number of fuel rod 312  
Number of guide tube 18  
FA pitch 23.60 cm 
Corner stiffener inner pitch [33] 23.35 cm 
Outer radius air gap 0.3860 cm 

Cladding 0.4550 cm 
Central guide tube 0.5600 cm 
Guide tube 0.6300 cm 

Pin pitch 1.275 cm 
Number of Instrument tube 1  
Fuel radius 0.3780 cm 
Corner stiffener outer pitch [33] 23.48 cm 
Inner radius Central guide tube 0.4800 cm 

Guide tube 0.5500 cm 
FA dimensions 11 × 11   
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6.2.2, 252-group (252G) and 56-group (56G), were used. The 252G and 
56G cases employ the xs252v7.1, and xn56v7.1, neutronics libraries, 
respectively [4], both of which are rooted in the ENDF/B-VII.1 [5]. 
STREAM uses the 72G ENDF/B-VII.1 neutronics library. In this section, 
the SCALE 6.2 VCM is utilized. A 0.05 cm MOC ray was applied in the 
STREAM calculation. Two distinct operational scenarios were 
employed, specifically hot full power (HFP) and hot zero power (HZP). 
Boron concentration is defined as 0 ppm in this calculation. Detailed 
information is presented in Table 5. 

Table 6 presents the calculation results for Kozloduy-6. Table 6 de
tails the specific effects of the seven different reactions on the UQ 
calculation, total uncertainty of the multiplication factor and average of 
multiplication factors. Fig. 8 also includes the calculation results from 
SCALE 6.2.2 and STREAM. As demonstrated in the table and figure 
provided, STREAM demonstrates an accuracy comparable to that of 
SCALE 6.2.2. Specifically, the STREAM results align more closely with 
the 252G case from SCALE 6.2.2. 

4.2. Verification of PSM VCM 

This segment elaborates on the authentication of the newly inte
grated UQ module through the PSM VCM, as opposed to the EQ method. 
Because the EQ method has already been verified in Section 4.1, it is 
used here for a comparative analysis between codes. The ENDF/B-VII.1 

VCM was used for the calculations. The average keffs and uncertainties 
of keff are presented in Table 7. Fig. 9 also contains the verification 
results of PSM method. As shown in these results, the PSM case has re
sults comparable to of the EQ case. ENDF/B-VII.1 VCM and neutronics 
library are used for verification. 

4.3. Verification of UQ module implemented in STREAM/RAST-V with 
Kozloduy-6 

This section presents the calculation capability of developed UQ 
module during 3D core simulation using STREAM/RAST-V. Kozloduy-6 
was used for verification. STREAM is used for comparisons as shown in 
Fig. 10. The multiplication factors and uncertainties are compared in 

Table 5 
Temperature conditions for analysis of Kozloduy-6 benchmark.  

Condition HZP HFP 

Parameter Fuel Moderator Fuel Moderator 

Temperature [K] 552.15 552.15 900 560  

Table 6 
Kozloduy-6 FA uncertainty (△k/k [%]) and kef f with SCALE 6.2 VCM.  

Condition HZP HFP 

Code SCALE 6.2.2 STREAM SCALE 6.2.2 STREAM 

1. keff 
Group 56G 252G 72G 56G 252G 72G  

1.32073 1.32414 1.32853 1.30844 1.31232 1.31341 
2. Uncertainty (△k/k [%]) 
Group 

Reaction 
56G 252G 72G 56G 252G 72G 

235U (ν) 0.3516 0.3517 0.3511 0.3513 0.3514 0.3594 
238U (n, γ) 0.3169 0.3058 0.3054 0.3238 0.3111 0.3068 
235U (n, γ) 0.1732 0.1734 0.1759 0.1731 0.1732 0.1758 
235U (χ) 0.1485 0.1413 0.1362 0.1510 0.1437 0.1409 
238U (n, n’) 0.1158 0.0990 0.0938 0.1159 0.0991 0.0937 
235U (n, f) 0.0936 0.0920 0.1022 0.0955 0.0939 0.1072 
238U (ν) 0.0654 0.0649 0.0692 0.0660 0.0655 0.0707 
all 0.5745 0.5656 0.5814 0.5798 0.5697 0.5878  

Fig. 8. Uncertainty of Kozloduy-6 with SCALE 6.2.2.  

Table 7 
keff and uncertainty (△k/k [%]) of Kozloduy-6 FA.  

Condition HZP HFP 

1. keff 
Method EQ PSM EQ PSM 
keff 1.32945 1.33075 1.31434 1.31612 
2. Uncertainty (△k/k [%]) 
Method 

Reaction 
EQ PSM EQ PSM 

235U (ν) 0.6202 0.6199 0.6186 0.6184 
238U (n, γ) 0.3297 0.3020 0.3416 0.3155 
235U (n, γ) 0.1717 0.1584 0.1716 0.1580 
235U (χ) 0.1407 0.1402 0.1454 0.1448 
238U (n, n’) 0.1034 0.1029 0.1084 0.1078 
235U (n, f) 0.0969 0.0850 0.0967 0.0846 
238U (ν) 0.0692 0.0690 0.0707 0.0705 
all 0.7979 0.7907 0.8017 0.7941  
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this figure, and the results provide an accuracy comparable to those 
obtained using STREAM. The calculation was performed using 500 
perturbed samples under the following conditions at HFP condition. 
ENDF/B-VII.1 VCM and the EQ method were used for this calculation. 
These findings substantiate the fact that the STREAM/RAST-V two-step 
method delivers results with a precision comparable to that obtained 
from STREAM, confirming the reliability and effectiveness of the 
STREAM/RAST-V approach for uncertainty calculations. 

Fig. 11 shows the uncertainty as a function of burnup for the prin
cipal effective reactions in UQ: capture, fission, and nu-bar of 239Pu; 
fission, nu-bar, and capture of 235U; and capture and inelastic scattering 

cross sections of 238U. Two different covariance libraries were used for 
the calculation: SCALE 6.2 and ENDF/B-VII.1. It is important to note that 
the nu-bar of 235U differs between the ENDF/B-VII.1 VCM and the 
SCALE 6.2 VCM case. As stated in the SCALE manual, the SCALE 6.2 
VCM is derived from the ENDF/B-VII.2 preliminary library [42], 
whereas the ENDF/B-VII.1 VCM comes from the ENDF/B-VII.1 neu
tronics library. This discrepancy in the covariance libraries resulted in 
different uncertainties associated with the nu-bar of 235U. The observed 
variations in the uncertainty of 235U bar highlight the impact of the 
different covariance libraries on the calculated uncertainties. Therefore, 
it is crucial to consider these differences and their potential implications 

Fig. 9. Uncertainty analysis in relation to PSM and EQ resonance approaches.  

Fig. 10. Comparative Analysis of ST/RK results and STREAM results.  

Fig. 11. Uncertainty analysis across burnup levels using SCALE 6.2 and ENDF/B-VII.1.  

J. Jang et al.                                                                                                                                                                                                                                     



Nuclear Engineering and Technology 56 (2024) 3276–3285

3284

when analyzing and interpreting the results. 

5. Conclusion 

For VVER analysis, this paper presents the UQ module developed in 
the STREAM/RAST-V two-step method. This study addresses two inno
vative calculation features: (1) generation of a library for PSM, and (2) 
development of a hexagonal-geometry FA analysis module. To evaluate 
the computational capability of the proposed scheme, the SCALE 6.2.2 
and UAM benchmarks were used for comparison. Within the computa
tional framework, the Kozloduy-6 benchmark serves as the basis. This 
analysis incorporates 500 perturbed instances, leveraging both ENDF/B- 
VII.1 neutronics data and the associated ENDF/B-VII.1 and SCALE 6.2 
VCM. 

Under both HZP and HFP conditions, the STREAM method achieves 
an accuracy comparable to that of SCALE 6.2.2. The differences are 
within ±0.0098% and ±0.0200% when compared with SCALE 6.2.2 
using 56 and 256 energy group libraries, respectively. A PSM VCM was 
generated using NJOY-2016, CADILLAC, COGNAC, and NJOYCOVX. 
Compared to the UQ module for EQ, the developed PSM calculation 
module exhibits a difference within ±0.0076% in HZP and HFP FA 
model calculations, utilizing the ENDF/B-VII.1 VCM. Additionally, to 
assess the calculation capability of the STREAM/RAST-V two-step 
method in UQ analysis, verification is performed within a burnup range 
of 0–30 MWd/kg, with the uncertainty differences being within 
±0.00100% between the two-step method and the lattice code STREAM. 

Overall, this study provides a detailed description of the developed 
UQ module for VVER analysis and presents its verification. Future 
studies should encompass the implementation of UQ while considering 
its implicit effects. 
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252G 252-group 
56G 56-group 
72G 72-group 
CRAM Chebyshev rational approximation method 
EQ Calvik’s two-term rational approximation 
EQ 2-term Calvik’s two-term rational approximation 
FA fuel assembly 
HFP hot full power 
HZP hot zero power 
PC principal component 
PSM pin-based pointwise energy slowing down method 
RI resonance intermediate 
SVD singular value decomposition 
UAM uncertainty analysis in modeling 
UQ uncertainty quantification 
VCM variance-to-covariance matrix 
XS cross section 
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