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A spent nuclear fuel (SNF) analysis module for the Vodo-Vodyanoi Energetichesky Reactor (VVER) was devel-
oped and validated in this study. This advancement expands the application area of the existing nodal diffusion
code, RAST-V, and reduces the need for additional code during 3D core simulations for SNF analysis, leading to
increased efficiency in simulation time. RAST-V uses Lagrange interpolation and a power correction factor
derived from the Bateman equation to bypass the re-depletion calculations, which are used to solve the micro-
depletion chain. This approach improved the efficiency of analysis. To mirror the conditions during the 3D core
simulations, the module used history indices related to the moderator temperature, fuel temperature, and boron
concentration. The module can predict 1620 isotopes. This paper presents the validation of this isotope inventory
prediction and the application of burnup credit. The VVER analysis module was validated using 28 samples
discharged from the Novovoronezh-4. Most isotopes were within 10 % of the boundaries of the measurements.
This study successfully offers verification results using VVER benchmarks and discusses the application of burnup
credit using a VVER-440 cask.

1. Introduction

This paper presents a newly developed isotope prediction module for
the Vodo-Vodyanoi Energetichesky Reactor (VVER) and its application
in spent nuclear fuel (SNF) analysis using various benchmarks and the
application of burnup credit through RAST-V for back-end cycle anal-
ysis. The SNF analysis module has been implemented in RAST-K for
pressurized water reactor (PWR) analysis composed of square type fuel
assembly (FA), and the module has been verified and validated (V&V)
using 116 SNF benchmarks in previous studies [1-3], showing good
agreement with measurements: most isotopes showed a difference
within £+5 % [2].

To extend the application area, a VVER analysis module was
implemented in RAST-K VVER (RAST-V). VVER is a hexagonal struc-
tured PWR, controlled by the Joint Stock Company ’Concern Rose-
nergoatom’ [4,5]. This study assessed the calculation capability of the
SNF analysis module for VVER by conducting V&V using two different
benchmarks, namely the Novovoronezh Nuclear Power Plant (NPP) Unit

4 [6] and X2 reactor [7]. Specifically, Sample ID 21, discharged from
Novovoronezh Unit 4, was used for V&V in a previous study, and it
demonstrated comparable accuracy with measurements, achieving +1c6
measurement difference for most isotopes [8]. In previous studies [1,2],
Verification and Validation (V&V) were performed using 116 bench-
mark problems. Among these, 58 benchmarks specifically focused on
V&V for predicting isotope inventory and calculating source terms, such
as decay heat. The observed differences in the decay heat comparisons
were within +4.3 %, with the prediction of isotope composition for most
actinides showing a variance of +5 %. To evaluate the computational
capabilities of the SNF analysis module for VVER Fuel Assemblies (FAs),
various benchmarks were employed. A detailed comparison of these
benchmarks is presented in Sections 3 and 4. To enhance the reliability
of V&V, a larger number of benchmarks were used in this study (28
samples, discharged from Novovoronezh-4 and 182 FAs discharged from
X2).

Isotope inventory prediction plays a crucial role in back-end cycle
analyses. As various VVERs approach the end of their license periods,
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the demand for VVER SNF analyses increases. Specifically, 12 VVERs
(including Novovoronezh NPP4) reached the end of their license period
(i.e., shutdown) by around 2020 [4]. Novovoronezh Unit 4 has been
operational since March 24, 1973 [9] and is projected to close by 2033
(i.e., 2018 plus an extended license period of 15 years) [10]. To address
this demand, various code systems have been developed and employed
for SNF analysis: WIMS/ABBN, CASMO4, MONK7B, MCNP4B, HELI-
0S1.4, TWODANT, SCALE, and ORIGEN [11,12]. To improve the
competitiveness of the in-house nodal diffusion code, RAST-V, a VVER
SNF analysis calculation module was developed and implemented.

The suggested calculation scheme has two main features: (1) the
analysis is performed without requiring an additional code system for
SNF analysis after the 3D core simulation, as the nodal code RAST-V
directly predicts the isotope inventory and calculates the source term
based on it, reflecting the 3D core simulation time; and (2) Lagrange
interpolation is used to predict the isotope inventory, replacing the need
to solve the micro-depletion chain. Owing to these features, the pro-
posed approach provides benefits in terms of the simulation time. A
comparison of the simulation times was also included in this study, using
the X2 reactor and STREAM SNF for the calculation [13].

Furthermore, SNF analysis was used for the following four back-end
cycle analyses: (1) optimization of loading patterns in the cask model;
(2) adjustment of isotope composition, which can be used in recycling (i.
e., pyro processing); (3) calculation of the source term; and (4) gener-
ation of a criterion during the design process of the cask and spent fuel
pool. The criterion for design of cask and spent fuel pool is the upper
safety limit (USL), and the burnup credit method has recently been
suggested to increase the economic benefits in the field of safety analysis
[14]. Burnup credit calculations were performed in this study.

With an increase in the volume of SNFs, the demand for denser racks
has also increased to maximize the economic benefits within a confined
space in SNF pools. The number of SNF assemblies in a given space can
be increased using two primary strategies. One approach is to develop a
more powerful neutron absorber for the spent fuel pool and dry cask,
and the other is to provide less conservative criteria by considering
isotope depletion during the design process of the cask and spent fuel
pool. In the second approach, the burnup credit method was used to
provide less conservative criteria for safety analysis using SNFs instead
of fresh fuels for criterion generation. This approach maximizes eco-
nomic benefits within the USL [14,15]. Safety analysis criteria were
established by considering the bias and bias uncertainty of the geometric
and material modeling parameters, isotope composition, and calculation
code. The bias and bias uncertainties of the isotope compositions were
calculated to establish the USL. The VVER-440 cask model [12] was used
in this study.

In the updated SNF analysis module, the HDF5 [16] format is now
employed to generate a number density (ND) file, aiming to reduce
computation time, particularly during preprocessing. The HDF5, a hi-
erarchical data format developed by the HDF Group, efficiently stores
data with indices, facilitating easier data retrieval compared to tradi-
tional text files. This enhancement in the SNF module leads to notable
reductions in both simulation time and memory usage. In details, HDF5
achieves significant file compression, reducing file sizes to 50 % of their
original size. In addition, pin-wise calculations using HDF5 files are
completed within 1 s, markedly faster than the 60 s required by calcu-
lation modules in previous studies [1].

The remainder of this paper is organized as follows: In Section 2, the
calculation features for the SNF analysis are detailed. The V&V results
with Novovoronezh-4 FAs, using 28 pin samples for the calculation, are
presented in Section 3. Code-to-code comparisons were performed using
CASMO-4E [17,18] with different neutronics libraries, JEF-2.2, and
ENDEF/B-VI.0. Furthermore, detailed comparisons were made regarding
the neighboring effect of FAs in the core, uncertainty owing to neu-
tronics data, and uncertainty owing to the standard deviation of the
burnup indicator. In Section 4, the application of SNF analysis with the
X2 reactor are presented, and the simulation time with that of STREAM
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to highlight the benefits of RAST-V is compared. The burnup credit
calculation as an application of the developed code system using the
Novovoronezh-4 samples is presented in Section 5.

2. Code system
2.1. STREAM/RAST-V two-step method

The STREAM/RAST-V, a two-step code system consisting of lattice
code (STREAM) and nodal diffusion code (RAST-V), was used in the
calculations for the VVER reactors. Developed by UNIST, these in-house
codes offer a two-step approach to 3D core simulations. The VVER
analysis solver was previously successfully implemented in RAST-V and
validated using VVER-440 and Kalinin-3 reactors [19,20].

The STREAM/RAST-V two-step method, validated by several
benchmark problems, including Rostov-II and X2, can assess a newly
developed hexagonal analysis module [8,21]. The X2 benchmark was
used to evaluate multicycle calculations with depletion, rod worth, and
thermal-hydraulic (TH) feedback, whereas the AER-DYN-001 and
AER-DYN-002 benchmarks helped verify the transient calculation
module. The SNF analysis module was updated for back-end cycle
analysis of the VVER.

The newly developed VVER analysis module incorporates an
advanced semi-analytic nodal method (A-SANM) [22] in the radial di-
rection and an NEM in the axial direction [8,23]. The coarse mesh finite
difference (CMFD) method was also adapted to the RAST-V for accel-
eration [22]. This study focuses on verifying and validating the SNF
calculation module. As in a previous study involving square-type FAs
[1], this method showed a substantial reduction in simulation time
compared with the one-step method, specifically, the STREAM
calculation.

The calculation process used STREAM-SNF involves four steps: (1)
generating few-group constants for the 3D core simulation, (2) executing
the 3D core simulation with RAST-V, (3) performing re-depletion cal-
culations for isotope composition prediction based on the operating
condition history to mirror the 3D core simulation conditions using
micro depletion solver implemented in STREAM, and (4) calculating the
decay heat with the predicted isotope composition. Micro depletion
solver implemented in STREAM employs the Chebyshev rational
approximation method (CRAM) for isotope composition calculations
[24].

RAST-V excels in simulations by eliminating the third step in the
STREAM SNF analysis approach instead of using Lagrange interpolation
for isotope composition prediction. A comparison of the simulation
times, as demonstrated using the X2 benchmark, is presented in Section
4. However, 36 isotopes that exhibit significant sensitivity in calcula-
tions employ a micro-depletion chain [1,2].

Fig. 1 illustrates the calculation flow of the two-step method for the
SNF analysis. STREAM provides number density (ND) files for Lagrange
interpolation, and a pin-based slowing down method was employed for
the resonance treatment [24]. An ND file is generated using a historical
branch calculation similar to the branch calculation employed to
generate a few-group constant data file. Table 1 presents the ten

(_ Progress start

RAST-V

Generation of history
indices
(TMO, TFU, BOR)
2

Source term calculation
(e.g., decay heat)

3
Prediction of isotope Consider the power effect
inventory with by using the power
Lagrange interpolation correction factor

__! Progress in RAST-V

Fig. 1. Sequence of operations in VVER SNF analysis.
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Table 1
Operating conditions for history branch calculation.

#*  TMO® TFU° BORY # TMO  TFU BOR
¢  TMO; TFU; BOR; 6 TMO;  TMO; - 20 BOR;
K
2 TMO;, -40K TFU; BOR; 7 TMO; 1500 K BOR;
3 TMO; -20K TFU; BOR; 8 TMO;  TFU; 0.1 ppm
4 TMO; + 20 TFU; BOR; 9 TMO; TFU; BOR; * 2
K
5 TMO; + 40 TFU; BOR; 10 TMO; TFU; 2400
K ppm

a is the number index of history branch calculation; b is moderator temperature
condition; c is fuel temperature; d is the boron concentration; e is reference;
reference condition is defined as (TMO,, TFU;, BOR;).

conditions used in the historical branch calculation. The history branch
calculation involves three primary parameters for isotope prediction
using Lagrange interpolation: moderator temperature in the range of
TMO; — 40 K to TMO; + 40 K, fuel temperature from TMO; — 20 K to
1500 K, and boron concentration from 0.1 ppm to 2400 ppm. Here,
TMO; represents the moderator temperature established in the reference
branch. In this calculation approach, TMO; - 20 K is specifically
considered for fuel temperature to generate the few-group constants and
number density files essential for predicting isotope inventory. This
calculation condition is deliberately chosen to simulate the hot zero
power condition, where TMO; — 20 K is applied to both moderator and
fuel temperatures.

The differences between historical branch and branch calculations
are depicted in Fig. 2. The base calculation is a depletion calculation
under reference conditions (C1 condition in this figure), whereas the
branch calculation is performed at a specific burnup step with the
following altered parameters (C2): boron concentration, fuel tempera-
ture, moderator temperature, and control rod position. The historical
branch calculation is a depletion calculation with changing parameters
before the depletion calculation (C3). The time-step intervals for the
calculations were identical to those of the base calculation.

The ND and cross-section (XS) data files contained the ND of the
isotopes and few-group constants used in the 3D core simulation,
respectively. STORA, the linking code, reformats the few-group con-
stants for RAST-V.

2.2. Isotope inventory prediction module

For the isotope inventory prediction, Lagrange interpolation [25]
was used based on the ND file generated using STREAM. Three main
conditions, moderator temperature, fuel temperature, and boron con-
centration, were factored into the interpolation to reflect the 3D core
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calculation conditions, as shown in Equation (1).

NDiotat = NDypase + ANDpog + ANDrry + ANDryo = NDypase +NDpor

—NDpuse + NDrry — NDypyse + NDryio — NDpase = NDy

5 S h—TMO;
"2 _\ND,—ND
+,§1 (H TMO; — TMO; !
J=1j#i J
7 7 h—TFU;
+ ( 11 — " J \ND,—ND,
i=1(i<2 or 15) \ 21 i (12 or 55y LT Ui — TEUj
10
+ ) ( 11 h— BOR, )ND ND
D  DAD i 1
i=1,(i<2 or i>7) \ j=1,j#i,(i<2 or i>7)BOR" —BOR;
1)

where NDyyq is the total ND used for the isotope prediction. The nota-
tion of ND represents the number density; NDpgs. is the base ND gener-
ated by the reference condition; A NDrpy, A NDyy0, and A NDpop are the
ND difference due to the fuel temperature, moderator temperature, and
boron concentration between reference condition and history index (i.e.,
accumulated 3D core conditions including TMO, TFU, and BOR),
respectively, where TFU is the fuel temperature, TMO is the moderator
temperature, and BOR is the boron concentration. The TMO, TFU, and
BOR use the 4™, 2", and 3" order Lagrange interpolations, respectively
[1,2]. To reflect the 3D core conditions during the simulation, history
indices were used. A history index is defined by Equation (2) [1,2]. This
value was recognized as the cumulative variable of the 3D core condi-
tions during the simulation. This paper uses three conditions: TMO, TFU,
and BOR.

n
X;At;
i=1

h :l n
S A
i=1

(2)

where x represents the parameters TMO, TFU, and BOR, where At, i, and
n are the time interval, index of the burnup step, and index of the total
number of time steps, all used in the 3D core simulation, respectively. A
power correction factor (PCF) was used to adjust for different power
levels, as shown in Equation (3).

NDcorrecl :NDloml * PCF (3)
where ND,orrect is the ND adjusted by the PCF and NDy is the calculated
ND obtained from Equation (1). The detailed formula of the PCF is
described by Ref. [22]. The PCF is derived using Bateman equation [22,
26]. Bateman equation is presented in Equation (4).

simulation conditions. The calculation assumes that each operating 1 d i ‘ i,
condition individually influences the ND. The generation of isotope in- Ni(r)=— Z{Nk(o) (Z Cf-ke[‘l> + Yk (ﬁZ - lj-e[ﬂ> } (4
ventories is based on the summation of the ND differences. The total B e = =k
calculated ND includes the sum of the effects caused by varying the

! BUIBU2 BU3 BU4 | ND(CI) XS(C1)

;Cl‘ e e | BU BUl —— : 1.08 &

: ] BU2 || BU2— |

: 2O | Bz || BUB—— JoLs

@@ @ @ 2 | BUL :

: ‘ ND(C3) XS(C2) i Loo®

@ Base calculation BU1 » BUI > | g

O Branch calculation " : m 5 0.965

o History branch calculation -ND file -XS fi le;

i C: Condition (TMO, TFU, BOR) BU: burnup 0.92

(a) Generation of number density file and cross section file (b) Distribution of number density

Fig. 2. Generation of
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i
ng

where the c}k = il#, and fi = % By using the follows re-
1] @-1 11
1=k 14 1=k

lationships, Equation (4) could be simplified as Equation (5): g; ~ 44,
h~h,cl ~h,and ] =8~1.

Ni(t) =Ny (0)exp(—Ai1) + %yl (I —exp(—4i1)) 5)

About this case, precursor effect is only considered. Second term of
Equation (5), %yl(l — exp(— /t)), has been refined as pF(1—
exp(—/1t)) consulted from the previous studies [27,28], where y; is the
coefficient and F is the ratio of power difference between power used in
history branch calculation and power calculated by 3D core simulation
at specific point. Power correction factor has been generated based on
this relationship.

Fig. 1 illustrates the workflow of the VVER SNF analysis. The process
involves three main codes: STREAM, STORA, and RAST-V. As depicted,
conditions from 3D core simulations are used for computation. The
STREAM code generates few-group constants, which are collected in a
file, and produces ND data in an ND file. STORA, serving as the linking
code, reformats these few-group constants and creates a XS data file.
RAST-V, a nodal diffusion code, is employed to conduct 3D core simu-
lations, generating conditions that are compiled as a 3D core simulation
history. These histories, encompassing fuel temperature, boron con-
centration, and moderator temperature, are then used for Lagrange
interpolation. PCF is generated using the Bateman equation and applied
in the calculation. Finally, source-term calculations are performed using
the predicted isotope inventories.

Fig. 3 shows the PCF. Fig. 3 (b) and Fig. 3 (c) present the power
histories for each assembly. For calculations, assembly-wise power is
employed. In the case of FA-wise calculations, the corresponding FA-
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specifically, the power used in the STREAM calculation. P4 and P2 are
the relative power conditions used in Fig. 3. The values of P2/P1, P4/P1,
and P4/P2 were 2, 4, and 2, respectively. The beta decay effect of 1*!La
was considered during generation of the PCF. In these calculations, 1*!La
served as the precursor for the 1#1Ce isotope.

Throughout the calculation process, a pin-wise calculation was per-
formed with a pin-wise ND distribution and this data file is used for
Lagrange interpolation instead of FA-wise ND file illustrated in Fig. 1.
Sample pin-wise ND distribution is illustrated in Fig. 2 (b). A FA-wise ND
file was generated using the micro-depletion chain presented in the
nodal diffusion code RAST-V.

3. Validation novovoronezh NPP unit 4

Validation was performed using 28 VVER-440 samples discharged
from the Novovoronezh NPP Unit 4 [6]. Since 1970s, reactors have been
planned for decommissioning by the 2030s [10]. This benchmark
problem was formulated for back-end cycle analyses, such as cask design
and criticality analysis with burnup credit [6]. The Novovoronezh NPP
Unit 4 benchmark was developed under the #2670 ISTC project [29],
and the V&V of RAST-V were performed. Additionally, since STREAM
newly incorporated the hexagonal FA analysis module into the code,
STREAM V&V was also performed. To validate the calculation capa-
bilities of STREAM, a code-to-code comparison was conducted using
CASMO-4E with different neutronic libraries, and the code results were
derived from previous studies [17,18]. Table 2 outlines the specifica-
tions of the Novovoronezh-4.

The FA specifications are presented in Table 2 [29], with an
enrichment of fresh UO; fuel of 3.6 wt %. Fig. 4 illustrates the radial
layout and axial configuration of the FAs. Fig. 4 (a) and Fig. 4 (b) show

Table 2
Specification of novovoronezh NPP 4 FA

wise power data is utilized. NDstreaM, P1 and NDsTREAM/RAST-V, P1 Parameter Value Unit  Parameter Value Unit
were the outputs computed based on Fig. 3 (b), whereas NDgrrgam, P27P4 Reactor type VVER-440 Shroud inner 14.02 m
and NDgrream/RrAST-v, p2—p4 Were the outputs calculated based on Fig. 3 pitch
(c). The power conditions oscillated in a 4 - 2 — 4 — 2 — 4 pattern. This FA pitch 14.7 cm Shroud 0.40 cm
figure also includes a PCF. The reference is defined as NDgtream, p2—p4 glsléckness
divided by NDgrream, p1, and the ‘without PCF’ case is defined as No. of fuel rods 126 - I_Jh . 3.6 wt.%
. o N . enrichmen
ND.STREAM/RAST-V, P1 divided by NDSTREAM: }?1. The ‘with PCF’ case is No. of guide 1 _ Pin pitch 1.22 em
defined as PCF*NDSTREAM/RAST-V, P2—P4 divided by NDSTREAM, P1. As tube
shown in Fig. 3 (a), the ‘with PCF’ case aligned well with the reference. No. of cycles 4 (15M-18™ - Pellet diameter ~ 0.37825 cm
NDj3p is the ND generated by the 3D core simulation, whereas reference o cycle)
uses the STREAM calculation with the power scenario in Fig. 3 (c). NDgp Fa(l;;:atlon 1987 B :ije(ilzs if:;el 106 fr/n 3
is the ND generated by the 2D calculation used to generate the ND file;
141 Ce
4 4
8 P1 p—o-+-+-—
With consideri % 8 3 5 R
ith considerin ¢ :
N - 2 (b) Power used in
power correction o) .
factor % =5 history branch
7 O .
Y 2 2 2 calculation (STREAM)
- —6—with PCF = P4
s 1 == Reference H1 ~ P2
a —— without PCF
Z- .
—Relative power
0 i B 8 4 F & 7“ (c) Power history during
Without : ’ STREAM/RAST-V
considering power Burnup [MWd/kg] simulation

correction factor

(a) Power correction factor

P2/P1=2 P4/P1=4

Fig. 3. Effects of PCF on isotope prediction.
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7 25 30 52 63PINID
s 4+ 244 cm
10 16/~
2
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64 65 66 67 68 PINID
1 3
15|69
| 21] a2 ez
T L] L
69 91 94 98 123PINID
Exd
Sample ID: FA13602496
>3] [2a] [25| 26| [27] Sample ID: FA13626135
(k8 Sample ID: FA213

(b) Axial layout of sample positions

Fig. 4. Radial and axial layout of Novovoronezh NPP 4 FA

the sample pin locations in the radial layout of the FA and the axial
locations of the pin samples, respectively. A two-step method was
applied to the calculations, considering the overhaul period. A total of
28 pin samples, discharged from three fuel assemblies: 13602496, 213,
and 13626135, were used. FA ID 13602496 has the burnup range of
37.2-44 MWd/kg and axial height of 87.5 cm. FA ID 213 has the burnup
range of 20.4-38.7 MWd/kg and axial height of 12.5-228.5 cm. FA ID
13626135 has the burnup range 22.86-46.3 MWd/kg and axial height of
10-215 cm. The overhaul periods were set to 67, 32, and 70 d for the
intervals between cycles 15 and 16, 16 and 17, and 17 and 18, respec-
tively. The calculation conditions were established based on reference
[301.

STREAM generates two-group constants using method of character-
istics (MOC) with a ray spacing of 0.05 cm; the numbers of azimuthal
and polar angles was 48 and 6, respectively. The ENDF/B-VII.O [31]
library was used for the calculations.

Comparison results are depicted in Figs. 5-13, which show the
relative differences, with one standard deviation (1) of the measure-
ment. The measurement results were obtained from the literature [6,29,
30]. However, 2*6Cm of sample ID 57 was not provided by the bench-
mark [6]; therefore, the relative differences are not included in Fig. 6.

The CASMO-4E results, calculated using the ENDF/B-VI.0 and JEF-
2.2 libraries, were sourced from Ref. [18]. RAST-V employs the
ENDF/B-VIIL.O library for calculations. Most isotopes were within +10 %

of the difference boundaries.

The 2*°Cm and 2*°Cm isotopes exhibited the largest differences
compared to the measurements as shown in Figs. 7-11. These isotopes
are secondary fission products [14,15], and their absolute quantities are
much smaller than those of actinides and the main fission products.
Consequently, the relative difference could be large compared with the
other isotopes. Moreover, as shown in a previous study [2], Cm isotopes
exhibit high sensitivity to burnup conditions; a burnup difference of 1 %
results in up to an 8 % difference in the Cm isotope quantity. In a pre-
vious study [2], ASTM E 321-79 was used to measure the burnup, and
this method had a standard deviation of up to 3 % in the measured
burnup. Since this study employed an average burnup of three mea-
surements [6], burnup uncertainty could have affected the large dif-
ferences in the Cm isotopes. Furthermore, as previously indicated [32],
245Cm and 2*Cm have large uncertainties owing to the cross-sectional
library and input parameters. A prior uncertainty study using the
STREAM/RAST-V code system revealed that isotope composition un-
certainties could reach 31.10 % (maximum uncertainty is occurred at
246Cm of Ul with ENDF/B-VIL1 covariance library) [32]. Although
these results have limitations and cannot be directly reflected in this
calculation, this uncertainty signifies that the Cm isotope difference can
be attributed to uncertainties in the cross-sectional data and design/-
operating parameters [33]. Furthermore, the Cm measurement method
is mass spectrometry [6,34,35]; thus, this measurement-method

Sample ID: 21 Sample ID: 21
100 100
80 | B STREAM/RAST-V 80 | 3 |
® CASMO-4E, JEF-2.2 : 3
60 1 < CASMO-4E, ENDF/B-VL.O| 1 607 1
40 40+ |
X 20 20
g PORRER. SRS MRS AN [ S —— i—-—_—'—————--
' 0 0
o eSS ARG EehT R S e
O -20 -20
-40 -40
—C/E-1=0%
-60 -60 3 ——CE-1=10%] ]
80t -80 —C/E-1=20%]|
100 DDbID SEBB2EE EIE‘F‘E"U'U'U'U'O 10 g pn s e =k= E‘E‘E EER 5o e
n-mc-mc.<<<og%zzzzz 7.ZLOOOO0 ARRn prva A<

Fig. 5. Isotope composition difference of sample ID 21 from FA ID 1326135.
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Sample ID: 57
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Sample ID: 57

00— 100 e e

80 ® STREAM/RAST-V gof | —CE-1=0 °/g
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Fig. 8. Isotope composition difference of sample ID 135 from FA ID 1326135.
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Fig. 9. Isotope composition difference of sample ID 149 from FA ID 1326135.
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Fig. 12. Relative differences of 235y, 238(, and 2°®Pu from FA ID 13602496 and FA ID 213.
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Fig. 14. Linear tends with isotopes which have large difference compared with experimental data (burnup).

uncertainty could contribute to the Cm differences.

To understand the reasons for these large differences, various
sensitivity analyses were conducted, as detailed in Sections 3.1 to 3.3.
These sections are associated with the effects of neighboring FAs in the
core, uncertainty due to neutronic data, and uncertainty due to the
standard deviation of the burnup indicator, respectively. Prior to
comparing these effects, a trend analysis was performed with the burnup
and axial height to identify the main causes of these large differences
(Figs. 14 and 15). In statistical analysis, the notation of 2 is used to
signify the goodness of fit [36]. A value of this coefficient closer to 1
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indicates a better fit to the linear trend [2]. As demonstrated in Fig. 14,
isotopes 246Cm, 1*°Sm, and 24™Am showed significant correlations with
burnup, more so than other isotopes. Furthermore, as depicted in
Fig. 15, ®1Sm demonstrated a strong correlation with axial position.
This indicates that '°!Sm was significantly influenced by the neigh-
boring isotopes. This analysis was performed since samples 182 and 135
showed large differences compared to the other samples. This trend may
reflect the effect of the leakage near the edge of the FA in the axial di-
rection. The results in Figs. 5-11 were used to investigate the sensitivity.



J. Jang and D. Lee

Nuclear Engineering and Technology 56 (2024) 1762-1776

244Cm 245Cm 246Cm
100 100 100
75 | y=—0.14899*x —17.55973 75 75 | y=0.14977*x -18.14511
< 50 H 2 =0.10486 50 50 2 =0.01688
& 25 251° 25 8
— \9\8
. 0o ° o 0o 0 I R B
o 2500 8 —— — 25 25165
O 50 o =50 || y=-0.09187*x +15.14212 -50 1o °
-75 75 H{ ? =0.02547 -75
-100 -100 -100
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Axial position [%] Axial position [%] Axial position [%]
149Sm ISISm 242mAm
100 100 100
75 75 75 t|y=-0.24763*x —15.25014
— 50 50 50 | r2=0.16070
2 25 O S 5le——8§— ° 25 5
—0° 0 0
@ 25 25 25— a
O .50 | y=0.06379*x + 16.40372 250 | | y=0.13828%x + 24.42540 .50 1° )
75 1 1?=0.08209 75 112 =0.57364 75
-100 -100 -100
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

Axial position [%]

Axial position [%]

Axial position [%]

Fig. 15. Linear tends with isotopes which have large difference compared with experimental data (axial position [%]).
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Fig. 16. FA position in core.

3.1. Neighboring effect

In this section, the impact of neighboring effects on SNF analysis
using the Novovoronezh-4 FA model is presented. Noteworthily, during
SNF analysis, neighboring FAs are typically not considered, implying the
calculations to be based on a single FA model. However, these mea-
surements stem from a core model that naturally encompasses the ef-
fects of neighboring FAs.

As outlined in the specification document [6], FA 13626135 is sur-
rounded by other FAs, as shown in Fig. 16, where the yellow FA rep-
resents the calculated FA position. As shown in the figure, different types
of FAs with variable initial burnups surround the calculated FA. This
could significantly affect the isotope inventory of the calculated FA. The
FAs of types G, H, E, and F are composed of 3.6 wt % enriched UO; fuel,
while type S FA uses 2.4 wt% enriched UO; fuel.

To investigate the effects of neighboring FAs, a supercell-type
calculation model was used, as illustrated in Fig. 16 (e) and Fig. 16
(f). This model was devised to consider the conditions outlined in Fig. 16

(d). Fig. 16 (e) and Fig. 16 (f) show the nominal and test cases,
respectively.

The tests were conducted at a power level of 4 MW for 30 d using the
supercell-type calculation models illustrated in Fig. 16. FA13626135,
shown in Fig. 4, was used for comparison. The relative differences due to
neighboring effects, as a part of this sensitivity study, are listed in
Table 3. Especially, four pins located in FA13626135 are compared. As is
evident from the table, the Cm isotopes exhibit high sensitivity to

Table 4

Uncertainty of sample ID 21.
Isotope 242mAm 244Cm 245Cm 246Cm l49sm lSlsm
Uncertainty* [%] 21.70 9.04 14.21 21.35 4.64 5.82

* Uncertainty is defined as 6/p * 100 [%]: 6 and p are the standard deviation and
average of number density calculated by perturbed 500 samples.

Table 3

Relative difference with sensitivity study of neighboring effect.
Pin ID 242mAm 244Cm 245cm 246Cm 1495m ISISm 235U 239Pu
65 3.52¢ 16.49 20.33 26.11 —0.52 1.20 —4.39 0.65
67 3.07 16.25 19.95 25.77 -0.74 1.12 —4.72 0.49
68 2.59 15.99 19.52 25.37 —0.94 1.07 -5.13 0.34
69 1.89 15.56 18.89 24.72 -1.17 1.08 -5.79 0.16

a is relative difference Ciest case/Cnominal case — 1 [%]. The notation of C is the calculated results. Layout of nominal case and test case are illustrated in Fig. 16 (e) and

Fig. 16 (f), separately.
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neighboring effects.
3.2. Neutronics data uncertainty

The ENDF/B-VIL1 neutronics library was used for this calculation.
As indicated in previous studies [33,37], the ENDF/B-VIIL.1 neutronics
library carries inherent uncertainty, which can affect the calculation
results [32]. The uncertainties, calculated using the ENDF/B-VII.1
covariance matrix, are listed in Table 4. The calculation used 500 per-
turbed cross-sectional data points. Singular value decomposition was
applied to perturbed cross-sectional data [22,33,37]. A stochastic sam-
pling method was used for the computation. The calculation module was
previously verified using SCALE 6.2.2 [22]. The isotopes 242mpm,,
25Cm, and 2%Cm showed significant discrepancies, as illustrated in
Table 4. In the uncertainty quantification analysis, the discharged
burnup and cooling periods are kept consistent by employing a sto-
chastic sampling method, ensuring consistent calculation conditions [6].
This suggests that the uncertainties arising from the neutronics data can
gilélse significant differences in the quantities of 2**™Am, 24°Cm, and

Cm.

3.3. Burnup indicator

The sensitivity of the calculated results (predicted isotope in-
ventories) to burnup, as indicated in a previous study [2], are discussed
in this section. Table 5 presents the results of the sensitivity analysis
using the burnup indicator. **®Nd displays a standard deviation of
approximately 1 % according to Ref. [30]. The impact of the standard
deviation of the burnup indicator on the variance in the isotope pre-
diction is discussed in this section. When the burnup indicator (148Nd)
changed by 1 %, the isotopes changed by up to 11 %. As shown in the
table, 245Cm, 246Cm, and 2**™Am exhibited significant differences. This
trend aligns with the linear trend analysis shown in Fig. 14, suggesting
that the standard deviation of the burnup indicator could influence the
results of the isotope prediction.

4. Application of SNF analysis with X2 reactor model

In this section, the evaluation of the computational performance of
RAST-V in a 3D core simulation through a verification study performed
using the X2 reactor is presented. Calculations for Cycles 1 and 2 were
conducted. The STREAM code was utilized for code-to-code comparison,
as it directly solves micro depletion, unlike the Lagrange interpolation
used in the RAST-V SNF analysis approach. STREAM SNF has been
previously validated [13,38].

The X2 reactor is a model VVER-1000 reactor with a thermal power
of 3,000 MW [7,39]. Table 6 provides the detailed specifications for the
X2 reactor [7,39]. The reactor is loaded with 163 FAs. The active height
is 355 cm, and 20 axial calculation nodes were used in this active height
region. Two reflector models, each designed for a height of 30 cm, were
used in this calculation. Three different FA types were used for com-
parison. The 390GO and 30AV5 FAs contained a gadolinia fuel pin, and
the 22AU FA consisted solely of UO3 fuel pins. This benchmark model
has been previously verified [8]. CBC calculation results are summarized

Table 5

Sensitivity study with burnup indicator.
Sample ID 21 149 162 57 135 182 69
Isotope
242mAm -6.93 -237 -111 040 1073 -0.70  —0.29
244Cm -2.87 1.99 2.71 241  4.80 3.24 6.36
2%5Cm ~11.12  4.32 4.20 6.52  7.70 6.10 9.82
245Cm -11.22  2.80 7.61 @ 5.41 3.67 8.34
149m -2.72 2.48 0.31 0.26  0.19 0.24 -3.00
151gm -3.89 —0.47 028 0.42 038 0.24 0.56

a lack of measurement in benchmark specification [6].
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Table 6
Specification of X2 reactor.
Parameter Value Unit
Number of fuel assemblies 163 -
Number of axial calculation nodes 21 (FA region) + 4 -
(reflector region)
Thickness of reflector (Top/Bottom) 30 cm
Active height 355 cm
Number of UO, fuel pins and enrichment 22AU 312/2.2 #/wt.
390GO 240/4.0, 66/ %
3.6
30AV5 303/3.0
Number of gadolinia pins (wt.% 22AU - -
Gd,05/%%°U) 390GO 6 (5.0/3.3)
30AV5 9 (5.0/2.4)
FA pitch 23.6 cm
Fuel pin pitch 1.275 cm
Flow rate 88,000 m®/h
Table 7
Root mean square (RMS) difference of CBC [g/kg].
Cycle 1 2
STREAM/RAST-V 0.13 (=40 ppm?) 0.12 (=18 ppm)

BIPR7A [39]
CASMO-4/DYN3D [39]

0.29 (=51 ppm)
0.54 (=94 ppm)

0.47 (=82 ppm)
0.40 (=70 ppm)

a is converted as the ppm by using the 1 g/kg = 174.88 ppm [7].

in Table 7.

Fig. 17 shows the loading and sample patterns of X2 reactor. A two-
step method was used for the calculation, and Lagrange interpolation
was performed based on ND files generated by STREAM with MOC rays
of 0.03 cm, 96 azimuthal angles, and 6 polar angles. STREAM was used
for code-to-code comparison, as it directly solves the Bateman equation
to predict the isotope inventory. The detailed calculation scheme is
described in Section 2.

A total of 91 samples were used for comparison, and the sample
positions are presented in Fig. 17 (c) and Fig. 17 (d). Fig. 17 (c) displays
the FAs with indices. Fig. 17 (d) shows the locations of the samples
compared with the shuffling positions (i.e., the positions of the FA in
cycle 1). All the colored FAs in Fig. 17 (a) are used in Fig. 17 (b). The
selected samples in Fig. 17 (b) are twice-burned FAs. Colored FAs
located in Fig. 17 (a) and Fig. 17 (b) were used for comparison. Fig. 18
shows the comparison results with average relative differences and
standard deviations. STREAM applies a reflective boundary and uses the
node-wise operation history of the 3D core simulation, including the fuel
and moderator temperatures and boron concentration conditions. A
total of 47 isotopes were analyzed. The isotopes of *°Sr, 137Cs, °°Y, and
137mBa which contribute significantly to the decay heat (~30 %
contribution) [1], were selected for comparison with a previous study
[1]. These isotopes aligned well with STREAM (ie., the direct
micro-depletion solver solution). As the figure displays, all isotopes were
within the +20 % error boundary, and most isotopes exhibited a dif-
ference within +10 %. This pattern aligns with previously observed
trends [2]. As demonstrated in the preceding section 3, secondary fission
products (e.g., 2*°Cm and 246Cm) show large differences compared to the
actinide isotopes (e.g., 2>°U and 2%%U) as shown in Figs. 5-11. This
discrepancy could have been influenced by the absolute amount of
fission products, which was substantially less than that of the actinide
isotopes. In addition, as discussed in Section 3.1, the neighboring effect
was shown to affect these results. The 91 samples were compared in each
cycle, meaning, a total of 182 samples were used for comparison. Fig. 19
shows the simulation times for 182 samples. Common processes, such as
the generation of XSs and 3D core simulations, were not included in this
comparison. The generation of ND files for RAST-V SNF analysis and
SNF analysis times are compared in this figure. The detailed compari-
sons are presented in Table 8. These comparisons were conducted using
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(c) FA positions in Cycle 1

(d) FA positions in Cycle 2
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Fig. 17. Radial layout of X2 reactor and FA used in verification.
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Fig. 19. Simulation time for SNF analysis.

Table 8
Detail simulation time for SNF analysis in both of analysis codes.

Parameter STREAM SNF [hours] RAST-V SNF [hours]
ND file generation 135.611¢ (20%)
SNF analysis time Cycle 1 166.263% (20%) 0.136% (1%

Cycle 2 345.901¢ (20%)

a is summation of total simulation time (i.e., total simulation time of 163 FAs); b
is the number of threads used in parallel computation. The 20 means that the 20
threads are used for calculations, and 1 is 1 thread is used for calculation.

a CPU of Intel(R) Xeon(R) CPU E5-2690 v2 @ 3.00 GHz. STREAM em-
ploys parallel OpenMP computations. The time required to generate ND
files for RAST-V analysis was calculated as the sum of the simulation
times for the three FAs (22AU, 390GO, and 30AV5), as the same FA type
uses the same ND file. The SNF analysis time was the sum of the simu-
lation times for the 91 samples in each cycle. As indicated in the table,
RAST-V exhibits an advantage in simulation time compared with
STREAM, which is 10° times faster, although it has a disadvantage in
terms of simulation time for generating ND files. The strength of the
RAST-V approach lies in the repetitive calculations, such as the SNF
analysis of a commercial reactor, since a commercial reactor uses a finite
number of FAs. Moreover, compared to the previous SNF analysis study

1772

of RAST-K [1], the ND file format was changed to HDF5 data format
from a text file to reduce memory use and overcome speed disadvan-
tages when reading data.

5. Burnup credit calculation with Novovoronezh-4 benchmark

In this section, the application results of the burnup credit are pre-
sented. Burnup credit was used to define the criterion for safety analysis,
which is instrumental in the design process of SNF pools and dense dry
casks, as previously demonstrated [40]. To maximize the economic
benefits, the effect of burnup credit was considered in the criticality
analysis. As burnup credit offers less conservative criteria for safety
analysis, by utilizing SNFs instead of fresh FAs to establish the USL, it
can contribute to economic benefits in the design process of innovative
dense casks. In accordance with previous studies [14,15], major acti-
nides and fission products were considered when establishing the cri-
terion. The criterion for the burnup credit was set as shown in Equation
(6). The kg bias and kg bias uncertainty caused by various parameters
were used to establish the USL.

ky+ Ak, + B, + Ak; + B+ Ak + Ak, + Ak < K 6

where k;, is the calculated kg result and ki is the USL. Ak, denotes the
kefr tolerance, § represents the bias, Aky is the criticality bias uncertainty,
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and Ak, signifies the unknown uncertainty [14]. In addition, the sym-
bols §; and Ak; denote the ks bias and ke bias uncertainty associated
with isotope composition, respectively [14]. Ak, is supplemented to f.
As indicated in Equation (6), the bias and bias uncertainties were
calculated based on various parameters, including genetic factors,
modeling parameters, computational codes, and isotope compositions.
In this section, the calculation of the bias and bias uncertainty arising
from the isotope composition using the isotope composition prediction
module implemented in RAST-V are discussed.

The VVER-440 cask model was employed for the calculation, along
with 28 Novovoronezh-4 benchmarks. The cask model obtained from
the CB6 benchmark [40] was developed and published by the OCED/-
NEA Working Party on Nuclear Criticality Safety (WPNCS) and the
Expert Group on Burn-up Credit Criticality Safety (EGBUC) [40]. A
Monte Carlo code, Serpent 2 [31], was used for the cask analysis [41],
and the ENDF/B-VILO library served for the burnup credit calculation.
STREAM generated ND files and few-group constants using a ray tracing
of 0.03 cm, an azimuthal angle of 96, and polar angle of 6. The pin-based
slowing-down method (PSM) [45] was employed for resonance treat-
ment; up scattering of 228U was considered; the thermal expansion effect
was not included; the inflow transport approximation was used [42,43];
and the overhaul period was disregarded. A reflective boundary condi-
tion was applied to generate the few-group constants.

The application of sample burnup credit to define the safety analysis
criterion are explored in this section, with the following content: Section
5.1 contains the benchmark specifications of CB6 benchmarks. This in-
cludes the verification of the VVER-440 cask in comparison with Serpent
2. This section also presents the isotope concentrations of the
Novovoronezh-4 samples used in burnup calculations. Section 5.2 fea-
tures the calculation results and progress of the ke bias and kg bias
uncertainty associated with the isotope compositions.

5.1. Specification of benchmark problems

The VVER-440 benchmarks were utilized for the calculations, and
the CB6 benchmark [12] was employed for the cask design during
burnup credit computations. Fig. 20 illustrates the radial layout of the
cask model. The NUREG/CR-7108 method was used to calculate the kg
bias and kg bias uncertainties [14,44]. To compute the ks bias and bias

Fig. 20. Radial layout of cask model.
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Table 9
Specification of cask model.
Parameter Value Unit
Number of FAs in cask 84
Thickness of cask upper lid 28.8 cm
Thickness of cask lower lid 47.2 cm
Active height 244 cm
Cask height 320 cm
Inner radius of cask 920 cm
Outer radius of cask 127 cm
Material of neutron absorber Storage Fe (2.599, Cr -
plate (storage tube, tube (O.76b),55Mn
intervening plate) (13.369,
Intervening 271 (2319, Mg
plate (53.6%,%Mn (13.36%)
Isotope composition of fresh 235y 9.73461E-04 #/cm®
fuel 28y 2.16545E-02
%0 4.52600E-02

a, b, and d, are the capture cross section of 56pe, 52Cr, and 24Mg, separately [47]:
portion of S6pe, S2Cr, 24Mg in Fe, Cr, and Mg are 91.754 %, 83.789 %, and
78.999 %, respectively; c is capture cross section of isotope, and the unit of cross
section is barn [47].

uncertainty caused by isotope compositions, a total of 28 samples dis-
charged from the Novovoronezh-4 benchmark were used. The relative
difference (C/E—1 [%]) was employed to perturb the isotope composi-
tion for the calculation of k. bias and bias uncertainty, where 'C’ de-
notes the results calculated by STREAM/RAST-V, and E’ represents the
measurement.

Table 9 provides the specifications of the cask model [40,46]. FAs
were designed with an active height of 244 cm, and 84 FAs were loaded
into the cask model. Storage tubes and intervening plates that acted as
neutron absorbers were used. The plates were composed of Fe, Cr, °>Mn,
Mg, and 2’ Al materials. The capture XSs of these isotopes are listed in the
table.

The Monte Carlo code Serpent 2 was employed for the cask
computation, and the cask model was verified by comparing the results
with those from previous studies to assess the calculation capability of
the cask model [46]. Reference results were obtained using Serpent 2
[46]. The isotope composition of fresh fuel was used to verify the cask
model; detailed information is presented in Table 9 [47]. A total of 48,
000,000 neutron histories were used for the calculation, and
ENDEF/B-VII.O employed for the computation. Table 10 lists the calcu-
lation results, showing differences within +31 pcm. As indicated in the
table, the differences were within 1.3 times the standard deviation
boundary. The accuracy of the calculation model was comparable to that
of a previous study [46], and this calculation model was used for the
burnup credit analysis.

5.2. Calculation results of burnup credit

Calculation results of the benchmark problems along with the

Table 10
Verification results of cask model.
Case Neutron history kess Difference®
[pem]
1 Serpent with 105,000,000 1.15355 + —-3+25
ENDF/B-VIL.O [40] = 50,000 x 0.00007
(2,000° + 100%)
2 Serpent with JEFF- 105,000,000 1.15321 + 31+25
3.1.1 [40] = 50,000 x (2,000 0.00007
-+ 100)
3 Serpent-2 with 48,000,000 1.15352 + -
ENDF/B-VIL.O = 400,000 x (100 0.00024
+ 20)

a. differences are calculated based on case3; b is the neutron history per cycle; ¢
is the number of inactive cycles; d is the number of inactive cycles.
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Table 11
Isotope composition for burnup credit analysis.

Isotope  Number density® Number of Bias Bias uncertainty
[#/cm®] samples [0:8) (67)

160 4.52600E-02 - - -
B4y 9.59200E-08" - - -
25y 1.90000E-04 28 1.02 0.03
28y 2.08100E-02 28 0.98 0.02
238py 8.02100E-06 28 1.01 0.09
29y 1.60000E-04 28 1.03 0.04
24%py 6.75500E-05 28 1.04 0.03
241py 4.36300E-05 28 1.02 0.06
242py 1.94600E-05 28 1.03 0.07
2 Am 1.77500E-06 - - -

a is based on gram density of 9.62196 g/cm?; tf; is two-sided tolerance limit
value and 2.673 is used for calculation [50]; b is the reference isotope compo-
sition provided by benchmark and this value is used for calculation as surrogate
data.

burnup credit calculation incorporating isotope bias and bias uncer-
tainty are presented in this section. In these calculations, actinides were
considered to determine the kg bias and kg bias uncertainty. The
burnup credit calculation was performed following the NUREG/CR-
7108 document guidelines [14]. The bias (X;) and bias uncertainties
(0;) are consolidated in Table 11. These computed values are also
illustrated in Fig. 21, in alignment with the validation results for the 28
samples. Perturbed isotope compositions were employed to calculate the
ke bias and ke bias uncertainty using the bias (X;) and bias uncertainty
(01). Equation (7) calculates the perturbed ND, which is used to deter-
mine the kg bias and ke bias uncertainty. The basis ND, as detailed in
Tables 11 and is derived from a previous study [46].

. 54 k
€i = Cipasis* (Xi +0; - R

vormat) @
where ; is the ith isotopic composition; i is the isotopic index; and c; pqsis
is the reference isotopic composition. The reference isotope composition
is presented in Table 11, and was obtained from the CB6 document [46],
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calculate the ke bias and ke bias uncertainty. The number 250 was
selected to satisfy the under 0.00050 standard deviation of the Monte
Carlo calculation [14,33].

Table 12 lists the k. bias and k. bias uncertainty due to the per-
turbed isotope compositions using Equation (2). Calculated k. bias was
—0.00666. Compared to previous burnup credit studies [33,48], the
calculated kg bias exhibited a similar trend. Shapiro-Wilk test was used
to assess whether distribution shape of calculated 250 multiplication
factors follows the normal distribution [25,49]. The calculated values
followed a normal distribution (i.e., p-value >0.05). The j; + Ak; is the
summation of kg bias and ke bias uncertainty due to the isotope
composition bias (X;) and bias uncertainty (o;). Equation (8) was used to
calculate f; + Ak;, due to the ke is larger than mean of ke (ie.,
calculated ke bias is minus value) [14].

B+ 8k = (ke — Kerey) + e X 11 ®
where f; is ke bias, Ak; is the kg bias uncertainty, and ok is the
standard deviation of keg. kefref Was calculated kg with reference
isotope composition presented in the CB6 specification. tf7 is the single-
sided tolerance limit value, and 95 % probability and 95 % confidence
level values were used for the calculation. For 250 samples, tf; was set to
1.438. These values were obtained from a previous study [50]. The
Orefy X L)€ is calculated as 0.01030 (i.e., 0.00716 of oy, multiplied by
tf; of 1.438). To determine the bias of the multiplication factor and
Okeff X tf’f’“, pi + Ak; was calculated as 0.01696. This value was used to
establish the USL for the safety analysis, as shown in Equation (6). The
calculated result could be used for novel cask design progress as a cri-
terion of safety analysis [40].

6. Conclusion

A SNF analysis module was developed and incorporated into our in-
house nodal diffusion code, RAST-V, to manage the back-end cycle. To

where R is a random number, R¥| s the random number that fol- Table 12
e . . > . ke bias and k. bias uncertainty.
lows the normal distribution, k is the index of the random seed, X; is the off off y
mean of the isotope composition, and o; is the uncertainty of the isotope Parameter p-value kegy bias () bi+ Ak
composition. A total of 250 perturbed isotope compositions were used to Value 0.42129 —0.00666 0.01696
125 _ 125 125 — * 1.25
1.20 | Bias — Bias 1207 1.20
1.15 | — Bias o, —_Bissto, Lis|" 7O EAL o * 115
1.10| % 235y % 238 110 * Pu x % 7 1.10 *
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Fig. 21. Bias and bias uncertainty.
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broaden the scope of application, the VVER SNF analysis module was
implemented using the same code, RAST-V. To evaluate the computa-
tional capabilities of the RAST-V SNF, Verification & Validation (V&V)
processes were performed using the Novovoronezh-4 nuclear power
plant (NPP) Unit 4 and X2 benchmarks.

A total of 28 measurements from Novovoronezh NPP 4 were used for
the V&V process. Most of the isotopes showed +10 % relative differ-
ences. Isotopes 2*°Cm and 246Cm exhibited larger differences compared
to the others (=50 %), which can be attributed to three main reasons:
the neighboring effect (~20 %), uncertainty due to neutronics data
(~20 %), and uncertainty due to the standard deviation of the burnup
indicator (~5 %).

In total, 182 fuel assemblies (FAs) (91 once-burned FAs and 91 twice-
burned fuels) were used for comparison. In this comparison, RAST-V was
found to be 10° times faster than STREAM, reducing the re-depletion
calculation time while achieving +£10 % difference for most isotopes.
The generation of ND files accounted for the majority of the simulation
time. Although the generation of these files was time-consuming, RAST-
V exhibited an advantage in terms of simulation time, as a finite number
of FAs were loaded into the core.

As a part of this application, burnup credit calculations are per-
formed using the CB1, CB3, and CB6 benchmarks. To maximize eco-
nomic benefits, a burnup credit approach was suggested. This approach
provides less conservative criteria for using SNFs instead of fresh fuel to
establish an upper safety limit (USL). Nineteen isotopes from 23 samples
were used to define the k. bias and k. bias uncertainty, using the cask
model described in the CB6 benchmark. A Monte Carlo code, Serpent 2,
was used for cask analysis, and the cask model demonstrated a differ-
ence of —3 pcm compared to previous studies. A total of 250 perturbed
ND sets were utilized to calculate the ks bias and kg bias caused by the
isotope composition, following the NUREG/CR-7108 document
approach. The calculated kg bias and k. bias were 0.01696, indicating
reliability in the burnup range of 20.4-46.3 MWd/kg.

This study successfully outlined the computational features for SNF
analysis with V&Vs and provided a sample application calculation with
an established ks bias and kg bias uncertainty for the USL. A limitation
of the current burnup credit calculation is the relatively small number of
samples, resulting in narrow burnup range coverage. To address this
issue, future studies will involve burnup credit calculations using more
samples. Furthermore, the validation process was improved by consid-
ering the neighboring FAs effect in the analysis of Novovoronezh-4
samples.
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Abbreviations

3D three-dimensional

BOR boron concentration

CBC critical boron concentration

CMFD  coarse mesh finite difference

CR control rod

CRAM  Chebyshev rational approximation method
FA fuel assembly

ND number density

NPP nuclear power plant
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PSM pin-based slowing-down method
PWR pressurized water reactor
RMS root mean square
RV RAST-K VVER
ST STREAM
SNF spent nuclear fuel
TFU fuel temperature
TH thermal-hydraulic
TH1D one-dimensional thermal-hydraulic feedback
TPEN Triangular-based polynomial expansion nodal method
T™O moderator temperature
USL upper safety limit
VVER  Vodo-Vodyanoi Energetichesky Reactor
V&V verification and validation
XS cross section
XSFB cross section feedback
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