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a b s t r a c t

For an efficient Monte Carlo (MC) burnup analysis, an accurate high-order depletion scheme to consider
the nonlinear flux variation in a coarse burnup-step interval is crucial accompanied with an accurate
depletion equation solver. In a Seoul National University MC code, McCARD, the high-order depletion
schemes of the quadratic depletion method (QDM) and the linear extrapolation/quadratic interpolation
(LEQI) method and a depletion equation solver by the Chebyshev rational approximation method (CRAM)
have been newly implemented in addition to the existing constant extrapolation/backward extrapolation
(CEBE) method using the matrix exponential method (MEM) solver with substeps. In this paper, the
quadratic extrapolation/quadratic interpolation (QEQI) method is proposed as a new high-order deple-
tion scheme. In order to examine the effectiveness of the newly-implemented depletion modules in
McCARD, four problems in the VERA depletion benchmarks are solved by CEBE/MEM, CEBE/CRAM, LEQI/
MEM, QEQI/MEM, and QDM for gadolinium isotopes. From the comparisons, it is shown that the QEQI/
MEM predicts kinf's most accurately among the test cases. In addition, statistical uncertainty propagation
analyses for a VERA pin cell problem are conducted by the sensitivity and uncertainty and the stochastic
sampling methods.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Monte Carlo (MC) neutron transport method has been
widely used for the nuclear system design and analysis because of
its accurate modeling capability in the continuous phase space in
spite of its high computational resource requirement. Moreover,
recent advances in computer technology enable its applications for
the burnup analysis of nuclear systems. There are several MC
burnup analysis codes off the shelf such as MONTEBURNS [1], MVP-
BURN [2], TRIPOLI-4-D [3], McCARD [4], Serpent [5], MCNP6 [6], etc.
However it is still a burden to perform the MC burnup calculations
with fine burnup-step intervals to accurately take into account a
nonlinear flux variation in the step interval by the conventional
predictor-corrector (P-C) scheme [7] in which material composi-
tions for the next burnup step are obtained by averaging number
densities calculated from a constant extrapolation at the predictor
stage and a backward extrapolation at the corrector stage (the CEBE

method [8] hereafter). For an accurate burnup analysis with coarse
burnup step intervals, there have been several studies on the high-
order depletion scheme such as the quadratic depletion method
(QDM) for gadolinium (Gd) isotopes [9,10] and the linear extrapo-
lation/quadratic interpolation (LEQI) method [11].

McCARD was firstly introduced [12] as an MC burnup analysis
code in which the CEBE-type P-C scheme was implemented using a
built-in depletion equation solver by the matrix exponential
method (MEM) [13]. It has been used as a core design code for JRTR
(Jordan Research and Training Reactor) [14] and KJRR (Ki Jang
Research Reactor) [15] using the CEBE-type P-C scheme using the
MEM solver (CEBE/MEM). Recently, the QDM and the LEQI method
for the high-order depletion scheme and the Chebyshev rational
approximation method (CRAM) [16] as a new depletion equation
solver have been newly implemented in McCARD. In addition, the
quadratic extrapolation/quadratic interpolation (QEQI) method in
which the extrapolation order at the predictor stage is increased to
the second from the LEQI scheme is developed as a new high-order
depletion scheme. Objectives of this paper are to examine the
effectiveness of the newly-implemented depletion modules in
McCARD through one fuel pin cell problem and three fuel assembly
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(FA) problems in the VERA depletion benchmarks [17] and to
perform the statistical uncertainty propagation analysis for the MC
fuel pin cell burnup analysis by the sensitivity and uncertainty (S/U)
analysis method [18] and the stochastic sampling (SS) method.

Section 2 summarizes McCARD depletion calculation methods
including the CRAM, QDM, LEQI and QEQI. In Section 3, McCARD
results for the four VERA benchmark problems are provided with
varying the burnup calculation methods. Section 4 gives uncer-
tainty propagation results for kinf and number densities over
burnup by both the S/U and SS methods.

2. McCARD depletion calculation

2.1. Overview for McCARD burnup analysis

The MC burnup analysis is composed of neutronics and
composition calculations in the same manner as its deterministic
counterpart. At the beginning of each depletion time step (DTS, or
burnup step), one-group microscopic reaction rates, which lead to
both the creation and destruction of all the nuclides of interest, are
calculated by MC neutron history simulations. The microscopic
reaction rates, fission product yields and decay constants are used
to solve the depletion equations in order to determine number
densities of all the nuclides at the end of the DTS. The McCARD
depletion equation can be expressed as

dNiðtÞ
dt

¼
X
j

lijljNjðtÞ þ
X
j

g
ðx;n;kÞ
ij NjðtÞ �

�
li þ g

ðx;n;kÞ
i

�
NiðtÞ;

Niðtn þ kDtnÞ ¼ Nðn;kÞ
i

ðt2½tn þ kDtn; tn þ ðkþ 1ÞDtn�; k ¼ 0;1;/;K � 1Þ;
(1)

where Ni is the number density of nuclide i and lij is the yield of the
nuclide i produced by each radioactive decay of nuclide j. gij and gi

represent the microscopic reaction rate of nuclide j which leads to
the creation of nuclide i and the microscopic absorption rate of
nuclide i, respectively. Their superscript x can be P or C according to
the predictor or corrector stage, respectively. The superscripts n and
k indicates the DTS and substep indices, respectively. Dtn is the
substep interval defined by ðtnþ1 � tnÞ=K where tn and tnþ1 are the
start and end times of DTS n and K is the number of substeps in a

DTS. Nðn;kÞ
i means the number density of nuclide i when t ¼ tn þ

kDtn. Eq. (1) can be expressed in a matrix equation as

dNðtÞ
dt

¼ Aðx;n;kÞNðtÞ; Nðtn þ kDtnÞ ¼ Nðn;kÞ; (2)

where N(t) is the number density vector within interval ½tn þ kDtn;

tn þ ðkþ 1ÞDtn� and Aðx;n;kÞ is the depletion matrix using the
microscopic reaction rates estimated for substep k of DTS n at stage

x, i.e. gðx;n;kÞ
ij and g

ðx;n;kÞ
i . Then the number density at the end of

substep k in DTS n can be written as

Nðtn þ ðkþ 1ÞDtnÞ≡Nðn;kþ1Þ ¼ exp
�
Aðx;n;kÞDtn

�
Nðn;kÞ: (3)

Because a general depletion matrix Aðx;n;kÞ has a wide spectrum
of eigenvalues due to coexistence of short and long-lived nuclides,
it is difficult to compute the matrix exponential on the right side of
Eq. (3). In the conventional MEM [13], the matrix exponential for
the long-lived nuclides is solved by its Taylor series expansion
while number densities of the short-lived nuclides are calculated
by an iterative method. In the CRAM [16], the matrix exponential

without separations is calculated by quadrature and rational
approximation for its contour integral formulation.

2.2. Enhanced Predictor-Corrector Scheme

In order to take into consideration changes of the microscopic
reaction rates by a flux spectrum variation during each DTS, the P-C
method is used as a feedback algorithm. In the predictor stage of
DTS n, the nuclide number densities at the end of DTS, denoted by

NðP;n;KÞ, are calculated using g0ijs and g0
is estimated from the MC

neutronics calculations until tn while NðC;n;KÞ at the corrector stage

is obtained using g0
ijs and g0

is including the MC results for NðP;n;KÞ. In

the CEBE method [7,8], NðP;n;KÞ is calculated using gij and gi esti-
mated from the MC neutronics calculation with the material

compositions of Nðn;0Þ in the full P-C method or NðP;n;0Þ in the semi

P-C method, NðC;n;KÞ is obtained using gij and gi from the MC

calculation with NðP;n;KÞ, and then the final composition of Nðnþ1;0Þ

is obtained by ðNðP;n;KÞ þ NðC;n;KÞÞ=2. In the LEQI method [11] in the
semi P-C scheme, the reaction rates gij and gi are not set to con-
stants as the CEBE method. Instead, they are varied along substep k

by linearly extrapolating values obtained with NðP;n�1;0Þ and NðP;n;0Þ

at the predictor stage and by interpolating a quadratic function

obtained from reaction rateswithNðP;n�1;0Þ,NðP;n;0Þ, andNðP;nþ1;0Þ at
the corrector stage. The extrapolated or interpolated reaction rates
are averaged for each substep, being used for the substep depletion
calculations by Eq. (1). Then the number densities at the end of DTS

in the corrector stage, denoted by NðC;n;KÞ, becomes the final den-

sities for the next burnup step, Nðnþ1;0Þ.
In this paper, the QEQI method based on the quadratic extrap-

olation on predictor and quadratic interpolation on corrector is
newly devised to increase accuracy for highly nonlinear flux vari-
ation problems such as a FA with gadolinia burnable absorber (BA)
rods. Because extrapolation on predictor is observed to have more
influence on the accuracy of the depletion calculation than inter-
polation on corrector, the quadratic extrapolation is introduced for
the predictor stage using reaction rate values estimated with

NðP;n�2;0Þ, NðP;n�1;0Þ, and NðP;n;0Þ.
Fig. 1 shows the flowchart of the enhanced semi P-C algorithm

for the MC burnup analysis.

2.3. Quadratic depletion method for gadolinium isotopes

The QDM [9,10] was developed especially for an accurate pre-
diction of Gd isotope number densities. In the QDM, the micro-
scopic absorption reaction rates of Gd isotopes are assumed to be a
quadratic function of the number density of a base element as

g
ðn;kÞ
i0;a ¼ cð2Þi0

�
Nðn;kÞ
b

�2 þ cð1Þi0 Nðn;kÞ
b þ cð0Þi0 (4)

where g
ðn;kÞ
i0 ;a is the microscopic absorption reaction rate of Gd

isotope i0 (i0¼152Gd, 154Gd, 155Gd, 156Gd, 157Gd, 158Gd, 160Gd) at sub-

step k in DTS n. Nðn;kÞ
b is the number density of the base element

which is selected to be 155Gd [10] in this study. The fitting constants

of cð0Þi0 , cð1Þi0 , and cð2Þi0 for the substep calculations in DTS n are calcu-
lated using three microscopic reaction rates estimated from the MC

neutronics calculations with Nðn�2;0Þ, Nðn�1;0Þ, Nðn;0Þ and the three
number densities of the base element at the corresponding DTSs,

namely, Nðn�2;0Þ
b , Nðn�1;0Þ

b , and Nðn;0Þ
b . Within the interval ½tn; tnþ1� of

DTS n, then, the microscopic absorption reaction rates of Gd isotope
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i0 for substep k of DTS n, gðn;kÞ
a;i0 can be obtained by Eq. (4) using the

fitting constants cð0Þi0 , cð1Þi0 , and cð2Þi0 . Using thesesmicroscopic reaction

rates of Gd isotopes, the number density at substep k, Nðn;kÞ
i0 can be

calculated directly from their analytic solutions [10] of the simplified
burnup chain for Gd isotopes. After all substep calculations are

performed in sequence, the number densities for Gd isotope i0,Nðn;KÞ
i0

become the final density for the next burnup step, Nðnþ1;0Þ
i0 . In this

QDM implementation for Gd isotopes, number densities of other
isotopes are calculated by CEBE/MEM with substeps.

3. VERA depletion benchmark

3.1. Selected VERA depletion benchmark problems

In the VERA depletion benchmarks [17], there are 26 problems

for various types of pin and FA. In this study, four depletion
benchmark problems were selected from the benchmarks: 1C, 2C,
2O, and 2P. 1C is the 3.1 w/o enriched fuel pin depletion problem at
hot full power (HFP) conditionwhile 2C, 2O, and 2P are FA problems
without BA, with 12 and 24 gadolinia rods, respectively. Table 1
shows details of geometric and material information for the VERA
depletion benchmark. A fuel pin pitch of 1.26 cm, cladding outer
radius of 0.4750 cm, and pellet radius of 0.4096 cm are common to
all VERA benchmarks. Fig. 2 shows the configuration of the FA
problems. In problem 2C, the FA with pitch of 21.5 cm consists of a
17x17 lattice array of 264 UO2 fuel pins and 25 empty guide tubes.
The temperature in the fuel is commonly 900 K, while those in the
cladding andmoderator are 600 K. The power density is 40.0W/gU.
In the FA problems, the fuel region is radially divided into three
burnup cells for a fuel pin and five for a gadolinia rod to consider its
radial power distribution. The detailed specifications of each
problem are given in Ref. 17. The McCARD burnup analyses by the
semi P-C scheme were performed with 10,000 neutron histories
per cycle, 50 inactive cycles, and 500 active cycles changing the
depletion methods as Table 2.

First, in order to investigate the effect of the DTS intervals, the
McCARD burnup calculations for the 1C and 2O problems were
performed by the CEBE/MEMwithout substeps varying the number
of DTSs as 40, 123, 242, 310, and 520 of which strategies are shown
in Fig. 3. Figs. 4 and 5 for 1C and 2O, respectively, show differences
of the infinite multiplication factors (kinf's) from the 520 DTS re-
sults. From the figures, it is observed that the difference of kinf
between MEM520 and other cases decreases as the number of
burnup steps increases. From these results considering their sta-
tistical uncertainties, the number of burnup step for reference is set
to 310 for the four VERA depletion calculations.

3.2. McCARD results for No-Gadolinia BA benchmarks

Figs. 6 and 7 compare kinf's calculated by CEBE/MEM40, CEBE/
MEM123, CEBE/CRAM40, and CEBE/MEM40 with 10 substeps
(named MEMSUB40) for problem 1C and 2C, respectively. In Fig. 6,
on the basis of the reference, MEM40 gives a Root Mean Square
(RMS) difference of 121 pcm over DTSs whereas the RMS difference
for CRAM40 is about 81 pcm. The RMS difference for MEMSUB40 is
58 pcm. From the results, it can be noted that the MC depletion
results depend on how to split the burnup interval and what
method to use. At the end of the burnup, the difference in kinf be-
tween the reference and MEM40 increases to about 330 pcm,Fig. 1. Flowchart of enhanced semi predictor-corrector scheme for MC burnup

analysis.

Table 1
Geometric and material data for the VERA depletion benchmarks.

Region Parameter Value Unit

UO2 Fuel Rod Pellet radius 0.4096 cm
235U enrichment 3.1 w/o
Density 10.2570 g/cm3

Gadolinia Rod Pellet radius 0.4096 cm
235U enrichment 1.8 w/o
Gd2O3 amount 5 %
Density 10.1110 g/cm3

Cladding Inner radius 0.4180 cm
Outer radius 0.4750 cm
Material Zircaloy-4
Density 6.5600 g/cm3

Guide Tube Inner radius 0.5610 cm
Outer radius 0.6020 cm
Material Zircaloy-4
Density 6.5600 g/cm3

Core Pin pitch 1.2600 cm
Assembly pitch 21.500 cm
Power density 40 W/gU
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whereas the differences for CRAM40 andMEMSUB40 are 52 and 36
pcm, respectively. Fig. 7 presents kinf comparisons for problem 2C.
Overall, it is observed that the trends of problem 2C for each case is
similar to those of problem 1C. In short, MEM40 without substeps
caused relatively large errors of kinf over the burnup. Meanwhile,
the results by MEM with substeps and CRAM agree well with the
reference.

Fig. 2. Configuration of FA problem (2C, 2O, 2P).

Table 2
Depletion methods for the McCARD burnup analyses.

Short name Predictor-corrector scheme/Depletion solver DTS

MEM40 CEBE/MEM 40
MEM123 123
MEM242 242
MEM310a 310
MEM520 520
MEMSUB40 CEBE/MEM with substepsb 40
MEMQDM40 CEBE/MEM with substeps and QDMc

CRAM40 CEBE/CRAM
LEQI40 LEQId/MEM with substeps
QEQI40 QEQIe/MEM with substeps

a Reference case.
b Number of substeps ¼ 10.
c Quadratic depletion method for Gd isotopes.
d Linear Extrapolation/Quadratic Interpolation method.
e Quadratic Extrapolation/Quadratic Interpolation.

Fig. 3. Depletion time step intervals.

Fig. 4. kinf convergence plots for problem 1C with varying the number of burnup steps.

Fig. 5. kinf convergence plots for problem 2O with varying the number of burnup steps.

H.J. Park et al. / Nuclear Engineering and Technology 50 (2018) 1043e10501046



Figs. 8e10 show comparisons of the one-group absorption
microscopic reaction rates and number densities of 235U, 238U, 239Pu
by MEM310 and MEM40 for the 1C pin problem. The difference in
235U number density between 310 and 40 DTSs increases to about

0.92% with burnup. The difference leads to the difference in kinf as
shown in Fig. 6. In all cases, it can be noted that the one-group
microscopic reaction rate decreases non-linearly over burnup.
Because of this non-linearity, the uses of the no P-C and the coarse
burnup interval may cause notable error in the MC depletion
results.

3.3. McCARD results for gadolinia BA benchmarks

Fig. 11 compares kinf's calculated by CEBE/MEM40, CEBE/
CRAM40, CEBE/MEMSUB40, CEBE/MEM40 with the QDM for Gd
isotopes (named MEMQDM40), LEQI/MEM40, and QEQI/MEM40
with reference for problem 2O. From the figure, it is shown that
there are considerable errors in the kinf values in the range of 0e15
MWd/kgU for the MEM40, CRAM40, and MEMSUB40 cases as ex-
pected. The RMS difference of MEM40 is 306 pcm while that of
CRAM40 is 316 pcm. Otherwise, MEMQDM40 gives an RMS dif-
ference of only 78 pcm. The RMS difference of LEQI40 and QEQI40
are 117 pcm and 82 pcm, respectively. Fig. 12 shows kinf's and their
discrepancies over burnup for problem 2P. Similar to problem 2O,
the RMS difference of MEM40 and CRAM are 610 pcm and 581 pcm
whereas that of MEMQDM40 is 145 pcm. Meanwhile, the RMS
difference of LEQI40 and QEQI40 are 203 pcm and 82 pcm. Table 3

Fig. 6. Comparison of kinf's with varying the depletion methods for problem 1C.

Fig. 7. Comparison of kinf's with varying the depletion methods for problem 2C.

Fig. 8. 235U number density and one-group absorption microscopic reaction rate over
burnup for problem 1C.

Fig. 9. 238U number density and one-group absorption microscopic reaction rate over
burnup for problem 1C.

Fig. 10. 239Pu number density and one-group absorption microscopic reaction rate
over burnup for problem 1C.
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shows comparisons of RMS errors of the isotopic number densities
for 235U, 238U, and Gd isotopes. Overall, as the kinf comparisons, it
can be noted that the newly implemented QDM, LEQI, and QEQI
traces the number densities of Gd isotopes precisely.

Table 4 presents the computational time of the depletion
methods for problem 2O. For comparison, all calculations are per-
formed using Intel Xeon E5-2690 2.6 GHz CPU 25-core processors.
There are no significant difference of computational time between
MEM40 and the others with the enhanced depletion solver or
higher order methods e CRAM40, MEMSUB40, MEMQDM40,
LEQI40, and QEQI40. As such, the new depletion solver or higher-
order P-C scheme improves better efficiency than the conven-
tional MEM.

4. Statistical uncertainty propagation analysis in a VERA pin
problem

4.1. Uncertainty propagation in MC burnup analysis

For the completeness of the McCARD burnup analyses for the
VERA depletion benchmarks, its statistical uncertainty propagation
effect is quantified in this section. There are two approaches for the
uncertainty propagation analysis in theMC burnup calculation. One
is the S/U analysis method based on the MC perturbation tech-
niques and the other is the SS method (or the brute force method)
by sampling input parameters according to their covariance data. In
this study, the SNU S/U formulation [18] is used to conduct a
propagation analysis of only theMC statistical uncertainty although
it can also consider the nuclear data uncertainties. Equation (5)
shows that the variance of kinf, s2ðkinf Þ, can be expressed as a
sum of its statistical uncertainty due to the MC neutronics calcu-
lation, denoted bys2STATS, and contributions from uncertainties of
number densities.

s2SU

�
kinf

�
¼ s2STATS

þ
X
m;i

X
m0;i0

r
h
Nn
m;i;N

n
m0;i0

i
,dkinf

�
Nn
m;i

�
,dkinf

�
Nn
m0;i0

�

(5)

Nn
m;i is the number density of isotope i of cell m at DTS n. r½A;B�

denotes the correlation coefficient between variable A and B
defined as cov½A; B�=ðsðAÞ,sðBÞÞ. dkinf ðNn

m;iÞ means a kinf variation

due to a density change by sðNn
m;iÞ as

dkinf
�
Nn
m;i

�
¼ kinf

�
Nn
m;i þ s

�
Nn
m;i

��
� kinf

�
Nn
m;i

�
; (6)

which is estimated by the MC perturbation techniques of the dif-
ferential operator sampling method [19] and the fission source
perturbation method [20] in the McCARD neutronics calculations.

The number density uncertainties at DTS nþ1 are generated in
solving the depletion equation (1) using uncertain initial number
densities and reaction rates, which can be expressed as [18]

Fig. 11. Comparison of kinf's with varying the depletion methods for problem 2O.

Fig. 12. Comparison of kinf's with varying the depletion methods for problem 2P.

Table 3
Comparisons of RMS errors of the number densities calculated by different depletion
methods for Problem 2O and 2P

Problem Isotope RMS errors (%) of number densities over burnup
from 0 to 15 MWd/kgU

MEM40 MEMQDM40 LEQI40 QEQI40

2O 235U 0.019 0.015 0.007 0.005
238U 0.002 0.001 0.001 0.001
152Gd 1.05 1.18 0.27 0.01
154Gd 0.02 0.28 0.01 0.01
155Gd 62.89 12.07 11.09 1.04
156Gd 1.56 0.60 0.44 0.09
157Gd 104.64 3.94 21.84 4.33

2P 235U 0.030 0.022 0.015 0.005
238U 0.004 0.001 0.001 0.001
152Gd 1.04 0.52 0.30 0.02
154Gd 0.01 0.29 0.01 0.01
155Gd 64.45 10.37 11.84 1.15
156Gd 1.59 0.63 0.47 0.07
157Gd 109.24 5.51 24.50 5.27

Table 4
Comparison of wall-clock times of the depletion method for problem 2O.

Depletion method Total computational timea (hour) Ratio to MEM40

MEM40 17.12 1.00
CRAM40 16.41 0.96
MEMSUB40 17.52 1.02
MEMQDM40 17.46 1.02
LEQI40 17.49 1.02
QEQI40 17.66 1.03
MEM310 131.18 7.66

a All calculations are performed using Intel Xeon E5-2690 2.6 GHz CPU 25-core
processors.
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(8)

where gnm;a;j is the a-type microscopic reaction rate of isotope j in

the region m at DTS n. Reference 18 provides how to obtain the
correlation coefficients of r½gn

m;a;j;g
n
m;a0;j0 �, r½Nn

m;i0 ;N
n
m;i00 �, and r½gn

m;a;j;

Nn
m;i0 �, and detailed entire algorithm for this uncertainty propaga-

tion analysis.

In the SSmethod, one can formally define amean value, kinf , and
s2ðkinf Þ, as

kinf ¼
1
N

XN
i¼1

kðiÞinf ; (9)

s2SS

�
kinf

�
¼ 1

N � 1

XN
i¼1

�
kðiÞinf � kinf

�2

: (10)

where kðiÞinf is kinf calculated using the i-th sample input set.

4.2. Numerical results for 1C pin problem

In the uncertainty propagation analyses, all MC runs at each DTS
were conducted on 150 cycles including 50 inactive cycles with
10,000 particle histories per cycle, with considering 40 DTS and the
number density uncertainties of six main contributors (235U, 238U,
239Pu, 240Pu, 241Pu, and 242Pu). The uncertainties by the SS method
were estimated from 100 replicas with a different sequence of
random number. Fig. 13 and Table 5 compare the uncertainties of
kinf by the S/U method with those by SS method for the 1C pin
problem. One can see that the uncertainties estimated by the SS

method are quite comparable to those by the S/U method and the
statistical uncertainty arisen at the current MC neutronics calcu-
lation is dominant comparing to the uncertainty propagation effect
by the number density uncertainty. Figs. 14e17 present the un-
certainties of the number densities of 238U, 239Pu, 240Pu, and 241Pu
over burnup. From these figures, one can see sðNn

m;iÞ estimated by

the SNU S/U formulation is in good agreements with those by the SS
method. In addition, it is observed that the uncertainties of the

Fig. 13. Uncertainty propagation of kinf for problem 1C.

Table 5
Comparison of uncertainties in kinf for problem 1C.

Burnup (MWd/kgU) SS method S/U method

sSSðkinf Þ sSUðkinf Þ sSTATS sNN

0.00 0.00076 0.00090 0.00090 0.00000
0.50 0.00067 0.00095 0.00095 0.00001
1.00 0.00064 0.00072 0.00072 0.00001
10.00 0.00064 0.00081 0.00081 0.00007
20.00 0.00068 0.00080 0.00079 0.00010
30.00 0.00056 0.00081 0.00079 0.00020
40.00 0.00057 0.00073 0.00069 0.00023
50.00 0.00057 0.00067 0.00062 0.00026
60.00 0.00062 0.00074 0.00069 0.00027

Fig. 14. Uncertainty propagation of 238U number density for problem 1C.

Fig. 15. Uncertainty propagation of 239Pu number density for problem 1C.
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number densities are negligibly small less than 0.2% at the end of
burnup step.

5. Conclusions

In this study, McCARD burnup analyses for the VERA depletion
benchmarks were performed to examine its newly-implemented
depletion analysis modules. From the MC burnup calculations
with varying the P-C scheme and the depletion equation solvers,
first, it is observed that there are significant differences between
CEBE/MEM calculations using fine and coarse burnup stepswithout
substeps like MEM310 and MEM40. Therefore, its burnup step in-
tervals should be divided into sufficiently fine to obtain accurate
solutions by CEBE/MEM without substeps. In the fuel pin cell and
the FA without BA rods such as the 1C and 2C problems, kinf results
by CEBE/CRAM or CEBE/MEM with 10 substeps agree well with the
fine-step references. For the 2O and 2P problems with the gadolinia

BAs, it is shown that the QDM and the newly-developed QEQI
method predicts kinf very well comparing to other schemes even
using coarse burnup step intervals. The MC burnup error propa-
gation analyses were also performed for problem 1C by the S/U and
SS methods. From their comparisons, it is shown that error prop-
agation effects of the MC statistical uncertainties estimated by the
S/U method are in excellent agreement with those by the SS
method.
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