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In this paper, an overview of the scoping calculation results is provided with respect to criticality and radiation shielding of two KBS-3V 
type PWR SNF disposal systems and one NWMO-type CANDU SNF disposal system of the improved KAERI reference disposal system 
for SNFs (KRS+). The results confirmed that the calculated effective multiplication factors (keff) of each disposal system comply with the 
design criteria (< 0.95). Based on a sensitivity study, the bounding conditions for criticality assumed a flooded container, actinide-only 
fuel composition, and a decay time of tens of thousands of years. The necessity of mixed loading for some PWR SNFs with high enrich-
ment and low discharge burnup was identified from the evaluated preliminary possible loading area. Furthermore, the absorbed dose rate 
in the bentonite region was confirmed to be considerably lower than the design criterion (< 1 Gy‧hr -1). Entire PWR SNFs with various 
enrichment and discharge burnup can be deposited in the KRS+ system without any shielding issues. The container thickness applied to 
the current KRS+ design was clarified as sufficient considering the minimum thickness of the container to satisfy the shielding criterion. In 
conclusion, the current KRS+ design is suitable in terms of nuclear criticality and radiation shielding.
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1. Introduction

As of the first quarter of 2020, 24 units of nuclear pow-
er plants were operating in Korea [1] and the stockpile of 
spent nuclear fuels (SNFs) was 19,632 assemblies from 
Pressurized Water Reactors (PWRs) and 465,828 bundles 
from Canada Deuterium Uranium (CANDU) reactors [2]. 
The total amounts of SNFs are expected to be about 62,400 
PWR SNF assemblies and 664,000 bundles CANDU SNF 
by 2082 when all 30 nuclear power plants will be shut down. 
Because SNFs contain huge amounts of long-lived toxic ra-
dionuclides, the Korea Atomic Energy Research Institute 
(KAERI) has been conducting R&D programs on deep 
geological disposal for the safe management of SNFs since 
1997. In 2007, KAERI developed a conceptual design of a 
deep geological disposal system for SNFs called KAERI 
Reference disposal System for spent nuclear fuel (KRS), 
which is similar to the Swedish KBS-3 disposal concept. 
Thereafter, KAERI has focused on R&D programs for ad-
vanced fuel cycles based on pyro-processing technology 
and fast reactors to reduce the toxicity and volume of high-
level radioactive waste (HLW) and reused valuable fissile 
materials. Accordingly, the Advanced KAERI Reference 
disposal System for advanced fuel cycle (A-KRS) has been 
developed for safe disposal of radioactive waste from the 
pyro-processing of PWR SNFs in 2011.

In May 2016, the Basic Plan for High-Level Radioac-
tive Waste Management is announced by the Korean Min-
istry of Trade, Industry, and Energy (MOTIE). According 
to the basic plan, a deep geological repository for SNFs 
will be constructed and operated until the 2050s and pre-
disposal storage and a site-specific underground research 
laboratory will be constructed in the repository site. The 
Moon administration, however, declared reappraisal of the 
previous government’s national plan on SNF management 
in August 2017.

Although the national SNF management policy is under 
reexamination, direct disposal of spent nuclear fuel seems to 
be the most feasible way considering the current technology  

readiness level of the back-end nuclear fuel cycle. The ne-
cessity of design improvement of existing KRS is grow-
ing as policy on spent fuel management is materialized. In 
particular, enhancing disposal efficiency is the primary pur-
pose of system improvement considering the narrow terri-
tory and high population density in Korea. 

In compliance with this demand, KAERI has been de-
veloping the improved KAERI Reference disposal System 
for SNFs (KRS+) since 2018. The KRS+ disposal concept is 
a package of feasible conceptual disposal system options. 
Disposal systems for PWR SNFs that are similar to the 
Swedish KBS-3 vertical (KBS-3V) disposal concept were 
designed. Two PWR disposal containers are suggested to 
accommodate two kinds of SNFs, which are categorized 
according to fuel length and disposal scenario. Two kinds 
of CANDU disposal concepts that are similar to the KBS-
3V concepts and NWMO-type horizontal disposal concept 
are proposed in KRS+. Since new disposal concepts and 
systems are suggested in the KRS+, it is necessary to assess 
the criticality and radiation shielding safety of each dispos-
al system. In particular, critical and shielding analyses are 
indispensable, since the NWMO-type disposal concept for 
CANDU SNF was proposed for the first time.

This paper provides an overview of the scoping calcu-
lation results on criticality and radiation shielding of two 
KBS-3V type PWR SNF disposal systems and one NW-
MO-type CANDU SNF disposal system. The effective 
multiplication factors (keff) of three disposal systems were 
evaluated to verify the criticality safety of the KRS+ system. 
The effect of cooling time of PWR SNFs and nuclides set 
for criticality calculations was investigated. Combinations 
of initial fuel enrichment and discharge burnup for safe 
loading are examined for the R-SNF disposal system as a 
representative. The absorbed dose rates in the bentonite of 
three disposal systems were also evaluated for clarifying 
the shielding performance to prevent the radiolysis of pore-
water in bentonite. For the NWMO-type disposal system, 
the minimum thickness of the canister necessary for shield-
ing was evaluated.
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2. Methodology and Materials

2.1  Design Basis Fuels and KRS+ Disposal 
System

In this study, two types of PWR SNFs and one CANDU 
SNF are considered. According to Cho et al. [3], PWR spent 
nuclear fuels could be categorized into Westinghouse-type 
and Korean-type considering fuel array types, assembly di-
mensions, 235U enrichment, discharge burnup, and cooling 
time. In this study, PLUS7 with 4.5wt% 235U enrichment, dis-
charge burnup of 55 GWd/MtU, and cooling time of 45 years 
was considered as a design basis fuel for Korean-type SNFs 
(R-SNF). KOFA with 4.5wt% 235U enrichment, 55 GWd/MtU 
discharge burnup, and cooling times of 50 years was consid-
ered for the Westinghouse-type SNFs (S-SNF). For CANDU 
SNFs, CANDU6 fuel, which has discharge burnup of 8,100 
MWd/MtU and cooling time of 30 years, was considered.

In the KRS+ concept, disposal containers for PWR SNFs 

are deposited in a typical tunnel-type repository with vertical 
deposition holes similar to the KBS-3V concepts. Disposal 
containers for SNFs consist of two major components: a 
corrosion-resistant copper shell and a massive cast iron in-
sert canister that provides mechanical strength for keeping 
a fixed-configuration and radiation shielding. Four PWR as-
semblies are placed in individual channels in a PWR con-
tainer. The diameter of the cast iron insert is 93 cm and the 
outer copper thickness is 5 cm for the PWR containers. The 
total length of the container is 431 cm for the S-SNF con-
tainer and 478 cm for the R-SNF container, respectively. The 
space between the disposal container and the deposition hole 
is filled with bentonite blocks. The thickness of the bentonite 
buffer was set to 36 cm at the side of the container, 50 cm at 
the bottom, and 250 cm at the top of the container. The tunnel 
inside is assumed to be backfilled with bentonite blocks or 
mixtures of bentonite and crushed rock. For the PWR SNF 
disposal system, the spacing between disposal containers is 
7 m for the S-SNF container and 7.5 m for R-SNF with 40 m 

5,000

Depth
EL -500 m

2,
50

0
50

0
4,

78
0(

S-
SF

 : 4
,3

10
)

7,
78

0(
S-

SF
 : 7

,3
10

)

Disposal Tunnel

Bentonite

1,030

1,750

360

*(   ) : Dimension of S-SF

360

Blocks

D
isposal Canister

Deposition
Hole

1,030 1,030
930 930

r=20 r=20
r=10 r=10

100

100

Cooper shell : 4,310

Cooper shell : 4,780

Cast Iron Insert : 4,210

Cast Iron Insert : 4,680

Fuel Channel : 4,080

Fuel Channel : 4,550

Spent Fuel

Spent Fuel

Cast Iron

Cast Iron

Spent Fuel

Spent Fuel

Cast Iron

Cast Iron

Cast Iron

Cast Iron

5050

5050
80 80

50 50

255 100 255
235 235

255 100 255
235 235

Unit : mm Unit : mm

Fig. 1. Concept and geometry of the KRS+ disposal systems for PWR SNFs [4].
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disposal tunnel spacing.
For the NWMO-type CANDU disposal system, dispos-

al containers are deposited in buffer boxes and these buffer 
boxes are stacked in 2 by 2 layers along a deposition tun-
nel. A cast iron-copper double-layered disposal container 
is adopted and one basket containing sixty CANDU SNF 
bundles is accommodated in a CANDU container. The size 
of the CANDU SNF container is 128 cm in diameter and 98 
cm in height. The thickness of the copper coating is 1 cm 
for the CANDU container [4]. The size of the buffer box 
is 168 cm in length and depth, 138 cm in height. The dis-
posal tunnel spacing is set to 30 m, and the center to center 
distance of the disposal containers is set to 2.56 m for the 
NWMO-type disposal system [4]. 

The unit volume of each disposal system for criticality 
and shielding calculations was set based on these tunnel and 
hole distances. The disposal depth is assumed to be 500 m 
below the ground and the host rock is assumed to be crystal-
line rock for every disposal system. Fig. 1 and Fig. 2 show 
the concept and geometry of the PWR disposal systems and 
NWMO-type CANDU disposal system, respectively.

 
2.2  Design Requirements for Criticality and 

Shielding Calculations

Although some standards and guidelines shall be  

adopted for exact evaluation, simple criteria for criticality 
and shielding were considered in these scoping calculations. 
The basic criterion for criticality adopted in this study is that 
the keff should not exceed 0.95. To maintain the subcritical 
condition, the keff of the system including uncertainties must 
not exceed a defined upper safety limit (USL) [5]. In this 
scoping calculation study, USL is set to 0.95 assuming a 
conservative margin of 5% without considering bias and un-
certainty terms [6]. Another criterion for shielding is that the 
absorbed dose rate must be below 1 Gy‧hr -1 in the bentonite 
to limit the effect of radiolysis of the pore water or moisture 
in bentonite, which can accelerate canister corrosion [7,8].

2.3 Computational Models

Criticality and shielding calculations were performed 
using MCNP6. Geometries of the KRS+ systems described 
in section 2.1 are modeled. The actual geometry of the ac-
tive fuel region and disposal system was implemented in 
the computational model without change except for the 
bottom-end and top-end fuel structural components that 
were homogenized. The effective fuel area is assumed to 
be composed of UO2 fuel rods, claddings, and guide tubes, 
not considering mid-grid components. Table 1 and Table 
2 show major parameters for the design specifications and 
chemical compositions of each disposal system material 

Fig. 1. The EBS design of PWR-V for PLUS7 SNF (top) and CANDU-H for CANDU SNF (bottom) [8].

Fig. 2. Concept and geometry of NWMO-type disposal system of the KRS+ for CANDU SNFs [4].
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[4, 9-12]. Cross-sectional views of the MCNP models for 
criticality and shielding calculations are depicted in Fig. 3 
to Fig. 5. 

The isotopic composition of irradiated fuel is necessary 
for criticality and shielding calculations. To calculate the 
isotopic composition according to burnup, ORIGEN-S in 
SCALE 6.1 code was used. The built-in libraries for West-
inghouse and CANDU fuels and the PLUS7 library gen-
erated by KAERI were used. Because SNFs contain more 
than thousands of actinides, fission products, and activa-
tion product isotopes, a limited set of importance isotopes 
should be selected. In this study, two nuclides sets listed 
below are considered for the criticality calculation [13]. 
The first nuclides set contains actinide-only burnup-credit 
nuclides and the second nuclides set contains actinide and 
fission product nuclides. 

•  Set1: 241Am, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 234U, 235U, 
238U, O

•  Set2: 109Ag, 241Am, 243Am, 133Cs, 151Eu, 153Eu, 155Gd, 
95Mo, 143Nd, 145Nd, 237Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 

103Rh, 101Ru, 147Sm, 149Sm, 150Sm, 151Sm, 152Sm, 99Tc, 
234U, 235U, 236U, 238U, O 

To calculate the absorbed dose in bentonite, source term 
evaluations for gamma and neutron sources generated from 
SNFs were carried out. Primary gamma rays emitted from 
the disintegration of fission products and actinides from 
SNFs and neutrons generated from spontaneous fission and 
(α, n) reaction of fissile materials are calculated using ORI-
GEN-S. The secondary gamma rays generated from (n, γ) 
reactions of fissile and non-fissile nuclides were calculated 
during the shielding analysis. Gamma and neutron sources 
used in the shielding calculations are listed in Table 3 and 
Table 4 respectively.

The isotopic inventory of irradiated fuel and total neu-
tron and gamma sources emitted from SNFs are calculated 
for various combinations of enrichment and discharge bur-
nup for determining the possible loading area. To evaluate  
depletion, initial enrichment from 2.0wt% to 5.0wt% of 
235U and discharge burnup from 0 GWd/MtU (fresh fuel) to 
60 GWd/MtU are considered. 

R-SF S-SF CANDU

Assembly
Type 16 × 16 PLUS7 17 × 17 KOFA candu

Dimension 20.78 × 20.78 × 453(381) 21.42 × 21.42 × 406(365.8) 10.2(D) × 49.5(H)
Material Zircaloy-4 / SS 321 Zirlo / SS 304 Zircaloy-4

Fuel
channel Dimension 23.5 × 23.5 × 455 23.5 × 23.5 × 408 -

Inner
Container

Dimension 93(D) × 468(H) 93(D) × 421(H) 126(D) × 92(H)
Bottom / Top 

thickness 8 / 5 8 / 5 17 / 17

Material Cast iron Cast iron Cast iron

Outer
shell

Dimension 103(D) × 478(H) 103(D) × 431(H) 128(D) × 98(H)
Bottom / Top 

thickness 5 / 5 5 / 5 3 / 3

Material Copper Copper Copper

Buffer

Dimension 175(D) × 778(H) 175(D) × 731(H) 168 × 168 × 138
Bottom / Top 

thickness 50 / 250 50 / 250 20 / 20

Material Bentonite Bentonite Bentonite

Table 1. Specifications of the KRS+ [4, 9, 10]
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For the criticality assessment, favorable conditions for 
reactivity were assumed as bounding conditions, such as 
water-filled containers and wetted bentonite for more mod-
eration by water. To consider the most reactive configura-
tion, fuel assemblies are assumed to be located toward the 
center of the canister. Infinite arrays of the unit volume 
for each disposal system are assumed. The neutron cross-
section libraries at room temperature were applied because 
the temperature of the disposal system is maintained within 
several tens of degrees. The ENDF/B-VII is applied for 

most of the nuclides and ENDL92 is applied for some nu-
clides.

For shielding calculations, an air-filled container and 
dry bentonite were considered because water molecules act 
as a shielding material. Configurations that are identical to 
the criticality analysis model were used. The absorbed dose 
rate was evaluated using the F6 tally to reflect the influ-
ence of bentonite material. A cylindrical ring-type tally was  
applied at the side of the container and a cylindrical disc-
type tally was applied at the bottom and the top of the con-

Element Zircaloy-4 Zirlo SS 304 SS 321 Cast iron Copper Dry bentonite Wet bentonite Rock
H 0.001 1.8 
B
C 0.012 0.080 0.080 3.4 
N 0.008 0.130 
O 0.095 51.8 57.8 49.9 
Al 0.002 12.4 10.4 9.5 
Si 0.999 0.750 1.8 35.8 30.0 33.9 
P 0.045 0.045 
S 0.003 0.030 0.030 

Ca 3.2 
Ti 0.002 2.000 
V 0.002 
Cr 0.125 18.976 18.000 
Mn 0.002 1.997 2.000 0.5 
Fe 0.225 0.100 68.755 67.095 94.3 3.5 
Co 0.001 0.080 
Ni 0.002 0.100 8.909 10.000 
Cu 0.002 100.0 
Zr 97.907 97.800 
Nb 1.000 
Mo
Cd 0.000 
Sn 1.600 1.000 
Hf 0.008 
W 0.002 
U

Density 
[g‧cc-1] 6.56 6.5 8.08 7.9 7.2 8.9 1.8 2.15 2.7

Table 2. Material composition of KRS+ for criticality and shielding calculations [9, 10, 12, 13] 
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Fig. 3. Cross sectional view of the R-SNF assembly and R-SNF container model.

Fig. 4. Cross sectional view of the S-SNF assembly and S-SNF container model.

Fig. 5. Cross sectional view of the CANDU SNF bundle and container model.
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tainer. Relatively large tally regions are applied for efficient 
calculation. The tally regions used for shielding calcula-
tions are depicted in Fig. 6 for the S-SNF disposal system 
and NWMO-type CANDU disposal system. 

3. Results and Discussion

3.1 Criticality Safety Assessment Results

Criticality safety assessment results for the KRS+ are 
discussed in this section. For the R-SNF disposal system, 
the effects of nuclides selection and cooling time were  

analyzed and the preliminary loading area was investigat-
ed. The calculated keff values are shown in Table 5, dem-
onstrating that all PWR and CANDU disposal systems 
are subcritical. If the container is filled with air assuming 
an intact container, the evaluated keff is much lower than 
0.95. Moderation by the water condition, which means a  
damaged and flooded container, is a conservative and 
bounding assumption. The keff of the CANDU system is 
much lower than that of the PWR system due to the use of 
natural uranium fuel. 

The time evolution curves of keff for the R-SNF contain-
er with two kinds of isotopic composition sets are shown 
in Fig. 7. The criticality of the R-SNF container changes 

Energy [MeV] R-SNF 
(45 year)

S-SNF 
(50 year)

CANDU 
(30 year)

1.00×10-2~2.00×10-2 9.28×1014 8.97×1014 1.23×1014

2.00×10-2~3.00×10-2 4.19×1014 3.99×1014 6.09×1013

3.00×10-2~4.50×10-2 5.60×1014 5.32×1014 8.17×1013

4.50×10-2~6.00×10-2 3.79×1014 3.76×1014 4.65×1013

6.00×10-2~7.00×10-2 1.11×1014 1.05×1014 1.62×1013

7.00×10-2~7.50×10-2 4.98×1013 4.76×1013 6.92×1013

7.50×10-2~1.00×10-1 1.84×1014 1.75×1014 2.70×1013

1.00×10-1~1.50×10-1 1.94×1014 1.83×1014 2.79×1013

0.150~0.200 1.20×1014 1.14×1014 1.76×1013

0.200~0.260 6.60×1013 6.24×1013 9.51×1012

0.260~0.300 3.07×1013 2.93×1013 4.39×1012

0.300~0.400 6.57×1013 6.24×1013 9.58×1012

0.400~0.450 1.95×1013 1.85×1013 2.86×1012

0.450~0.510 1.88×1013 1.78×1013 2.74×1012

0.510~0.512 1.15×1011 8.95×1010 2.98×1010

0.512~0.600 9.63×1012 8.78×1012 1.40×1012

0.600~0.700 3.40×1015 3.24×1015 4.95×1014

0.700~0.800 1.28×1013 1.09×1013 1.77×1012

0.800~0.900 8.05×1012 6.89×1012 1.11×1012

0.900~1.00 7.81×1012 6.29×1012 1.03×1012

1.00~1.20 5.59×1012 4.82×1012 8.38×1011

1.20~1.33 8.84×1012 6.49×1012 1.15×1012

1.33~1.44 5.20×1011 4.84×1011 1.05×1011

1.44~1.50 2.97×1011 2.45×1011 3.99×1010

Energy [MeV] R-SNF 
(45 year)

S-SNF 
(50 year)

CANDU 
(30 year)

1.50~1.57 1.57×1011 1.46×1011 2.26×1010

1.57~1.66 5.38×1011 4.18×1011 7.00×1010

1.66~1.80 1.18×1011 1.12×1011 1.72×1010

1.80~2.00 5.34×1010 5.08×1010 7.81×109

2.00~2.15 9.17×109 8.72×109 1.34×109

2.15~2.35 1.29×108 1.15×108 6.39×106

2.35~2.50 3.48×107 3.31×107 5.09×106

2.50~2.75 8.48×108 8.89×108 3.28×106

2.75~3.00 2.62×107 2.28×107 1.69×105

3.00~3.50 3.18×107 2.77×107 2.03×105

3.50~4.00 1.84×107 1.61×107 1.17×105

4.00~4.50 1.07×107 9.29×106 6.74×104

4.50~5.00 6.19×106 5.38×106 3.90×104

5.00~5.50 3.59×106 3.12×106 2.25×104

5.50~6.00 2.08×106 1.81×106 1.30×104

6.00~6.50 1.21×106 1.05×106 7.55×103

6.50~7.00 6.99×105 6.08×105 4.37×103

7.00~7.50 4.05×105 3.52×105 2.53×103

7.50~8.00 2.35×105 2.04×105 1.46×103

8.00~10.0 2.77×105 2.41×105 1.73×103

10.0~12.0 1.43×104 1.25×104 8.91×101

12.0~14.0 0.00 0.00 0.00
14.0~20.0 0.00 0.00 0.00

Total 6.60×1015 6.31×1015 9.39×1014

Table 3. Gamma flux of active fuel region for R-SNF, S-SNF, and CANDU SNF
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along with decay and ingrowth of actinides and fission 
products in SNFs. Until 100 years, keff decreases due to the 
decay of fissile 241Pu (half-life of 14.4 years [14]) and 238Pu 
(half-life of 87.7 years [14]). Ingrowth of 241Am from de-
cay of 241Pu causes further diminution of keff. Between 100 
years to 30,000 years, keff increases because of the decay of 
the neutron absorber 240Pu (half-life of 6,564 years [14]) 
to 236U and 241Am (half-life of 432.2 years [14]) to 237Np. 
After tens of thousands of years, keff will decrease as a re-
sult of the decay of fissile 239Pu (half-life of 2.41×104 years 
[14]). Maximum keff occurs in tens of thousands of years. 
The isotopic composition change of irradiated R-SNF over 
time is presented in Fig. 8. 

As shown in Fig. 7, the calculated keff using nuclide 
set1 is much higher than that using nuclide set2. This is be-
cause nuclide set2 contains much more neutron-absorbing 
elements such as Sm, Eu, and Gd. These results indicate 
that criticality calculations under cooling time of about 
20,000 to 30,000 years and using actinide-only nuclide 
set are bounding calculation conditions for keff. The evalu-
ated keff of the R-SNF container assuming 30,000 years of 
cooling and an actinide-only composition is much below 
critical. 

For safe loading of SNFs in the container, loading 
curves or feasible loading area should be defined. In this 
study, the possible loading area for the R-SNF container 

Energy [MeV] R-SNF 
(45 year)

S-SNF 
(50 year)

CANDU 
(30 year)

1.00×10-11~3.00×10-9 2.78×10-5 2.77×10-5 1.01×10-7

3.00×10-9~7.50×10-9 1.99×10-5 1.98×10-5 8.64×10-8

7.50×10-9~1.00×10-8 1.43×10-5 1.46×10-5 2.89×10-7

1.00×10-8~2.53×10-8 4.72×10-5 4.68×10-5 5.24×10-8

2.53×10-8~3.00×10-8 1.79×10-5 1.80×10-5 6.39×10-7

3.00×10-8~4.00×10-8 5.64×10-5 5.77×10-5 5.51×10-6

4.00×10-8~5.00×10-8 4.34×10-5 4.40×10-5 2.27×10-6

5.00×10-8~7.00×10-8 9.28×10-5 9.40×10-5 5.04×10-6

7.00×10-8~1.00×10-7 1.53×10-4 1.55×10-4 8.64×10-6

1.00×10-7~1.50×10-7 2.91×10-4 2.95×10-4 1.70×10-5

1.50×10-7~2.00×10-7 3.39×10-4 3.44×10-4 2.41×10-5

2.00×10-7~2.25×10-7 2.02×10-4 2.05×10-4 1.74×10-5

2.25×10-7~2.50×10-7 2.53×10-4 2.59×10-4 2.80×10-5

2.50×10-7~2.75×10-7 2.21×10-4 2.25×10-4 1.91×10-5

2.75×10-7~3.25×10-7 1.14×10-2 9.93×10-3 6.65×10-5

3.25×10-7~3.50×10-7 4.00×10-3 3.49×10-3 2.98×10-5

3.50×10-7~3.75×10-7 4.08×10-3 3.54×10-3 1.84×10-5

3.75×10-7~4.00×10-7 4.32×10-3 3.77×10-3 4.34×10-5

4.00×10-7~6.25×10-7 3.80×10-2 3.32×10-2 2.98×10-4

6.25×10-7~1.00×10-6 8.99×10-2 7.83×10-2 6.22×10-4

1.00×10-6~1.77×10-6 2.51×10-1 2.19×10-1 1.62×10-3

1.77×10-6~3.00×10-6 4.97×10-1 4.32×10-1 3.18×10-3

3.00×10-6~4.75×10-6 9.20×10-1 8.01×10-1 5.77×10-3

Energy [MeV] R-SNF 
(45 year)

S-SNF 
(50 year)

CANDU 
(30 year)

4.75×10-6~6.00×10-6 7.94×10-1 6.90×10-1 4.81×10-3

6.00×10-6~8.10×10-6 1.49 1.30 9.10×10-3

8.10×10-6~1.00×10-5 1.53 1.33 9.25×10-3

1.00×10-5~3.00×10-5 2.37×101 2.07×101 1.41×10-1

3.00×10-5~1.00×10-4 1.52×102 1.32×102 1.01
1.00×10-4~5.50×10-4 2.15×103 1.88×103 1.38×101

5.50×10-4~3.00×10-3 2.74×104 2.39×104 1.74×102

3.00×10-3~1.70×10-2 3.70×105 3.23×105 2.39×103

1.70×10-2~2.50×10-2 3.12×105 2.72×105 2.03×103

2.50×10-2~1.00×10-1 4.85×106 4.23×106 3.14×104

1.00×10-1~4.00×10-1 3.50×107 3.05×107 2.22×105

4.00×10-1~9.00×10-1 7.63×107 6.65×107 4.75×105

9.00×10-1~1.40 7.64×107 6.66×107 4.89×105

1.40~1.85 6.17×107 5.39×107 4.40×105

1.85~2.35 5.91×107 5.19×107 5.05×105

2.35~2.48 1.30×107 1.14×107 1.23×105

2.48~3.00 4.65×107 4.10×107 4.57×105

3.00~4.80 8.24×107 7.22×107 6.22×105

4.80~6.43 2.26×107 1.97×107 1.07×105

6.43~8.19 7.17×106 6.23×106 3.09×104

8.19~2.00 2.47×106 2.14×106 9.61×103

Total 4.88×108 4.27×108 3.52×106

Table 4. Neutron flux of active fuel region for R-SNF, S-SNF, and CANDU SNF
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is determined as a representative. Four identical R-SNFs 
are assumed to be inserted in a container and evaluated 
compositions of irradiated fuels having various enrich-
ment and discharge burnup are applied. The evaluated keff 
depending on the initial enrichment and discharge burnup 
is presented in Table 6. The keff of a container filled with 
fresh fuel having enrichment over 2wt% 235U exceeds the 
limit for criticality. However, it is very unlikely that the 
disposal container will be filled only with nuclear fuel hav-
ing extremely low burnup and very high enrichment, con-
sidering the SNF stockpile in Korea [15]. Most SNFs can 
be encapsulated in the R-SNF disposal container without 

any concern for the perspective of criticality. 

3.2 Radiation Shielding Calculation Results

Results of radiation shielding calculations for the KRS+ 
are described in this section. In these scoping calculations, 
the absorbed dose rates in bentonite for each disposal sys-
tem are evaluated and the effect of loading is investigated. 
For determining the optimum container thickness for the 
NWMO-type CANDU disposal system, the absorbed dose 
rate in the bentonite depending on the thickness of the cast 
iron canister is evaluated. Evaluated absorbed dose rates of 

keff (σ)*
Moderation by water Moderation by air

R-SNF system set 1, 45 years cooling 0.73478 (0.00020) 0.16284 (0.00020)
S-SNF system set 1, 50 years cooling 0.74241 (0.00020) 0.16985 (0.00024)

CANDU system
(NWMO-type) set 1, 30 years cooling 0.64455 (0.00067) 0.18154 (0.00021)  

* 20,000 neutrons per cycle, 500 active cycles, and 700 total cycles are applied. 

Table 5. Calculated effective multiplication factors (keff) of the KRS+ at disposal time

Fig. 6. Vertical cross sectional view of the PWR and NWMO-type CANDU model and tally regions for radiation shielding calculations.
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the R-SNF, S-SNF, and CANDU-SNF disposal system are 
summarized in Table 7. The calculated maximum absorbed 
dose rates are 1.59×10-2 Gy‧hr -1 for the R-SNF disposal 
system, 2.00×10-2 Gy‧hr -1 for S-SNF, and 6.42×10-2 Gy‧hr -1 
for the CANDU disposal systems, which are far below the 
design criterion for shielding (< 1 Gy‧hr -1). The highest ab-
sorbed dose rate occurs at the side of the container for ev-

ery disposal system. The absorbed dose rate at the side of 
PWR systems is much lower than that of the CANDU sys-
tem, owing to the effective thickness of the cast-iron inner 
canister. The absorbed dose rate at the top of the R-SNF 
system is lower than that of S-SNF because of the longer 
top-end structure of R-SNF. In contrast, the absorbed dose 
rate at the bottom of the R-SNF system is higher than that 

Fuel Discharge Burn-up [GWd/MtU]*

0 10 20 30 40 50 55 60

Fu
el

 E
nr

ic
hm

en
t [

w
t%

]

5wt%
1.08037 1.03975 0.98514 0.92384 0.86584 0.80312 0.77228 0.74392

(0.00100) (0.00095) (0.00094) (0.00093) (0.00087) (0.00085) (0.00081) (0.00079)

4.5wt%
1.06235 1.01488 0.95649 0.89071 0.82706 0.76518 0.73631 0.70917

(0.00094) (0.00094) (0.00095) (0.00086) (0.00082) (0.00083) (0.00085) (0.00081)

4wt%
1.03814 0.98863 0.92247 0.85323 0.78556 0.72355 0.77228 0.67169

(0.00106) (0.00096) (0.00092) (0.00084) (0.00083) (0.00078) (0.00081) (0.00079)

3wt%
0.97294 0.91527 0.83536 0.76198 0.69406 0.64369 0.62412 0.60955

(0.00093) (0.00092) (0.00088) (0.00084) (0.00075) (0.00071) (0.00072) (0.00069)

2wt%
0.86980 0.80886 0.72419 0.65325 0.60856 0.58329 0.57348 0.56702

(0.00088) (0.00087) (0.00080) (0.00069) (0.00068) (0.00061) (0.00063) (0.00063)

* 2,000 neutrons per cycle, 300 active cycles, and 500 total cycles are applied.

Table 6. Calculated keff depending on enrichment and discharge burnup and preliminary feasible loading area of R-SNF disposal system

Fig. 7. Time evolution of keff for R-SNF disposal system calculated 
with actinide-only nuclides (set1) and actinides with fission 

product nuclides (set2).

0.85

0.80

0.75

0.70

0.65

0.60

0.55
10

Time [yrs]

k e
ff

100 1,000 10,000 100,000 1,000,000

set1
set2

Fig. 8. Isotopic composition of actinides of R-SNF.
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of R-SNF due to higher total source strength. The evalu-
ated absorbed dose rate may have been underestimated 
because of the use of a large tally area. Considering the 
substantial margin, however, underestimation caused by 
the tally region size will not have a significant impact on 
compliance of design requirements.

The evaluated absorbed dose rate depending on fuel 
enrichment and discharge burnup for the R-SNF disposal 
system is presented in Table 8. Absorbed dose rates are 
calculated by simply multiplying the source strength from 
SNFs having various enrichment and burnup by unit ab-
sorbed dose rate per container. The calculated absorbed 
dose rate increases as the discharge burnup and enrichment 
increases. It is identified that PWR SNFs can be loaded in 
KRS+ without a shielding issue, given that the evaluated 
absorbed dose rate of the R-SNF container accommodating  

SNF with various initial enrichment and discharge burnup 
values does not exceed the design limit.

The assessment for determining the minimum thick-
ness of the cast iron canister for radiation shielding was 
conducted because the NWMO-type CANDU disposal 
concept is suggested for the first time. Fig. 9 shows the 
absorbed dose rate in bentonite depending on the thick-
ness of the cast-iron canister. According to the right graph 
of Fig. 9, the absorbed dose rate decreases linearly on the 
log scale depending on the container thickness. The solid 
square line shows the absorbed dose rate according to the 
change of side thickness. The minimum thickness of cast 
iron at the side of the container is evaluated to be about 4 
cm to satisfy the radiation shielding criterion. The solid 
circle line and solid triangle line show the absorbed dose 
rate depending on the top and bottom thickness change. 

Absorbed Dose Rate [Gy‧hr -1]*
Side Bottom Top

Photons Neutrons Photons Neutrons Photons Neutrons

R-SNF 1.59×10-2

(0.0179)
1.09×10-5

(0.0063)
7.64×10-3

(0.0151)
9.22×10-6

(0.0067)
1.10×10-3

(0.0522)
1.60×10-6

(0.0149)

S-SNF 2.00×10-2

(0.0313)
1.23×10-5

(0.0097)
7.02×10-3

(0.0471)
5.35×10-6

(0.0137)
3.84×10-3

(0.0575)
2.26×10-6

(0.0205)

CANDU
#2 6.39×10-2

(0.0124)
5.28×10-7

(0.0056)
1.65×10-4

(0.0577)
1.68×10-7

(0.0075)
3.10×10-4

(0.0457)
1.73×10-7

(0.0075)

#1 6.42×10-2

(0.0121)
5.28×10-7

(0.0055)
1.72×10-4

(0.0569)
1.67×10-7

(0.0077)
2.93×10-4

(0.0483)
1.81×10-7

(0.0074)
* Total particle numbers were adjusted so that relative errors can be evaluated at 5% level.  

Table 7. Calculated absorbed dose rate in bentonite region of KRS+

Fuel Discharge Burn-up [GWd/MtU]

10 20 30 40 50 55 60

Fu
el 

En
ric

hm
en

t [
wt

%
] 5 3.22×10-3 6.34×10-3 9.34×10-3 1.22×10-2 1.48×10-2 1.61×10-2 1.74×10-2

4.5 3.21×10-3 6.32×10-3 9.29×10-3 1.21×10-2 1.47×10-2 1.59×10-2 1.72×10-2

4 3.20×10-3 6.29×10-3 9.21×10-3 1.19×10-2 1.45×10-2 1.57×10-2 1.69×10-2

3 3.17×10-3 6.18×10-3 9.00×10-3 1.16×10-2 1.41×10-2 1.52×10-2 1.64×10-2

2 3.12×10-3 6.00×10-3 8.67×10-3 1.12×10-2 1.35×10-2 1.47×10-2 1.58×10-2

Table 8.  Evaluated absorbed dose rate at the side-center of bentonite region for R-SNF disposal system depending on various fuel enrichment and  
discharge burnup values [Unit: Gy‧hr -1]
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Since the absorbed dose rate at the top and bottom is suf-
ficiently low, the thickness of the top and bottom container 
is not an important design factor from a radiation shielding 
perspective. Therefore, it can be confirmed that the con-
tainer thickness applied to the current KRS+ design has 
been conservatively determined.

4. Conclusions

The aim of this study is to evaluate the criticality safety 
and radiation shielding performance of the current design 
of KRS+. It is confirmed that the evaluated effective mul-
tiplication factor (keff) and absorbed dose rate in bentonite 
of two KBS-3V type PWR SNFs disposal systems and one 
NWMO-type CANDU SNFs disposal system satisfy design 
criteria. Assuming the flooded container is surrounded by 
wet bentonite and rock, fuel composition only consider-
ing actinide-only nuclides and time after disposal between 
20,000 to 30,000 years are the bounding conditions for crit-
icality calculation. According to the evaluated preliminary 
possible loading area, some SNFs with high 235U enrich-
ment and low burnup should consider mixed loading with 
SNFs having lower enrichment and higher burnup for com-
pliance of the criticality criterion. 

Also, it is ascertained that every disposal system of 
KRS+ complies with shielding criteria for preventing the 
radiolysis of water or moisture in the bentonite. The entire 
R-SNFs having different enrichment and discharge bur-
nup can be accommodated in the KRS+ container without 
any shielding issue. The container thickness applied to the  
current KRS+ design appears to be sufficient considering 
the minimum thickness of the NWMO-type container for 
satisfying the shielding criterion.

There are some limitations in the scoping calculations. 
Some material data used in this study are based on past 
design data. There may be a relatively large error in the 
results of the shielding calculation caused by large tally re-
gions. For a rigorous calculation, the use of updated data 
and a detailed analysis using a fine tally are necessary for 
detailed analysis. Additionally, uncertainty and bias assess-
ments based on international codes and standards should be 
performed. Since the effect of burnup is very large, detailed 
evaluations such as adopting axial burnup profiles should 
be fulfilled under the basis of international standards for 
burnup credit in the near future. 
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