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a b s t r a c t

The containment building Kori Unit 1 may require sequential steps for full decommissioning. This study
assumes that the containment building is to be used as an auxiliary building that handles nuclear power
systems and materials during decommissioning before conversion into a greenfield. Through the deri-
vation of guidelines and dose evaluation, it was confirmed whether the radiation workers were satisfied
with the ALARA decision. The specific modeling of the external radiation exposure was performed based
on the facility investigation procedures. The external radiation specific derived concentration guideline
levels (DCGLs) for radiation workers in containment building were obtained using the RESRAD-BUILD
code and were applied to the VISIPLAN 3D ALARA Planning Tool code to calculate the working dose
and check worker safety. The derivation of site-specific and realistic DCGLs and dose evaluation via 3D
modeling can contribute to the scenario development for the decommission and remediation of
containment building.
© 2021 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 Kori Unit 1 in South Korea is currently undergoing decom-
missioning, with the dismantling scheduled to be completed dur-
ing the period 2022 to 2030 following the shipment of spent
nuclear fuel, which should be completed by 2025. There is no fixed
plan yet for the reuse of the site and buildings at Kori Unit 1 [1]. In
particular, the decommissioning of facilities such as highly radio-
active containment building are expected to require considerable
amounts of both time and manpower, the assessment of which
requires the development of various scenarios. It is a realistic
approach to consider sequential decommissioning according to the
decommissioning situation of Kori Unit 1, which is undergoing
characterization. For this, a preferential evaluation of workers at
the decommissioning site is required. In this study, guidelines
based on the effective dose limit and working time of radiation
workers, which are notified, were presented, and the work dose
was evaluated to comply with this. Based on the U.S. standard
decommissioning procedure guidance manual, MARSSIM, and the
draft final decommissioning plan for Kori Unit 1, an evaluation
approach for the containment building was identified, and an
by Elsevier Korea LLC. This is an
evaluation methodology was presented to specify the external ra-
diation exposure. The scanning method and measurement pro-
posed in accordance with the domestic facility investigation
procedure and MARSSIM are being conducted separately for each
gamma-, alpha-, and beta-emitting radionuclide; a detailed inves-
tigation is therefore required that considers the characteristics and
exposure pathway of each radionuclide [2]. Focusing on the
consideration of gamma radiation, which is one of the items under
investigation at the facility, external radiation exposure-specific
DCGLs for the internal surface of the containment building were
established using the RESRAD-BUILD code. The task dose was
calculated by applying the calculated DCGL to the VISIPLAN 3D
ALARA Planning Tool code, and the containment building was
assumed to be used for dismantling activities in order to confirm
whether ALARA can be satisfied for employees working in the
building.
2. Materials and methods

Investigation methods that are related to the type, amount, and
distribution of radioactive materials present in the nuclear power
plant environment vary depending on the facility and site. The fa-
cility survey procedures that are currently presented in the pre-
liminary decommissioning plan for Kori Unit 1 are shown in Fig. 1.
Information obtained via the facility investigation method and
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Fig. 1. Procedure used to investigate Kori Unit 1 and resulting FSAR.
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radiation measurement results is classified, and the procedures
used to obtain this radiological information are described [3].

The development and application of the plan, investigation, and
regulatory guidelines for the decommissioning of Kori Unit 1 are
based on MARSSIM, which is a 5-step survey that includes histor-
ical site assessment, a scoping survey, characterization, a remedial
action support survey, and a final status survey. The final goal of
MARSSIM is to ensure compliance with the restricted dose criteria
in final status survey via decontamination and restoration based on
DCGL, which is the radionuclide-specific concentration within the
survey unit corresponding to the release criteria, and finally to
determine whether the site or building will open or not. The DCGL
is updated repeatedly from initial screening to the final goal, which
is the final status survey detailing the situation in a site or facility
under decommissioning, by applying unique site-specific features
[2]. In this study, DCGLs were derived by modeling the specific
external radiation exposure in Kori Unit 1. After DCGL derivation,
the sensitivity of the scanning technology and the sampling point
are adjusted using DCGLEMC, a guideline for hot spots, which are
localized areas in which the radioactivity is elevated. The DCGLEMC
is derived by multiplying DCGLW by an area factor, which is the
ratio of the dose between the baseline and hot spot areas. Previous
area factor studies have shown that the pathway taken by external
radiation to the surface of a building is sensitive to hot spots and
enables the most restrictive and conservative evaluation [4]. In
addition, scanning surveys and direct measurements, which are
used to generate field data in the latter part of a survey, are
considered to derive a specific DCGL for external radiation exposure
by distinguishing gamma, alpha, and beta emitting radionuclides.
As the field data acquisition method is different for each radionu-
clide type, this study can be used as basic data for measurement
and scanning of gamma emitters.
2.1. External radiation exposure calculation

Two codes were used in this study: RESRAD-BUILD and the
VISIPLAN 3D ALARA Planning Tool. RESRAD-BUILD is an exposure
dose and pathway analysis code that is used to evaluate the po-
tential exposure of individuals that live and work in buildings that
have been contaminated with residual radioactive material.
RESRAD-BUILD codes consider the sources, radioactive materials
that have accumulated on the floor, the infiltration of radioactive
particles by air, external radiation exposure, airborne radioactive
particulates, aerosol indoor radon decay products, tritium vapor,
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and materials that are radiated from the source or the surface of a
building [5]. Considering the sensitivity of the external pathway to
radiation from building surfaces and the use of distinct measure-
ment methods for the future design of the FSS survey, this study
only considered the external radiation exposure pathway for
gamma radiation. In addition, only external exposure is considered
for compatibility of the results of RESRAD-BUILDwith the VISIPLAN
3D ALARA Planning Tool, which considers only external radiation
exposure. The VISIPLAN 3D ALARA Planning Tool code calculates
and visualizes the dose received by workers with simulation that
considers exposure via the external pathways of neutrons and
gamma radiation [6,7]. In both codes, the point kernel method is
used to calculate the shielding against external radiation exposure
which is corrected using the same build-up factor [8e11]. The point
kernel method is used to calculate the rate at which exposure to
gamma radiation occurs. The radiation volume source is divided
into elementary cells that are denoted point kernels, and the ra-
diation detected at each of these points is summed to produce the
total [12]. The point kernel method can therefore be used to
combine many different volume dose rates to produce a total. In
addition to its simplicity, the point kernel method is generally used
in calculation codes because it is reasonably accurate.

In the RESRAD-BUILD code, the geometric factor (FG) is the main
factor used in the calculation of external radiation exposure. It is
the ratio of the effective dose that is equivalent to the actual source
to the effective dose that is equivalent to a standard source. The
geometrical factor (FG) is expressed as the product of three co-
efficients: the depth-and-cover factor (FCD), the area and material
factor (FAM), and the offset factor (FOFF-SET) [10,13]. The FAM is
derived using the point kernel method, as shown in Equation (1).

FAM ¼

P
Energies:jyjEjKj

ð
Bðx0Þe�mx0

ðx0Þ2
dV 0

P
Energies:jyjEjKj

ð
BðxÞe�mx

ðxÞ2
dV

(1)

where B and m are the build-up and the attenuation factors for a
material, respectively, and the integrated volume V is the shape of
the specified material with radius r, shield thickness tc, and air
thickness ta. In contrast, V is the reference geometry of a region that
extends infinitely laterally without shielding and is the receptor
midpoint 1 m away from the surface. FAM depends on the lateral
extent of contamination and the thickness of the source that results
from build-up and attenuation, the shielding thickness, gamma



Fig. 2. Conceptualization and modeling of containment building.

Table 1
External exposure specific DCGL for the Kori Unit 1 containment building.

Radionuclide External radiation DCGL (Bq/m2)

60Co 2,190,580
134Cs 3,649,635
137Cs 8,583,690
152Eu 4,228,320
154Eu 4,140,780
155Eu 53,619,300
239Pu 103,626,943,000
54Mn 8,333,330
55Fe -
65Zn 13,605,440
94Nb 3,030,300
110mAg 2,789,400
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energy, and the source material. The energies involved in the decay
of the different radionuclides are considered separately and
weighted by yield y, energy E, and the energy dependence coeffi-
cient K to convert the absorbed air dose to the effective dose
equivalent [10,14].

The equation of the point kernel method used in the VISIPLAN
3D ALARA Planning Tool code is shown in Equation (2).

f¼
ð
v
S$B$e�x

4$p$r2
dV (2)

where, ∅ ¼ flux (photons m�2s�1), S ¼ power of the source (pho-
tons/s), B ¼ buildup factor, r ¼ distance from the source, which is
considered to be a point (m), and x describes the mean free path.
The volume integration scheme used in the VISIPLAN 3D ALARA
Planning Tool code is based on Monte Carlo sampling of the posi-
tion of a volume source, and Equation (2) is transformed into
Equation (3) with Ns as the sampling point, and xi and ri describing
the mean free path and distance (cm) from the i-th sampling point,
respectively.

f¼
XNs

i¼1

Stot
Ns

B$e�xi

4$p$ri2
(3)

fEb ¼
XNs

i¼1

Stot$FEb
Ns

BEb$e
�xEbi

4$p$ri2
(4)

Equation (3) applies the source power Stot, which is considered a
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mono energetic photon source. However, sources emit photons at
different energies in many shielding problems; the code therefore
uses a formula that includes 25 energy bins. The photon fluence
rate at the dose point of energy group Eb was calculated using
Equation (4), where FEb is the number of photons emitted from the
energy group, Eb is the total activity, and Stot is the power of the
source. The dose is then calculated by multiplying the body with a
rotational shape by a dose conversion factor [8]. Themean free path
x, is a dimensionless term that describes the attenuation effec-
tiveness of a shield. The higher the value, the higher the radiation
attenuation. The value of x is derived using Equation (5).

x¼
X

miti (5)

where mi is the attenuation factor of material i and ti is the distance
traveled through material i along a line-of-sight path from the
source. The attenuation factors in ANSI/ANS-6.4.3e1991 00Gamma-
Ray Attenuation and Buildup Factors for Engineering Materials”
were referenced and used in Ref. [15]. The RESRAD-BUILD code and
VISIPLAN 3D ALARA Planning Tool code commonly use the energy
absorption buildup factor on the measured length of the average
free path [11,14,16].
3. Derivation of external radiation exposure specific DCGLs
for the containment building of Kori Unit 1

A total of 12 radionuclides, 134Cs, 137Cs, 60Co, 152Eu, 154Eu, 155Eu,
239Pu, 54Mn, 55Fe, 65Zn, 94Nb, and 110mAg were selected and eval-
uated as the major radionuclides that are present in the actively
contaminated concrete comprising Kori Unit 1 [3]. The containment
building was modeled using RESRAD-BUILD and the VISIPLAN 3D
ALARA Planning Tool, as shown in Fig. 2. The floor source was set as
the basement level of the containment building, and the dome floor
located 44.5 m above the ground level of the containment building
floor was set as the ceiling source. A total of six sources were set by
dividing the cylindrical vertical wall area of 5883 m2 into four equal
areas and designating the area of each a wall source.

The indoor fraction and exposure period considers the average
working hours of radiation workers as 50 weeks per year at 5 days
per week and 8 h per day were entered as the occupancy param-
eters, as suggested by the International Commission on Radiolog-
ical Protection [17]. The probabilistic dose for the DCGL was derived
using the RESRAD-BUILD code. As the probabilistic dose, the peak
of the mean dose, which is the dose based on the time at which the



Fig. 3. Main stages used in the VISIPLAN 3D ALARA Planning Tool.

Fig. 4. Trajectories of worker used in the VISIPLAN 3D ALARA Planning Tool.
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mean dose is the maximum, was used, based on the characteristics
of the optimal tracking of the average dose determined at each
discrete time [18]. The DCGLs in Table 1 were derived by dividing
the regulatory dose limit by the probabilistic dose that is specific to
external radiation exposure. A regulatory dose limit of 20 mSv per
year the effective dose limit for radiation workers notified in the
Nuclear Safety Act [19].

A significant difference was observed between the DCGLs of
134Cs and 137Cs. The external radiation exposure pathway of 137Cs
contributed relatively less to the dose than 134Cs; however, the
effect of inhalation was approximately three times greater, leading
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to the relatively high and less conservative value for the specific
DCGL for external radiation exposure. Because the external radia-
tion resulting from the presence of 55Fe is low and generally does
not present a risk as a result of external exposure, the external
radiation dose was designated zero, and the specific DCGL of
external radiation exposure was not considered. This study con-
siders only the external radiation exposure based on the radiation
worker scenario in the containment building. It is judged that a
study on internal exposure should be conducted separately when
applying a scenario that considers living or farming activities [20].



Table 2
Accumulated dose according to trajectory.

(1) Stay in center (2) Moving (3) Stay in center

Radionuclide Accumulated Dose (mSv/day) (mSv/yr)

60Co 0.000018 0.000016 0.00150
134Cs 0.000021 0.000018 0.00175
137Cs 0.000018 0.000015 0.00150
152Eu 0.000017 0.000014 0.00142
154Eu 0.000050 0.000040 0.00417
239Pu 0.000320 0.000280 0.02666
155Eu 0.000010 0.0000092 0.00083
54Mn 0.000024 0.000020 0.00200
65Zn 0.000025 0.000022 0.00208
94Nb 0.000020 0.000016 0.00167
110mAg 0.000027 0.000023 0.00225
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4. Dose assessments for worker and working area

The VISIPLAN 3D ALARA Planning Tool is used to construct a
scenario and run a simulation by planning the trajectory of a
worker in a radioactive environment based on information
regarding the 3D geometry, material, and radiation within a
building. The main methodology used by the code consists of the
four steps shown in Fig. 3 [6].

In the previous section, the conceptualization and modeling of
the working area and facility based on the technical drawing of the
Kori Unit 1 containment building, or the model building stage, was
carried out under the same conditions as those used by the
RESRAD-BUILD code. The DCGLs for dose and scenario evaluation in
the next general analysis and detailed planning stages were applied
in the VISIPLAN 3D ALARA Planning Tool code using the concen-
tration of each radionuclide present. The same working time and
hexahedron source used in the RESRAD-BUILD code were applied
in the VISIPLAN 3D ALARA Planning Tool code (Fig. 2). Based on a
daily exposure of 8 h, two different doses were calculated using the
trajectories illustrated in Fig. 4. The first trajectory involved the
employee remaining in the center of the room, while the other
included movement along a rectangular path over the same time
interval. The doses calculated for each trajectory on both a daily and
annual basis are shown in Table 2.

For all radionuclides, the accumulated dose was higher in tra-
jectory (1) when the worker remained in the center of the room
than in trajectory (2) in which the worker moved around. In tra-
jectory (2), the dose decreased from a minimum of 8% (155Eu) to a
maximum of 20% (154Eu, 94Nb). Trajectory (1), with relatively high
doses, was used to produce the conservative evaluation (3), which
is associated with exposure over 83.3 days per year as suggested by
the International Commission on Radiological Protection. This
evaluation is shown in the fourth column. The doses for all single
radionuclides were lower than the effective dose limit of 20 mSv/yr
that is required for workers working with radiation, with values
reaching approximately 14,000 times lower than this for 152Eu.
Summation of all radionuclides produces a total dose of 0.04583
mSv/yr, which is also lower than the reference dose limit. These
results confirm that the exposure of an employee in the area will
satisfy a safe value for each radionuclide while the containment
building undergoes decommissioning based on the specific DCGL
for external radiation exposure.

Fig. 5 shows the spatial dose rate evaluation and visualization
simulation results of theworking area by setting an area grid at 1m,
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15 m, and 30 m in the z direction in order to understand the effect
of the spatial dose rate at different heights. The source termwas set
in the form of a box source in the VISIPLAN 3DALARA Planning Tool
code, assuming that the concentration was uniformly distributed
on each of the six sides. The dose rate tended to be higher towards
the center of the parallel plane and upwards on the vertical plane.
Most of the radionuclides showed a wide distribution of the
maximum dose rate at a height of 15m at the center of the building.
The maximum value observed, which occupies most of the area in
the cross section at 31 m, is close to the ceiling of the containment
building. The maximum dose at a height of 1 m, which is shielded
by a 9 m thick concrete floor, was reduced to a maximum of 32% for
60Co, 154Eu, and 65Zn, and at least 16% for 137Cs compared to the
dose at 30 m. Although the most conservative DCGL in Table 1 was
the concentration of 60Co, it can be seen that this radionuclide has a
significant impact on external radiation exposure as the lowest
value of the dose rate distribution is associated with 155Eu. In
addition, the greatest reduction in dosage was observed with the
radionuclide 60Co, as a result of concrete shielding. These results
indicate the necessity of evaluating the dose at various situational
configurations in terms of height for labor that requires the use of
cranes or ladders, or when shielding is installed at themid height of
a building.

5. Conclusion

Considering the long-term operation and the characteristics of
the containment building in which the main systems are concen-
trated, reuse as a building supporting sequential decommissioning
prior to completion of decommissioning was assumed. Based on
the radiation worker scenario in the containment building, safety
was confirmed by complying with the dose limit when only
external exposure was considered. The DCGLs and dose specific to
external radiation exposure were evaluated. The external radiation
exposure is commonly considered in the RESRAD-BUILD and VISI-
PLAN 3D ALARA Planning Tool codes. Since scans and measure-
ments suggested according to domestic facility investigation
procedures and MARSSIM are classified for each gamma-, alpha-,
and beta-emitting radionuclide, study on specific exposure
pathway has been conducted. Site-specific and realistic DCGLs were
derived by using the geometric information and radionuclides
within Kori Unit 1 and applying the effective dose limit and
working hours of radiation workers. Using DCGL, doses were
evaluated for two working trajectories. The worker was exposed to
a higher level of radiation when remaining in one position than
when moving over the same time interval. The safety of workers
was confirmed as the total dose receivedwill be lower than 20mSv/
y, which is the effective dose limit allowed for radiation workers
from all radionuclides. The distribution of dose rate as a function of
height was also calculated and visualized by setting the inner sur-
face of the hexahedron as the source. The concentration of 60Cowas
considered the lowest and was therefore used to describe the
conservative DCGL; however, the lowest dose rate observed was
associated with 155Eu based on the dose rate distribution. The
radionuclide 60Co shows the maximum reduction at 30 m
compared to that at a height of 1 m above a 9 m thick concrete floor
and was identified as the radionuclide that produces the highest
amount of external radiation and receives the most shielding.
Further evaluation using appropriate adjustments according to the
decommissioning situation, such as specifying the source term and



Fig. 5. Visualization of the dose rate distribution according to height.
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Fig. 5. (continued).
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establishing a reuse plan according to additional characterization is
considered necessary. This study could be used as a basis for the
scanning andmeasurement of facility investigation procedures. It is
also expected that 3D modeled dose rate visualization can be used
in detail to assess the reuse safety of facilities.
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