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a b s t r a c t

The Kori Unit 1 will be decommissioned after a permanent shutdown in June 2017. South Korea has a
0.1 mSv/yr exposure limit standard for limited or unlimited site release. This is South Korea's first
commercial NPP; therefore, if the containment building is reused as a memorial hall, it will contribute to
the improvement of public understanding and enhance the public's acceptance of NPPs. Also, existing
Kori Unit 1 nuclear power plant manpower resources can be reused after decommissioning and resident
staff and memorial hall visitors can activate nearby commercial areas. Therefore, such a reuse scenario
may also prevent an economic recession. The exposure dose was calculated using the following sce-
narios: worker in the containment building, visitor in the containment building, and worker in buildings
other than the containment building. The exposure dose in the buildings was calculated by the RESRAD-
BUILD developed by the Argonne National Laboratory (ANL). The preliminary exposure dose and derived
concentration guideline level (DCGL) were derived.
© 2019 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

Nuclear power plants (NPPs) were built intensively in the
1960se1980s as an alternative energy source to fossil fuel energy.
As of September 2017, there were 448 NPPs worldwide, and 164
NPPs that had been shut down. From these, only 19 were decom-
missioned, and the countries where this had occurred were the
United States, Germany, and Japan. Currently, NPPs that will be
decommissioned after the 2020s are expected to increase gradually
[1].

In South Korea, the Kori Unit 1, the first South Korean com-
mercial nuclear power plant, came into commercial operation in
1978 and continued to operate until 2007, when its operation was
extended for 10 more years. Finally, it was shut down in June 2017
without the second extended operation. By 2030,11more units will
be shut down. The world NPP decommissioning market is esti-
mated to have earned approximately 200e440 trillion KoreanWon,
and the cost of decommissioning the Kori Unit 1 amounts to
by Elsevier Korea LLC. This is an
approximately 600 billion Korean Won. Also, it is expected to be
approximately 750 billion Korean Won as of 2018 [2].

Decommissioning entails the conduct of institutional and
technical activities in the International Atomic Energy Agency
(IAEA), which approves the termination of all regulatory controls
on nuclear facilities [3].

Decommissioning in the U.S. NRC means excluding facilities or
sites from the operation and reducing residual radioactivity to
unlimited or restricted reuse standard and terminating license [4].

According to the South Korean nuclear safety and Security
Commission, decommissioning means all activities that dismantle
the facilities and sites or remove radioactive contamination [5].

The decommissioning strategies include immediate decom-
missioning and delayed decommissioning. Most countries are
proceeding to decommissioning immediately, and Kori Unit 1 will
be decommissioned immediately. Table 1 contains a description of
the decommissioning type [6].

NPP decommissioning is carried out in the following order:
preparation for decommissioning, decontamination, cutting and
dismantling, waste treatment, and site restoration. Additionally, the
site will be reused for unrestricted use or restricted use by
comparing the residual radioactivity of the site with the derived
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Table 1
Comparison of delayed decommissioning to immediate decommissioning [6].

Decommissioning type Period Advantages Disadvantages

Immediate decommissioning Within 15 years Uses existing experienced staff
Predicts decommissioning schedule better
Reduces decommissioning costs
Fast site reuse possible

High exposure of workers to radiation in comparison to late dismantling
Requires additional shielding and remote control equipment

Delayed decommissioning Within 60 years Reduces radioactivity due to decay
Reduces radioactive waste
Reduces worker exposure

Hard to use experienced personnel
Increases maintenance and safety management costs
Delayed site reuse

Table 3
Design life status of each unit in Kori NPP Site [6].

Unit Operation time Design life Design life expiration date

Kori unit 1 1977.06.19 30 years 2017.06.18
Kori unit 2 1983.08.10 40 years 2023.08.09
Kori unit 3 1984.09.29 40 years 2024.09.28
Kori unit 4 1985.08.07 40 years 2025.08.06
Shin Kori unit 1 2010.05.19 40 years 2050.05.18
Shin Kori unit 2 2011.12.02 40 years 2051.12.01
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concentration guideline levels (DCGL). The DCGL is the concentra-
tion of residual radioactivity distinguished from natural radioac-
tivity which will result in the total effective dose equivalent to site
release criteria (0.1 mSv/yr in South Korea) to the average member
of the critical group [7]. Therefore, the DCGL serves as an measur-
able criteria for site release and the sitewill be released provided its
residual radioactivity level is below the DCGL.

As of September 2017, 19 NPPs have been decommissioned
globally, with 15 units in the U.S., 1 unit in Japan, and 3 units in
Germany. After the decommissioning process was completed, the
sites were released as the green field or industrial facilities for
unrestricted use. Table 2 shows the current status of global NPP site
after decommissioning.

Currently, the Kori NPP site includes six reactors, including the
Kori Unit 1, which was permanently shut down in June 2017. By
2025, the design life of another three units will have expired. There
is information about units in Kori NPP site in Table 3 [6].

South Korea does not have any experience in decommissioning
commercial NPPs. However, it is necessary that South Korea
actively prepares for the decommissioning of large-scale NPPs,
based on experience in decommissioning of research reactors and
uranium conversion facilities after the expiration of their design
life.

Although green fields are advantageous, as has been demon-
strated by a large number of case studies, and despite their devel-
opment is likely to ensure the acceptance of local residents, the
required financial cost and time to develop them according to
release standards can lead to the economic stagnation of the NPP
operators and local communities. Industrial facilities can replace
the existing NPP operating facilities and bring vitality to businesses
and local communities. However, such facilities have the disad-
vantage of requiring a safety assessment due to the existence of
Table 2
Current status of global NPP site after decommissioning.

Country NPP Permanent Shut down Decom

United States BIG ROCK POINT 1997 2007
BONUS 1968 1970
CVTR 1967 2009
ELK RIVER 1968 1974
FORT ST.VRAIN 1989 1996
HADDAM NECK 1996 2007
MAINE YANKEE 1996 2005
PATHFINDER 1967 2007
RANCHO SECO 1989 2009
PIQUA 1966 1969
SAXTON 1972 2005
SHIPPINGPORT 1982 1989
SHOREHAM 1989 1995
TROJAN 1992 2005
YANKEE ROWE 1991 2005

Germany GROSS WELZHEIM 1971 1998
NIEDERAICHBACH 1974 1995
VAK KAHL 1985 2010

Japan JPDR 1976 1996
adjacent NPPs. The Kori Unit 1 carries a certain symbolism due to
being part of the first commercial NPP in South Korea. Therefore, it
is meaningful to promote the understanding of residents and the
acceptability of NPPs by reusing the site as a memorial hall.

This study provides a method of calculating a Kori Unit 1 Pre-
liminary site-specific DCGLs, by using RESRAD-BUILD code, for ra-
dionuclides on the surface of buildings. Additionally, this study
provides a method for calculating the DCGL and exposure dose to
workers and visitors such that it satisfied the site release criteria.

Each input value of the scenarios considering the exposure of
workers and visitors in the Kori Unit 1 containment building and
various other buildings was considered using data from the Rancho
Seco and Zion NPPs, RESRAD-BUILD manual, and Kori Unit 1 data.

The Rancho Seco NPP in California, USA, was a Pressurized-
Water Reactor (PWR) type NPP, and its nuclear reactor was made
by Babcock and Wilcox. This site is now being re-used as a Com-
pressed Natural Gas (CNG) power plant and photovoltaic power
plant after its decommissioning. With regard to the reactor build-
ing, the reactors and exposed pipes were all removed, and in the
case of the concrete structure, the contaminated liner parts were
removed and the unexposed pipes were decontaminated or
missioning complete Site reuse

Greenfield
Part SAFSTOR
Greenfield
Thermoelectric power plant
Thermoelectric power plant
Greenfield
Greenfield
Thermoelectric power plant
Thermoelectric power plant and solar power plant
Parking Lot, part SAFSTOR
Greenfield
Greenfield
Gas turbine power plant, Wind power plant
Greenfield
Greenfield
Greenfield
Greenfield
Greenfield
Predict to reuse as industrial use
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Fig. 1. Exposure pathway considered in RESRAD-BUILD.
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irradiated. Since then, the reactor building has been closed to allow
for optimal opening conditions. The application of this special
scenario resulted in economically efficient dismantling at a low
processing cost. If the Kori Unit 1 containment building remains,
the Rancho Seco NPP can be used as a reference case study.

In the case of the Zion NPP, which is located in the northern area
of Chicago, Illinois, the Units 1 and 2 of this PWR type power plant
are also decommissioned concurrently where ZionSolutions is
applying the latest decommissioning technology and methodology.
The nuclear reactor manufacturer of the Zion NPP is Westinghouse,
who is the same manufacturer of the Kori Unit 1 reactor. Addi-
tionally, Kori Unit 1 is adjacent to Kori Unit 2, there is a possibility of
decommissioning at the same time. Therefore, the case of the Zion
NPP can be used as a reference case study during the process of
decommissioning the Kori Unit 1 reactor. Thus, in this study, the
two abovementioned NPPs were selected as reference NPPs.

In this study, the DCGLs for scenarios such as containment
building workers, visitors, and structural workers, was calculated
using RESRAD-BUILD, which is a computer code for assessing the
potential radiation dose to individuals in a building contaminated
with radioactive material [8]. The Containment building worker
scenario explains that exposure dose for a personwhoworks in the
containment building. Also, structural worker scenario describes
the exposure dose for a person who works at buildings except
containment building.

The benefits of RESRAD-BUILD have been scientifically verified
and the code is continually being updated and used by the U.S.
Department of Energy (DOE) for applications such as risk assess-
ment, site reuse, and decommissioning [9].

2. Resrad-build code description

RESRAD code was developed at the Argonne National Labora-
tory (ANL) with the support of the U.S. Department of Energy (DOE)
and the U.S. Nuclear Regulatory Commission (NRC). It has been
used to assess the dose and risk associatedwith residual radioactive
material. This code has been used by the U.S. Environmental Pro-
tection Agency (EPA) in the preparation of legislation related to NPP
site release and has been approved for use by the NRC. Currently, it
is used in the decommissioning process of commercial NPPs in the
United States of America [8].

The RESRAD-BUILD code is an exposure pathway analysis code
for assessing the potential exposure dose of an individual or worker
in a building contaminated with radioactive material. In the
RESRAD-BUILD code, radioactive particulates in the air, aerosol
indoor radon decay products, and tritium water vapor, including
external exposure to penetration radiation, due to the air submer-
sion of the radioactive material and radioactive particulates that
have accumulated at the source, are considered. Additionally,
consideration is given to the intake and ingestion pathways of
materials emitted from the source and to materials that have
accumulated on the building surface. Figs. 1, 2 shows the integrated
pathway within the RESRAD-BUILD code based on the inhalation,
ingestion and external exposure pathways.

The exposure pathway scenarios considered by RESRAD-BUILD
can be divided into a building occupancy scenario and building
renovation scenario. The building occupancy scenario includes
residents, office workers, field workers, and visitors, while the
building renovation scenario includes decontamination workers,
building renovationworkers, and building demolitionworkers. The
building occupancy scenario typically involves long-term chronic
exposure, while the building renovation scenario usually involves
short-term exposure. In general, the buildings in the renovation
scenario have more radioactive contaminants than those in the
building occupancy scenarios. However, contaminated materials
are removed from the buildings and buildings are repaired under a
limited condition. Therefore, the radioactive material released into
the actual buildings in the building renovation scenario may not so
different from than those in the buildings in the building occupancy
scenario where radioactive contaminants can be released into the
atmosphere due to the cleaning of walls or the cleaning of the floors
[8].
2.1. RESRAD-BUILD parameters

The parameters considered in the RESRAD-BUILD can be clas-
sified into three types; behavioral, metabolic, and physical pa-
rameters. They are selected according to each parameter selection
process. Fig. 3 shows the sensitive parameter selection process of
this study [10].

The behavioral parameters are parameters dependent on the
behavior of the receptor, and its value changes as the scenario for
the same group changes. Metabolic parameters are parameters
representing the characteristics of the receptor's metabolism and
are independent of the scenario and site conditions. Physical pa-
rameters are parameters whose value does not change when a
different receptor group is considered [11].

Also, the parameters are classified into Priority 1, Priority 2, and
Priority 3, according to their importance. Each Priority is assigned
by four criteria: parameter relevance in the calculation of dose,
dose variability due to changing the parameter value, parameter
type (behavioral, metabolic, physical), and the availability of data in
the literature [11].



Fig. 3. Sensitive parameter selection process [10].
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Behavioral and Metabolic parameters are treated as determin-
istic parameters. For physical parameters, if the site-specific data
exists, those values are entered as a deterministic parameter and
priority 3 parameters are treated as a deterministic parameter. For
Priority 1 and 2, the sensitivity analysis is performed to derive the
sensitive parameters.

2.2. Probabilistic analysis and sensitive parameter

RESRAD-BUILD allows the conduct of probabilistic analysis by
the input of parameter distributions. The deterministic analysis
derives a single output dose value according to each single input
parameters, while the probabilistic analysis uses the probability
distribution of the input parameters to derive various output
values. Fig. 4 shows the difference between deterministic analysis
and probabilistic analysis.

In this study, the statistical parameters provided in the RESRAD-
BUILD manual and site-specific parameters were applied for the
probabilistic analysis [8]. For site-specific data of Kori Unit 1, mainly
containment building structure data is adapted. The location of
receptors, shielding data, time fractions, and the exchange rate data
is changed from the RESRAD-BUILD default value.

The deposition velocity of the building factor refers to the
deposition rate of radioactive particles in the air inside the building.
The resuspension rate refers to the rate at which the radionuclides
on the building's surface come back into the air. The breathing rate
corresponding to the exposure factor represents the rate at which
the inhales air contaminated with re-suspended radionuclides. The
indirect ingestion rate represents the rate at which the exposed
person ingests the substance. The air release fraction correspond-
ing to the source factor refers to the amount of contaminant which
is removed from the contaminants and released into the air having
respirable particulate range. The source erosion rate refers to the
amount of contaminant removed per unit time. Finally, the
removable fraction refers to the removable line or area source rate
[12,13].

Among the probabilistic parameters used only in tritium volu-
metric sources, the wet and dry zone thickness refers to the
thickness from the surface of the material to the deepest point of
the contaminated area, while the volumetric water content refers
to the material and represents the water content per unit volume of
water. The water fraction available for vaporization refers to the
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Fig. 4. Schematic of RESRAD deterministic analysis and probabilistic analysis.
potential release rate of the tritium vapor from a contaminated
volume source, while the total porosity of the contaminated ma-
terial represents the pore content of the source material volume
[10].

The radionuclides that may be present in the Kori unit 1
containment building were selected, and the sensitive parameters
were selected with values greater than 0.1 for the absolute value of
PRCC. The technical background for the criteria of 0.1 PRCC value
was given in NUREG/CR-6676 and NUREG/CR-6692. In the NUREG/
CR-6676 and NUREG/CR-6692, the sensitivity analysis was con-
ducted for each parameters using the RESRAD code and quantita-
tively confirmed that only parameters with a PRCC value greater
than 0.1 had a significant effect on dose. Also parameter correla-
tions can be quantified through correlation coefficients of PCC, SRC,
SRRC, and PRCC. To estimates nonlinear monotonic relationship
and gives the unique contribution of an input parameter to the
resultant dose, the use of PRCC is recommended. In general, the
PRCC strongly indicate the input correlations, therefore PRCC were
used to derive the sensitive parameters of this paper. Also the
reference case, Rancho Seco NPP, referred to NUREG/CR-6692, and
chose PRC1C to derive the sensitive parameters. In case of SRRC, it
cannot be used if the input parameter shows strong correlation
[11,14].

By using quantile values, the parameter with PRCC exceeding 0.1
was assigned the value of the third quartile (75%), while the
parameter with a value less than�0.1 was assigned the value of the
first quartile (25%). The DCGL could be calculated by deriving the
dose conversion factor (DCF) through probabilistic analysis for each
radionuclide which converts the radioactive contamination level to
the dose.

3. Each scenario input values

The RESRAD-BUILD input values can be divided into several
types such as case, building factor, receptor factor, shielding factor,
and source factor values.

3.1. Containment building worker scenario input values

For parameters related to the dose/risk, input values are set to
the latest data in ICRP 60 and the indoor fraction was set to 0.351
[8,10]. It is reported that the decommissioning process will begin in
June 2022 and that the release of the site will begin in 2031 [6]. As a
result, the dose evaluation time was set after 13 years (2030, when
the decommissioning will be completed). The containment build-
ingwas assumed to be consist of a single large room. The deposition
velocity and resuspension rate were treated as a probabilistic
parameter. Tritium was set to zero for the deposition velocity, in
accordance with the RESRAD-BUILD manual.

For the Kori Unit 1 containment building, a cylindrical shape,
height measured from the ground level to the containment build-
ing concrete height, and volume including the external reinforced
concrete annulus, was taken into account. The calculated volume
inside the containment building was 62,287 m3, based on a diam-
eter of 35.48 m and a height of 63 m. Fig. 5 shows the geometry of
the containment building.

The floor and ceiling area was set to 988.18 m2 for cylinder type.
In the Kori Unit 1 containment building, the supply and exhaust
fans were operated one by one and the building exchange rate was
0.68 h�1, due to the flow rate per unit being 25,000 CFM. The area of
the floor and ceiling was 988.18 m2, and the length of one side was
31.44 m for rectangle type. To make the cross-sectional area of the
containment building's cylindrical side equal to the width of the
cuboid, the height of the cuboid was considered as 55.83 m. Fig. 5
shows the coordinate transformation of the containment building



Fig. 5. Determination of building value for Kori Unit 1 Containment Building.
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shape.
By assuming that the concrete wall of the Kori Unit 1 contain-

ment building was a source, the worker was located 1 m from the
wall of the building and visitor was located at mid-distance be-
tween the wall and the middle of the cuboid, with a height of 1 m.

Currently, in the Kori Unit 1 containment building, the workers
wear a lead shielding suit for protection against radiation. Under
this scenario, the lead density was assumed as 11.36 g/cm3 and the
operator was assumed to wear a lead shielding suit (0.3 cm thick-
ness). The direct ingestion rate was set to 0.052 g/h for the volume
source, 8.94 � 10�8 1/h for the ceiling and floor in the area source,
and 7.97 � 10�8 1/h for the side.

3.2. Containment building visitor scenario input values

With regard to the dose/risk library, ICRP 72 was set, due to its
suitability with regard to visitors (public). In this scenario where
individuals are assumed to visit the memorial hall for 2 h a day and
the indoor fractionwas set to 0.083. Additionally, the exposure time
was set the input value after 13 years (2030), which is the expected
completion time of the decommissioning process.

For the building-related parameters, the same input values were
used as those in the containment building worker scenario. The
Kori Unit 1 containment building was set as a single room, and the
breathing rate and intake rate were analyzed probabilistically. It
was assumed that the Kori Unit 1 containment building concrete
wall is a source and that the visitors are located at the center of the
containment building. The height was set to 1m. Finally, in the case
of the shielding factor, there was no radiation protection gear.

The direct ingestion rate refers to the intake rate from
contaminated materials. The values of 0.052 g/h for the volume
source, 8.94 � 10�8 1/h for the ceiling and bottom in the area
source, and 7.97� 10�8 1/h for each side of the cuboid [12] were set.

3.3. On-site building worker scenario input value

The dose/risk library used in this study was ICRP 60. In this
scenario, the ceilings were not considered because their contami-
nation was assumed to be negligible. The indoor fraction is time
fraction that the average member of the critical group spent in the
building.
The Indoor fraction was 97.4 d yr�1 which based on the occu-

pancy scenario in NUREG/CR-5512, Vol. 3 [15]. The direct ingestion
rate is 0.88 � 10�6 1�h�1 that was 1.1 � 10�4 m2 h�1 divided by the
total contaminated area of 124.8 m2. For RESRAD, the distributions
of parameters are as follows: Loguniform, Triangular, Normal,
Truncated normal, Uniform, Lognormal-n, etc. In the case of the
triangular distribution only, the most conservative value was
derived using most likely values among the mean, media, or most
likely value. The RESRAD code has been proved through experi-
ments and contents are shown in NUREG/CR-6755. Therefore, the
area of Source 1 is the most likely value of the triangular distri-
bution, section A.1.3 Room area of NUREG/CR-6755. The area of
source 2, 3, 4, 5 is calculated by multiplying the square root of 36
which is the most likely value of the triangular distribution,
NUREG/CR-6755 section A.1.3 Room Area and 3.7 that is a most
likely value of triangular distribution, NUREG/CR-6755 section A.1.4
Room Height. The source 1 is floor area and the source 2, 3, 4, 5 are
sidewall of Kori unit 1 on-site structure. A.1.3 Room area is a section
of NUREG/CR-6755 and this section represents the floor area of a
room in the building. A.1.4 Room height is one section of NUREG/
CR-6755, this indicates that distance between the floor and the
ceiling of a room in the building [13].

With regard to the area and height of the room, the room size
was set to the median value of the distribution in the RESRAD-
BUILD code (based on NUREG/CR-5512, Vol. 1 [16]) and fixed at
an area of 64 m2 and height of 3 m. We assumed that the variation
of the structure was large; therefore, we input it as a distribution.

The radionuclides for calculating DCGL were selected from the
radionuclides detected both at the Zion NPP and Rancho Seco NPP,
which was selected as a reference NPP. The radionuclides detected
in Zion were 25 radionuclides, and radionuclides detected in
Rancho Seco were 26 radionuclides. The 23 radionuclides were
duplicated and 22Na, 147Pm, 242Pu, 243Am, and 243Cm are detected in
Zion or Rancho Seco. Figs. 6, 7 are added to explain the technical
background of the radionuclide list in the Rancho Seco and Zion
nuclear power plant. The list of radionuclides was selected based on
the several technical documents and radionuclides detected in the
characterization surveys [17,18]. It is difficult to obtain the accurate
radionuclides data because the radionuclides data of Kori Unit 1 can



Fig. 6. The Radionuclides selection process of the Rancho Seco.
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Fig. 7. The radionuclides selection process of Zion NPP.
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Table 5
DCGLs in Containment building worker scenario (dpm/100 cm2).

Radionuclide Release Criteria Radionuclide Release Criteria

0.1 mSv/yr 0.1 mSv/yr

3H 1.70 � 108 137Cs 2.18 � 103
14C 8.13 � 105 152Eu 1.49 � 103
55Fe 7.84 � 107 154Eu 1.87 � 103
59Ni 8.06 � 106 155Eu 6.77 � 106
60Co 1.65 � 103 237Np 3.67 � 102
63Ni 3.22 � 106 238Pu 5.79 � 102
90Sr 1.45 � 104 239Pu 4.70 � 102
94Nb 5.55 � 102 240Pu 4.73 � 102
99Tc 1.16 � 106 241Pu 1.80 � 104
108mAg 6.72 � 102 241Am 4.67 � 102
125Sb 7.27 � 104 244Cm 1.35 � 103
134Cs 4.62 � 104

Table 6
DCGLs results of containment building worker sce-
nario of Rancho Seco and Kori Unit 1 (dpm/100 cm2).

Radionuclides/
Release Criteria

Rancho Seco
Containment
building

Kori Unit 1
Containment
building worker

0.25 mSv/yr 0.1 mSv/yr

3H 1.21 � 109 1.70 � 108
14C 2.03 � 108 8.13 � 105
55Fe 6.25 � 108 7.84 � 107
59Ni 1.41 � 109 8.06 � 106
60Co 4.02 � 104 1.65 � 103
63Ni 5.42 � 108 3.22 � 106
90Sr 2.01 � 106 1.45 � 104
94Nb 6.60 � 104 5.55 � 102
99Tc 2.39 � 108 1.16 � 106
108mAg 6.51 � 104 6.72 � 102
125Sb 2.63 � 105 7.27 � 104
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be obtained through the decommissioning process of Kori Unit 1
ongoing now. Therefore, in order to select the radionuclides most
likely to be detected in Kori Unit 1, radionuclides detected in 2
references PWRs were used.

Table 4 shows the radionuclides used in this study.

4. Sensitivity analysis result by scenario

Sensitivity analysis was performed by inputting the determin-
istic and probabilistic parameters for each scenario and sampling
with a random seed of 1,000, 300 observations, and one repetition.
As a result of the probabilistic analysis, the parameters that abso-
lute value of the PRCC is greater than 0.1 are identified as sensitive
parameters. Among the sensitive parameters, enter a 75 percentile
value as an assigned value for a parameter with a PRCC value
greater than 0.1, and a 25 percentile value as an assigned value for a
parameter with a PRCC value less than �0.1. Therefore, the value of
75 percentile or 25 percentile (assigned value) is entered instead of
the parameter distribution for the sensitive parameters among the
probabilistic parameters (see Fig. 3). The technical background of
this is shown in the Rancho Seco technical document [18].

4.1. Sensitivity analysis and DCF in containment building worker
scenario

Sensitivity analysis was carried out for year 13 (2030). For tritium,
the sensitivity analysis was performed for additional parameters. The
PRCC value of water fraction available for evaporation 1, 2, 3, 4, 5, 6
and air release fraction 5 was less than �0.1. The values of the water
fraction available for evaporation, namely, 1, 2, 3, 4, 5 and 6, were
0.675975, 0.676588, 0.676499, 0.675936, 0.675821, and 0.676586,
respectively. The value of air release fraction 5 was 0.164414. After
carrying out a sensitivity analysis on each radionuclides parameters,
the DCF was calculated and the unit was mSv/yr per pCi/g.

4.2. DCGL calculation in the containment building worker scenario

The workers performing decommissioning and renovationwork
in the Kori Unit 1 containment building were considered as
containment building workers according to the South Korean nu-
clear safety legislation. In this study, the estimated effective dose
limits for workers were conservatively set to 0.1 mSv/yr [19].

The worker scenario was calculated by the volume source. The
reinforced concrete density used in the containment building was
calculated as 2.4 g/cm3, and the source thickness was 15 cm. The
DCF (mSv/yr per pCi/g) was converted into DCGL (unit: dpm/
100 cm2) as expressed below. Here, the DCGL value was calculated
by assigning the desired dose value of 0.1 mSv/yr [19].

1
DCF

� pCi=g
mSv

� 0:1mSv

,
yr � 3:7� 10�2dps

pCi
� 60s

m
� 2:4g

cm3

� 1500cm3

100cm2 ¼ DCGL (1)
Table 4
Radionuclides detected in Rancho Seco and Zion NPP [17,18].

Radionuclide

3H 90Sr 137Cs 239Pu
14C 94Nb 152Eu 240Pu
55Fe 99Tc 154Eu 241Pu
59Ni 108mAg 155Eu 241Am
60Co 125Sb 237Np 244Cm
63Ni 134Cs 238Pu
Table 5 shows the result of calculating the DCGL in the time-
based containment building worker scenario with the unit of
dpm/100 cm2.

In Table 6, the DCGL results of Rancho Seco and Kori Unit 1
containment building worker scenario are compared.

The DCGL of the Rancho Seco NPP was, on average, higher than
that of the Kori Unit 1.

We analyzed the difference of DCGL between Racho Seco and
Kori Unit 1. The source area of the Rancho Secowas 7980m2 (X, Y, Z:
39.6m� 39.6m x 44.2m) and that of the Kori Unit 1was 8999.6m2

(31.44 m � 31.44 m x 55.83 m). Therefore, the Kori Unit 1 source
area was 1.13 times larger than that of Rancho Seco. In the case of
receptor location, the Rancho Seco NPP was assumed to be at the
center (19.8, 19.8, 1) while the Kori unit 1 was assumed to be 1 m
(15.72, 1, 1) from the wall.

In this study, to conservatively calculate the DCGL in the Kori
Unit 1 containment building worker scenario, the location of the
Kori Unit 1 receptor was calculated at 1 m from the containment
building. Also, the site release criteria of South Korea is lower than
Rancho Seco. Therefore, the results dose obtained in the case of the
134Cs 6.70 � 104 4.62 � 104
137Cs 1.82 � 105 2.18 � 103
152Eu 9.19 � 104 1.49 � 103
154Eu 8.45 � 104 1.87 � 103
155Eu 4.38 � 106 6.77 � 106
237Np 1.71 � 104 3.67 � 102
238Pu 2.43 � 104 5.79 � 102
239Pu 2.22 � 104 4.70 � 102
240Pu 2.22 � 104 4.73 � 102
241Pu 1.15 � 106 1.80 � 104
241Am 2.14 � 104 4.67 � 102
244Cm 3.84 � 104 1.35 � 103
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Kori Unit 1 were more conservative.

DCGLs results comparison of Rancho Seco and Kori Unit 1 containment building
visitor (dpm/100 cm2).

Radionuclides/Release
Criteria

Rancho Seco
Containment
building

Kori Unit 1
Containment building
visitor

0.25 mSv/yr 0.1 mSv/yr

3H 1.21 � 109 4.01 � 109
14C 2.03 � 108 1.41 � 108
55Fe 6.25 � 108 6.96 � 109
59Ni 1.41 � 109 1.29 � 109
60Co 4.02 � 104 2.24 � 107
63Ni 5.42 � 108 5.95 � 108
90Sr 2.01 � 106 3.61 � 106
94Nb 6.60 � 104 6.34 � 106
99Tc 2.39 � 108 1.27 � 108
4.3. Sensitivity analysis according to visitor scenario and DCF

With regard to input parameters, the parameters was entered
based on known parameters such as the RESRAD-BUILD Manual,
Rancho Seco LTP, and Kori Unit 1 containment building factor. A
probabilistic analysis was performed on parameters. The random
seed (1,000), observations (300), and repetitions (1) were set up by
reference to the Rancho Seco LTP, in the same way as those in the
containment building worker scenario [10]. The sensitivity analysis
was conducted for selected radionuclides after and year 13 (2030).
After the sensitivity analysis, the DCF was calculated and the unit
was mSv/yr per pCi/m2.
108mAg 6.51 � 104 6.27 � 106
125Sb 2.63 � 105 4.92 � 108
134Cs 6.70 � 104 2.16 � 108
137Cs 1.82 � 105 6.47 � 106
152Eu 9.19 � 104 1.67 � 107
154Eu 8.45 � 104 2.11 � 107
155Eu 4.38 � 106 5.71 � 108
237Np 1.71 � 104 6.65 � 105
238Pu 2.43 � 104 3.59 � 105
239Pu 2.22 � 104 2.98 � 105
240Pu 2.22 � 104 2.98 � 105
241Pu 1.15 � 106 1.32 � 107
241Am 2.14 � 104 3.79 � 105
244Cm 3.84 � 104 1.02 � 106
4.4. Calculation of DCGL in visitor scenario

The visitor exposure dose in the Kori Unit 1 containment
building visitor scenario was limited to 0.1 mSv/yr, in accordance
with South Korean nuclear safety legislation. In this study, the DCGL
in the visitor scenario was calculated by setting 0.1 mSv/yr after
year 13. The DCF (unit: mSv/yr per pCi/m2) of the visitor scenario
was converted to DCGL (unit: dpm/100 cm2) in the following for-
mula [20].

1
DCF

� pCi
�
m2

mSv
� 0:1mSv

,
yr � 3:7� 10�2dps

pCi
� 60s

m
� 1m2

100cm2

¼ DCGL

(2)

The DCGL at 0.1 mSv/yr after year 13 was as follows. Table 7
shows the DCGL calculation result as a visitor scenario with the
unit of dpm/100 cm2.

In the case of domestic NPPs, the surface contamination level in
the containment building remained within acceptable surface
pollution levels and maintained a maximum 2.7 Bq/cm2 and an
average of 0.3 Bq/cm2 based on radionuclides except the alpha
emitter. Therefore, even if people visited the containment building
for 8 h every day over the course of one year, it can be expected that
there will be almost no exposure, as it will be less than 0.1 mSv/yr.
The above calculation result is an averaged result of the contain-
ment building surface contamination levels.

Table 8 shows the DCGL result of Rancho Seco Containment
building and Kori Unit 1 visitor scenario. The Rancho Seco NPP has a
containment building worker scenario but no containment build-
ing visitor scenario. But, both NPP has a common feature that the
DCGL of the containment building. Therefore, the Rancho Seco
Table 7
DCGLs in visitor scenario (dpm/100 cm2).

Radionuclide Release Criteria Radionuclide Release Criteria

0.1 mSv/yr 0.1 mSv/yr

3H 4.01 � 109 137Cs 6.47 � 106
14C 1.41 � 108 152Eu 1.67 � 107
55Fe 6.96 � 109 154Eu 2.11 � 107
59Ni 1.29 � 109 155Eu 5.71 � 108
60Co 2.24 � 107 237Np 6.65 � 105
63Ni 5.95 � 108 238Pu 3.59 � 105
90Sr 3.61 � 106 239Pu 2.98 � 105
94Nb 6.34 � 106 240Pu 2.98 � 105
99Tc 1.27 � 108 241Pu 1.32 � 107
108mAg 6.27 � 106 241Am 3.79 � 105
125Sb 4.92 � 108 244Cm 1.02 � 106
134Cs 2.16 � 108
containment building and the Kori Unit 1 visitor scenario DCGL
were compared.
4.5. Sensitivity analysis in the scenario of the worker in buildings
other than containment building

There are various building except containment building on the
site of the nuclear power plant, we developed the scenario in
addition to the scenario discussed above.

The sensitivity parameter value was derived based on the
maximum value of PRCC among the radionuclides.
4.6. DCF and DCGL derivation in the scenario of the worker in
buildings other than the containment building

To derive the DCGL, it was assumed that there was a large
variation in the size of the indoor structure that will be left on the
Kori Unit 1 site. Additionally, the assigned value of the room height
and room area were selected and calculated conservatively. With
regard to the deposition rate, receptor breathing rate, and source
life, the value was assigned in order to provide consistency during
the calculation process.

In the “Re-evaluation of the Indoor Resuspension Factor for the
Building Occupancy Scenario for NRC's License Termination Rule”
(NUREG-1720 [21]), the default value of the resuspension rate in
RESRAD-BUILD was used to build an occupancy scenario. In
particular, as the baseline concentration and surface radiation
screening limits derived for the alpha emitters were either back-
ground levels or very conservative values below their detection
limits, additional literature data were analyzed and actual site data
were collected for both facilities undergoing decommissioning. The
floating rate data were calculated and the resulting values were
found to be realistic.

In the case of the resuspension rate, NUREG-1720 conducted
research on the resuspension factor using DandD code and found
that dose is dominated by inhalation of a single radionuclides. Also



Table 9
Structural surface DCGLs based on 0.1 mSv/yr dose criteria for Kori Unit 1 (dpm/
100 cm2).

Radionuclide Release Criteria Radionuclide Release Criteria

0.1 mSv/yr 0.1 mSv/yr

3H 1.33 � 108 137Cs 2.26 � 104
14C 3.64 � 106 152Eu 1.31 � 104
55Fe 1.39 � 107 154Eu 1.20 � 104
59Ni 3.18 � 107 155Eu 2.28 � 105
60Co 6.17 � 103 237Np 1.17 � 103
63Ni 1.32 � 107 238Pu 1.67 � 103
90Sr 3.72 � 104 239Pu 1.49 � 103
94Nb 9.52 � 103 240Pu 1.49 � 103
99Tc 5.32 � 106 241Pu 8.06 � 104
108mAg 9.09 � 103 241Am 1.46 � 103
125Sb 3.34 � 104 244Cm 2.41 � 103
134Cs 9.00 � 103
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according to NUREG-1720, to derive the conservative dose without
site-specific parameter, a value of 9.6 � 10�7 m�1 was recom-
mended as a resuspension factor [21]. The NUREG/CR-6755
developed Eq. (3) and have suggested use of this formula to
derive the resuspension rate [13]. Therefore, the resuspension rate
of this article, 1.33 � 10�9s�1 was derived.

lr ¼Rf ðvdep þ la �HÞ (3)

As a RESRAD-BUILD parameter, in Equation (3), lr represents the
resuspension rate, vdep represents the deposition rate, la represents
the ventilation rate, H represents the room height, and Rf repre-
sents the resuspension factor.

Additionally, the default value of the 0.1 removable fraction was
entered. This value represents 10% of the removable contamination
recommended and specified in NUREG/CR-5512 [15]. Moreover, the
direct ingestion rate was 3.43 � 10�7 m2 h�1, which is the basic
ingestion rate (1.1 � 10�4 m2 h�1) divided by the total contami-
nation area of 321 m2.

For parameters not identified as sensitive parameters, the
probabilistic parameter distribution was input and the probability
dose (statistics for dose) was derived from the calculation of the
Table 10
Comparison of structural surface DCGLs (dpm/100 cm2).

Radionuclides/Release Criteria Rancho Seco structural surface Co

0.25 mSv/yr 0.2

3H 3.15 � 108 3.1
14C 8.56 � 106 1.0
55Fe 3.42 � 107 3.4
59Ni 7.99 � 107 N/
60Co 1.52 � 104 1.1
63Ni 3.05 � 107 3.6
90Sr 1.21 � 105 1.2
94Nb 2.29 � 104 1.7
99Tc 1.17 � 107 1.4
108mAg 2.21 � 104 1.6
125Sb 7.99 � 104 N/
134Cs 2.19 � 104 1.6
137Cs 5.56 � 104 4.3
152Eu 3.18 � 104 2.3
154Eu 2.97 � 104 2.1
155Eu 5.23 � 105 4.3
237Np 2.38 � 103 N/
238Pu 3.42 � 103 4.8
239Pu 3.05 � 103 4.4
240Pu 3.05 � 103 N/
241Pu 1.82 � 105 2.2
241Am 2.99 � 103 4.2
244Cm 6.02 � 103 N/
RESRAD-BUILD probabilistic analysis in order to obtain DCGL. Sta-
tistics for dose for Time 1 was the selected dose conversion factor,
i.e., DCF (mSv$yr�1 per dpm$100 cm�2).

A single radionuclide DCGL on the surface of the building was
calculated by dividing the regulated dose limit by the DCF value
into units of dpm$100 cm�2, as expressed by Equation (4) [20].

DCGL ¼ Regulatory dose limit/DCF (4)

The regulated dose limit was in accordance to the 10 CFR Part 20
and Subpart E. For the Kori Unit 1, the height and area values of the
buildings to be left on site assumed that value with variable dis-
tributionwas selected. However, if a site-specific value was entered
then, a more realistic DCGL value would have been derived. Finally,
the DCGL values are listed in Table 9 and are based on the South
Korea site release standard of 0.1 mSv$yr�1

In Table 10, structural surface DCGLs of NPPs are compared.

5. Conclusion

In this study, DCGL is derived through the probabilistic analysis
of the RESRAD-BUILD code. Deterministic and probabilistic pa-
rameters that reflect the characteristics of Kori Unit 1 are applied
then sensitivity analysis is performed for 3 scenarios. Through this
process, we derived the Kori Unit 1 preliminary DCGL.

The Kori NPP played an important role in the energy infra-
structure of South Korea and has become the foundation for South
Korea's growth as a powerful nuclear nation in theworld. If the Kori
Unit 1 site is reused as a memorial hall, it is expected that it will
contribute considerably to the promotion of public relations and to
the public understanding of NPPs.

By using RESRAD-BUILD, we derived the DCGL of the Kori Unit 1
under a containment building worker scenario, containment
building visitor scenario, and other structures worker scenario of
the worker.

In the case of the containment building worker scenario, DCGL
results are lower than that of Rancho Seco nuclear power plant
which is the reference power plant. The reason is the different
parameters values such as source area and the location of the
nnecticut Yankee Yankee
Rowe

Kori Unit 1 structural surface

5 mSv/yr 0.25 mSv/yr 0.1 mSv/yr

5 � 108 3.40 � 108 1.33 � 108

3 � 107 1.00 � 107 3.64 � 106

9 � 107 4.00 � 107 1.39 � 107

S N/S 3.18 � 107

1 � 104 1.80 � 104 6.17 � 103

0 � 107 3.70 � 107 1.32 � 107

7 � 105 1.40 � 105 3.72 � 104

1 � 104 2.60 � 104 9.52 � 103

5 � 107 1.40 � 107 5.32 � 106

5 � 104 2.50 � 104 9.09 � 103

S 1.00 � 105 3.34 � 104

5 � 104 2.90 � 104 9.00 � 103

0 � 104 6.30 � 104 2.26 � 104

4 � 104 3.70 � 104 1.31 � 104

9 � 104 3.40 � 104 1.20 � 104

7 � 105 6.50 � 105 2.28 � 105

S N/S 1.17 � 103

7 � 103 5.70 � 103 1.67 � 103

4 � 103 5.10 � 103 1.49 � 103

S N/S 1.49 � 103

9 � 105 2.50 � 105 8.06 � 104

7 � 103 5.00 � 103 1.46 � 103

S N/S 2.41 � 103
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receptor. According to the results, it is expected to satisfy South
Korea's release criteria of 0.1 mSv/yr through the decontamination
process.

In particular, the visitor scenario estimates that receptors are
expected to be exposed much lower than 0.1 mSv/yr, under the
assumption of the public visiting the containment building of Kori
Unit 1 for 2 h per day.

In the case of building surface DCGL, there is a difference when
compared with other nuclear power plants. This is due to the
different site release criteria. According to the results, it can be
clearly seen that the DCGL decreases as the site release criteria
decrease from 0.25 mSv/yr to 0.1 mSv/yr. In order to derive site-
specific values for Kori Unit 1, DCGL should be updated and as
many site-specific parameters as possible should be applied.

This would reduce the time and cost required by the decom-
missioning work as long as some high doses within the contain-
ment building could be managed during decommissioning.
Additionally, we were able to confirm the change of DCGL through
changing the input parameters and by applying the various sce-
narios. The DCGL derived from this study is a preliminary DCGL,
therefore it can updates if changes in the content of the radionu-
clides and parameters occur.

The results of this study are expected to help and improve the
public understanding of NPP decommissioning and promote their
acceptance by the public. Additionally, they are expected to be
useful as a reference for the future preparation and execution of
NPP decommissioning.
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