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a b s t r a c t

After the Fukushima Daiichi nuclear power plant (NPP) accident, level 3 probabilistic safety assessment
(PSA) has emerged as an important task in order to assess the risk level of the multi-unit NPPs in a single
nuclear site. Accurate calculation of the radionuclide concentrations and exposure doses to the public is
required if a nuclear site has multi-unit NPPs and large number of people live near NPPs. So, there has
been a great need to develop a new method or procedure for the fast and accurate offsite consequence
calculation for the multi-unit NPP accident analysis.

Since the multi-unit level 3 PSA is being currently performed assuming that all the NPPs are located at
the same position such as a center of mass (COM) or base NPP position, radionuclide concentrations or
exposure doses near NPPs can be drastically distorted depending on the locations, multi-unit NPP
alignment, and the wind direction. In order to overcome this disadvantage of the COM method, the idea
of a new multiple location (ML) method was proposed and implemented into a new tool MURCC (multi-
unit radiological consequence calculator). Furthermore, the MURCC code was further improved for the
multi-unit level 3 PSA that has the arbitrary number of multi-unit NPPs.

The objectives of this study are to (1) qualitatively and quantitatively compare COM and ML methods,
and (2) demonstrate the strength and efficiency of the ML method. The strength of the ML method was
demonstrated by the applications to the multi-unit long-term station blackout (LTSBO) accidents at the
four-unit Vogtle NPPs. Thus, it is strongly recommended that this ML method be employed for the offsite
consequence analysis of the multi-unit NPP accidents.
© 2020 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

1.1. Background

Probabilistic Safety Assessment (PSA) quantifies the risk level of
nuclear power plants (NPPs). PSA is classified into three levels. Level
1 PSA mainly assesses core damage frequency of NPPs, level 2 PSA
assesses the frequency and amount of radioactive materials release
from the containment, and level 3 PSA assesses the offsite conse-
quences by the radioactive materials released from NPPs to the
environment. Level 3 PSA (offsite consequence analysis) consists of
the atmospheric behavior, dispersion of radioactive materials,
deposition during radionuclide transport, mitigating measures over
time, and offsite health and economic consequences according to
various exposure pathways. Level 3 PSA is necessary for evaluating
).

by Elsevier Korea LLC. This is an
mitigating measures and optimizing offsite emergency plans.
Before the Fukushima Daiichi accident, level 3 PSA had been

performed only for the analysis of a single-unit NPP accident. After
this accident, multi-unit level 3 PSA has been an important task to
assess the risk level of offsite consequences caused by multi-unit
NPP accidents.

There have been many studies for the multi-unit level 3 PSA. An
early study suggested the necessity of the multi-unit NPP accident
risk analysis, the severe accident management at the multi-unit NPP
site, and the emergency evacuation plan [1]. Some initial studies
discussed inter-unit interactions and dependencies among NPPs that
aggravate multi-unit NPP accidents [2e5]. These studies discussed
that the dependency level among NPPs is determined by several
factors such as shared connections, common cause initiators (CCIs),
common cause failures (CCFs), design proximity dependencies, hu-
man dependencies, and organizational dependencies among NPPs.
These studies emphasized that modeling and analyzing all these
factors are essential tasks for multi-unit NPP accident analysis.
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1.2. Need of new method development

1.2.1. Distortion of radionuclide concentrations
Current practices for the multi-unit level 3 PSA assume that all

the multi-unit NPPs are located at the same position such as a
center of mass (COM) or base NPP position, and all the radionu-
clides are dispersed from this single position. Consequently, the
calculated offsite consequences can be distorted depending on the
specific locations. This assumption has been inevitable since the
current offsite risk analysis tools such as MACCS2 [6,7], WinMACCS
[8,9], and RASCAL [10] have no capability to calculate offsite con-
sequences from multiple NPP locations without assuming that all
the multi-unit NPPs are located at the same position such as a
center of mass or base NPP position.

In order to overcome this distortion, one study [11] combines all
the radionuclide concentrations from individual NPPs into the base
unit coordinate system by using the linear interpolation method.
The overall concept is depicted in Fig.1. The notations C0, C1, and C2
denote both locations and radionuclide concentrations released
from the additional unit. C0 is calculated by the following pro-
cedure [11]. Radionuclide concentration C0 is interpolated by C1
and C2. Then, C0 is added to the radionuclide concentration of the
base unit. Here, the linear interpolation of C1 and C2 is weighted by
the wind appearance frequencies (additional unit to C1 and C2) and
angles (Q1 or Q2). However, the calculated radionuclide concen-
trations may be inaccurate because this procedure only considers
the wind direction and frequency, and does not take into account
the wind speed, atmospheric stability, and various factors affecting
atmospheric dispersion. A recent study [12] that is based on the
linear interpolation of exposure doses was performed so that all the
exposure doses from individual NPPs are assembled into an arbi-
trary location in the global coordinate system.

The recent MACCS 3.10 [9] can separately perform the calcula-
tions with multiple source terms that are released at the different
time, and merge their calculation results. RASCAL 4.3.1 [10] can
Fig. 1. Radionuclide concentration combining method [11].
perform the dose calculation by merging atmospheric source terms
at the selected NPP location, where the source terms are released
frommultiple NPPs. These two computation codes assume that the
releases occur at the same locations.

1.2.2. Large number of calculations
This COM method procedure is to prepare a large number of

multi-unit source term categories (STCs) that are combinations of
all the single-unit STCs, and calculate offsite consequences many
times with an assumption that all the NPPs are located at the same
position. This COM method requires complex modeling of a num-
ber of combinations of individual single-unit STCs as shown in
Table 1. There was a study to use a look-up table to cover all the
combinations for the calculation integrity [13].

1.3. Objectives and paper structure

Accurate calculation of the nuclide concentrations and exposure
doses to the public is required when a nuclear site has multi-unit
NPPs and large number of people live near NPPs. So, there has
been a great need to develop a new multi-unit level 3 PSA method
for the fast and accurate offsite consequence calculation for the
multi-unit NPP accident analysis.

In order to overcome the two disadvantages of the COMmethod
in Section 1.2, the idea of a newmultiple location (ML) method was
proposed by the same authors of this paper [14] and implemented
into a new tool MURCC (multi-unit radiological consequence
calculator) in this study. Furthermore, the MURCC code was further
improved for the multi-unit level 3 PSA that has the arbitrary
number of multi-unit NPPs. This ML method procedure in the
MURCC code is to (1) calculate radionuclide concentrations that are
dispersed by the individual NPP accidents using MACCS2 or Win-
MACCS, (2) combine radionuclide concentrations using two-
dimensional Gaussian plume equation in the global Cartesian co-
ordinate system, and (3) calculate exposure doses to the population
by using combined radionuclide concentrations. Furthermore, this
ML method does not require complex combinations of all the NPP
STCs as shown in Table 1. So, the calculation number for the multi-
unit level 3 PSA can be minimized by using the ML method. How-
ever, if emergency responses are required in the radiological
consequence analysis, further process considering projected dose
should be included in the MURCC code as a further development.
Alternatively, it will be useful if MACCS2 or WinMACCS has a
capability to take MURCC calculation results of combined radio-
nuclide concentrations, and perform radiological consequence
analysis considering the emergency response.

In this study, the ML method was applied to the multi-unit
LTSBO accidents at Vogtle and San Onofre NPPs. The objectives of
this study are to (1) compare COM and ML methods qualitatively
and quantitatively, and (2) demonstrate the strength and efficiency
of the MURCC code.

This paper has the following sections for (1) ML method pro-
cedure that is a combining method of two-dimensional
Table 1
Comparison of COM and ML methods.

Method Number of source term categories for N multi-unit
NPPs

Nonidentical NPPs Identical NPPs

COM QN
i¼1 Si (a) SN

ML PN
i¼1

Si
S

(a) Si is the number of source term categories at the i'th NPP.
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radionuclide concentrations using two-dimensional Gaussian
plume equation in Section 2, (2) application to the Vogtle NPPs in
Section 3.1, and (3) application to the San Onofre NPPs in Section
3.2.
Fig. 3. MURCC procedure for Step 2.
2. Multiple location (ML) method for MURCC code

The procedure of the new ML method by using actual NPP lo-
cations is depicted in Figs. 2e4. Radionuclide concentrations form
all the NPPs are combined using two-dimensional Gaussian plume
equation. Then, exposure doses are calculated from the combined
radionuclide concentrations in the global Cartesian coordinate
system.

Figs. 3 and 4 show the combining method of radionuclide con-
centrations released by multi-unit NPP accidents. In the local NPP
coordinate system, the x-axis represents the centerline of the
plume that is a wind direction. xi indicates the distance from the
origin (NPP) to the location along the wind direction. Here, radio-
nuclides are dispersed along the plume centerline that is a wind
direction. Yi indicates perpendicular offset distance from the plume
centerline to the location where radionuclide concentration is
calculated.

(Step 2.1) C(x) indicates the radionuclide concentration at the
point x that is away from the release point (NPP). sy(x) indicates the
horizontal dispersion coefficient. C(x) and sy(x) can be calculated by
the linear combination of two radionuclide concentrations and
dispersion coefficients at two adjacent discrete points which are
Fig. 2. Global MUR
MACCS2 (or WinMACCS) outputs on the plume centerline. Actually,
the concentration decreases exponentially especially for distances
close to the release point. The disadvantage of this linear combi-
nation can be mitigated by setting a large number of radial rings
near the release point.

(Step 2.2) Radionuclide concentrations C (x,y) at the arbitrary
CC procedure.



Fig. 4. MURCC example for Step 2.
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points outside plume centerline can be reconstructed by using two-
dimensional Gaussian plume equation. MACCS2 calculates the
radionuclide concentration in the air using two-dimensional
Gaussian plume equation in Eq. (3) on the three-dimensional co-
ordinate system [6e9].
Cðx; y; zÞ ¼ Q
2psyszu

exp

 
� y2

2s2y

!(
exp

 
� ðz� HÞ2

2s2z

!
þ exp

 
� ðzþ HÞ2

2s2z

!)

C ¼ time� intergrated radionuclide concentration
�
Bq� s

.
m3
�

Q ¼ amount of radionuclide materials released ðBqÞ
H ¼ release height ðmÞ
sy ¼ horizontal dispersion coefficient ðmÞ
sz ¼ vertical dispersion coefficient ðmÞ
u ¼ average wind speed ðm=sÞ

(3)
MACCS2 prints out the air concentrations C(x) at the discrete
points along the plume centerline that is a wind direction. These
discrete radionuclide concentrations at the ground level (z ¼ 0)
along the plume centerline (y¼ 0) arewritten to the output file. The
radionuclide concentrations of the plume centerline at the ground
level is shown in Eq. (4).

CðxÞ¼ Q
psyszu

exp

 
� H2

2s2z

!
(4)

Radionuclide concentrations C (x,y) at the arbitrary points
outside plume centerline can be reconstructed by using two-
dimensional Gaussian plume equation in Eq. (5).

Cðx; yÞ¼ Q
psyszu

exp

 
� y2

2s2y

!
exp

 
� H2

2s2z

!
(5)
MACCS2 prints out ground concentration (Bq/m2) along the
plume centerline of the wind direction. Ground concentrations are
deposited by the gravity (dry deposition), rain, and snow (wet
deposition). The amount of dry deposition depends on the physi-
cochemical properties of each radionuclide. The amount of dry
deposition is calculated by multiplying the air concentration by the
deposition velocity (m/s). The amount of wet deposition is affected
by the rain intensity and rain duration.

(Step 2.3) The method for combining radionuclide concentra-
tion that are calculated in Step 2.2 is in Eq. (6). Here, N is the
number of NPPs. Locations xi, yi and X, Y denote identical position
in the local and global coordinate systems, respectively. C (xi, yi)
represents radionuclide concentration released from the ith NPP. C
(X, Y) is the radionuclide concentration released from all the NPPs
in the global Cartesian coordinate system. Its simple example is
depicted in Fig. 4.

CðX; YÞ ¼
XN

i¼1
Cðxi; yiÞ (6)

(Step 3) International Commission on Radiological Protection
(ICRP) proposed a system of radiation protection with its three
principles of justification, optimization and individual dose limi-
tation in the publication 26 (ICRP-26). In the next publication 60
(ICRP-60), ICRP revised its recommendations and extended its
philosophy to a system of radiological protectionwhile keeping the
fundamental principles of protection. The MURCC code calculates
exposure doses by Eqs. (7)e(9) where dose coefficients are from
ICRP-60. The main purpose of this study is the calculation of
radionuclide concentrations in multi-unit NPP accident, and the
additional purpose is the calculation of exposure doses. In the
future studies, various factors should be considered for the accurate
calculation of exposure doses.

DAðx; yÞ+ ¼
XNc

i¼1
A+
i �Ciðx; yÞair (7)

DGðx; yÞ+ ¼
XNc

i¼1
G+
i � Ciðx; yÞground (8)

DIðx; yÞ+ ¼
XNc

i¼1
I+i �Ciðx; yÞair � R (9)

where



Table 2
Applications of ML method.

NPPs Source term Similarity Wind direction

Four-unit Vogtle NPPs LTSBO accident Inland NPPs South Vertical to NPP alignment (a)
East Parallel to NPP alignment (b)

Two-unit San Onofre NPPs LTSBO accident Coastal NPPs South Diagonal to NPP alignment (c)

(a) Section 3.1.2.
(b) Section 3.1.3.
(c) Section 3.2.

Fig. 5. Satellite image of Vogtle nuclear power plant.

Fig. 6. Site layout of Vogtle nuclear power plant.

Table 3
NPP locations for Vogtle NPPs.

Location Xi(m) Yi(m) Pi(MWt)

U1 750 150 3626
U2 850 150 3626
U3 0 0 3415
U4 250 0 3415
Center of Mass 473 (a) 77 (b) N/A

ðaÞ XCOM ¼
X4

i¼1

PiXi=
X4

i¼1

Pi

ðbÞ YCOM ¼
X4

i¼1

PiYi=
X4

i¼1

Pi

i ¼ Radionuclide
o ¼ Human organ
Nc ¼ Number of radionuclide
DAðx; yÞ+ ¼ External exposure dose to the human organ from cloudshine ðSvÞ
DGðx; yÞ+ ¼ External exposure dose to the human organ from groundshine ðSvÞ
DIðx; yÞ+ ¼ Internal acute exposure dose to the human organ by inhalation ðSvÞ
A+
i ¼ Dose coefficient for human organ by radionuclide i

�
Sv$m3

.
Bq$sec

�
G+
i ¼ Dose coefficient for human organ by radionuclide i

�
Sv$m2

.
Bq
�

I+i ¼ Dose coefficient for human organ by radionuclide i ðSv=BqÞ
Ciðx; yÞair ¼ Time� integrated air concentration at the ground level

�
Bq$sec

.
m3
�

Ciðx; yÞground ¼ Ground concentration at the ground level
�
Bq
.
m2
�

R ¼ Average amount of respiration
�
m3
.
sec
�
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3. Applications of MURCC code

As listed in Table 2, two typical multi-unit NPPs were chosen for
the application of the ML method. Sections 3.1 and 3.2 have these
ML method applications to four-unit Vogtle NPPs and two-unit San
Onofre NPPs, respectively.

Source terms by the LTSBO accident at each NPP are calculated
by RASCAL, and they are supplied to WinMACCS. Radionuclide
concentrations for the individual NPPs are calculated under the
constant weather conditions by WinMACCS, and multi-unit radio-
nuclide concentrations are combined by the MURCC code.

3.1. Application to Vogtle NPPs

3.1.1. Calculation input
Fig. 5 has four Vogtle NPPs. Four yellow circles represent four



Fig. 7. Normalized Cs-137 air concentration under south wind (COM method).

Fig. 8. Normalized Cs-137 air concentration under south wind (ML method).

Table 5
Simultaneous LTSBO accidents at Vogtle NPPs.

Event of LTSBO(SOARCA) Information

Reactor shutdown 2019/11/14 00:00
Core uncovered 2019/11/14 00:00
Core recovered No
Leak rate (%/day) 100
Release path Containment leakage
Release height (m) 10
Containment spray (on/off) Off

Table 4
Constant weather data for Vogtle NPPs.

Wind direction South to north (a) East to west (b)
Wind speed (m/s) 4 4
Precipitation (mm/hr) 0 0
Mixing layer height (m) 1000 1000
Atmospheric stability D D

(a) Section 3.1.2.
(b) Section 3.1.3.
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NPPs in the site. The right two circles represent Vogtle 1 and 2, and
the left two circles represent Vogtle 3 and 4 that are currently
under construction. Fig. 6 and Table 3 have four NPP locations and
center of mass position. Table 4 has two constant weather condi-
tions. Table 5 has the LTSBO accidents that simultaneously occur at
Vogtle 1 to 4.

3.1.2. Calculation results for south wind
Figs. 7e10 show Cs-137 air concentrations that are calculated by

the COM and ML methods after the simultaneous LTSBO accidents
at the Vogtle NPPs when the wind blows from south to north.
Please note that another case for the wind from east to west is in
Section 3.1.3.

Figs. 7 and 9 have Cs-137 air concentrations calculated by the
COM method. Cs-137 concentration is overestimated near the
center of mass position. So, exposure doses in Eqs. (7)e(9) along the
Fig. 9. Normalized Cs-137 air concentration under south wind (COM method).

Fig. 10. Normalized Cs-137 air concentration under south wind (ML method).



Fig. 11. Normalized Cs-137 air concentration under east wind (COM method).

Fig. 12. Normalized Cs-137 air concentration under east wind (ML method).

Fig. 13. Normalized Cs-137 air concentration under east wind (COM method).

Fig. 14. Normalized Cs-137 air concentration under east wind (ML method).

Fig. 15. Satellite image of San Onofre NPPs.
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plume centerline can be overestimated, and exposure doses in the
other position can be underestimated. Thus, the exposure doses to
the population located right above the center of mass position and
along the plume centerline can be overestimated. On the other
hand, this overestimation results in the underestimated exposure
doses in the other positions, since the total amount of released
radionuclide materials or exposure doses is constant.

As shown in Figs. 7 and 8, the shape distortion of Cs-137 con-
centration by the COM method is very distinct. That is, this
distortion exists in the wide range when the wind blows perpen-
dicularly to the NPP location alignment.

Figs. 8 and 10 have Cs-137 air concentrations calculated by the
ML method. The shape and peak value of Cs-137 concentrations are
much more realistic and accurate than those by the COM method.
Accurate calculation of the nuclide concentrations and exposure



Fig. 16. Site layout of San Onofre NPPs.

Table 6
NPP locations for San Onofre NPPs.

Location xi(m) yi(m) Pi(Power)

U2 0 76 1.00
U3 100 0 1.00
Center of mass 50(a) 38(b) N/A

Table 7
Constant weather data for San Onofre NPPs.

Wind direction South
Wind speed (m/s) 4.0
Precipitation (mm/hr) 0
Mixing layer height (m) 1000
Atmospheric stability D

Table 8
LTSBO accident of San Onofre NPPs.

Event of LTSBO(SOARCA) Information

Reactor shutdown 2019/11/14 00:00
Core uncovered 2019/11/14 00:00
Core recovered No
Leak rate (%/day) 100
Release path Containment leakage
Release height (m) 10
Containment spray (on/off) Off

Fig. 17. Normalized Cs-137 air concentration under south wind (COM method).

Fig. 18. Normalized Cs-137 air concentration under south wind (ML method).
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doses is achievable by using the ML method if a nuclear site has
multi-unit NPPs and large number of people live near NPPs. This
goal can be accomplished by the ML method.

3.1.3. Calculation results for east wind
Figs. 11e14 have Cs-137 air concentrations that are calculated by

the COM and ML methods when the wind blows from east to west
under the LTSBO accident condition.

As shown in Figs. 11e14, the amount and shape of Cs-137 air
concentrations that are calculated by the COM andML methods are
remarkably different at the locations close to the center of mass
position. Cs-137 air concentrations calculated by the COM method
and exposure doses calculated by Eqs. (7)e(9) around the center of
mass position can be overestimated.

However, the amount and shape of Cs-137 air concentrations
have a globally similar shape except for the locations very close to
NPPs. That is, the COM method can be acceptable when the wind
blows to the direction of the NPP location alignment except for the
locations very close to the center of mass position.
3.2. Application to San Onofre NPPs

3.2.1. Calculation input
Fig. 15 has two NPPs in the site. Fig. 16 and Table 6 have two NPP

locations and center of mass position. Table 7 has constant weather
condition. Table 8 has the LTSBO accidents that simultaneously
occurs at two NPPs.
3.2.2. Calculation results for south wind
Figs.17e20 have Cs-137 air concentrations that are calculated by

the COM and ML methods when the wind blows from south to
north under the simultaneous LTSBO accident condition. Since two
NPPs are very close, Cs-137 air concentrations have very similar
shapes between the COM and ML methods except for the location



Fig. 19. Normalized Cs-137 air concentration under south wind (COM method).

Fig. 20. Normalized Cs-137 air concentration under south wind (ML method).
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that are very close to the NPPs. Thus, the use of COM method is
allowed when the multi-unit NPPs are closely located regardless of
the wind direction that is parallel, perpendicular, or diagonal to the
NPP alignment.

4. Conclusions and discussion

This study (1) proposes an efficient ML method, (2) explains the
MURCC code for calculating accurate offsite consequences caused
by the multi-unit NPP accidents, and (3) demonstrates its strength
by two applications.

This study showed that the radionuclide concentrations which
are calculated by the COMmethod can be drastically distorted near
multi-unit NPPs due to the assumption that all the NPPs are located
at the same position. It can lead to the overestimated exposure
doses to the population close to the center of mass position, and
underestimated exposure doses to the population away from the
center of mass position. The applications of the COM and ML
methods can be summarized as below.

1. Regardless of thewind direction that is parallel or perpendicular
to the NPP alignment, the COM method can be used only when
(1) the populations are located very far from the multi-unit
NPPs, (2) the NPPs are very closely located together, or (3) the
wind blows to the direction of the NPP location alignment.

2. Accurate calculation of the nuclide concentrations and exposure
doses to the public is required if a nuclear site has multi-unit
NPPs and large number of people live near NPPs. This goal can
be accomplished by using the ML method.

3. The ML method is recommended for two or more NPPs that are
not close together or not aligned in a nuclear site.

This ML method is much more accurate than the COM method
since it does not assume the identical locations of the multi-unit
NPPs. When the multi-unit level 3 PSA is performed with the ML
method, (1) radionuclide concentrations for all locations are accu-
rately calculated, (2) exposure doses to the populations are also
precisely calculated regardless of population locations, and (3)
these calculations can be very quickly performed. So, it is strongly
recommended that the ML method be employed for the multi-unit
level 3 PSA of the multi-unit NPPs.

Acknowledgments

This work was supported by the Korea Foundation Of Nuclear
Safety (KOFONS) grant funded by the Nuclear Safety and Security
Commission (NSSC), Republic of Korea (No. 1705001-0319-SB160),
and also supported by the National Research Foundation of Korea
(NRF) funded by the Ministry of Science and ICT, Republic of Korea
(No. 2017M2A8A4015289).

References

[1] Hakata, Seismic PSA method for multiple nuclear power plants in a site,
Reliab. Eng. Syst. Saf. 92 (2007) 883e894.

[2] M. Modarres, T. Zhou, M. Massoud, Advances in multi-unit nuclear power
plant probabilistic risk assessment, Reliab. Eng. Syst. Saf. 157 (2017) 87e100.

[3] S. Schroer, M. Modarres, An event classification schema for evaluating site risk
in a multi-unit nuclear power plant probabilistic risk assessment, Reliab. Eng.
Syst. Saf. 117 (2013) 40e51.

[4] T.D. Duy, D. Vasseur, E. Serdet, Probabilistic Safety Assessment of twin-unit
nuclear sites: methodological elements, Reliab. Eng. Syst. Saf. 145 (2016)
250e261.

[5] T. Zhou, M. Modarres, E.L. Droguett, An improved multi-unit nuclear plant
seismic probabilistic risk assessment approach, Reliab. Eng. Syst. Saf. 171
(2018) 34e47.

[6] D. Chanin, M.L. Young, J. Randall, K. Jamali, Code Man. MACCS2 1 (1997).
User’s Guide.

[7] U.S. DoE, MACCS2 Computer Code Application Guidance for Documented
Safety Analysis Final Report, DOE-EH-4.2.1.4, 2004, pp. 150e160.

[8] K. McFadden, N.E. Bixler, V.D. Cleary, L. Eubanks, R. Haaker, Users guide and
reference, Man. WinMACCS Ver 3 (2007).

[9] N.E. Bixler, F. Walton, L. Eubanks, R. Haaker, K. McFadden, MELCOR Accident
Consequence Code System (MACCS), User's Guide and Reference Manual.
Draft Report for MACCS Version 3.10.0, U.S. NRC, 2018.

[10] U.S. NRC, RASCAL 4.3: Description of Models and Methods, NUREG-1940,
2015, p. 129.

[11] Japan Nuclear Energy Safety Organization, Development of Level 3 PSA
Methodology, JNES/SAE06-005, 2006.

[12] H. Ding, J. Tong, W. Raskob, L. Zhang, An approach for radiological conse-
quence assessment under unified temporal and spatial coordinates consid-
ering multi-reactor accidents, Ann. Nucl. Energy 127 (2019) 450e458.

[13] S.Y. Kim, Y.H. Jung, S.H. Han, S.J. Han, H.G. Lim, Multi-unit Level 3 probabilistic
safety assessment: approaches and their application to a six-unit nuclear
power plant site, Nucl. Eng. Technol. 50 (8) (December 2018) 1246e1254.

[14] H.R. Lee, G.M. Lee, W.S. Jung, A method to calculate off-site consequences for
multi-unit nuclear power plant accident, J. Korean Soc. Safety 33 (No. 6)
(December 2018) 144e156.

http://refhub.elsevier.com/S1738-5733(19)30980-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref1
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref2
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref3
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref4
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref5
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref6
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref7
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref8
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref9
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref10
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref11
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref12
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref13
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref14
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref14
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref14
http://refhub.elsevier.com/S1738-5733(19)30980-5/sref14

