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1. Introduction

Due to the Fukushima nuclear accident in Japan in
March 2011, radioactive materials were released from
multiple units. Since then, there has been an increased
awareness of the need to protect people's lives from
radioactive materials released into the environment in the
event of a serious accident that exceeds design standards.
As a result, various studies related to Multi-Unit
Probabilistic Safety Assessment (MUPSA) for two or
more nuclear power plant units located on the same site
are being conducted domestically and abroad [1-11].
Additionally, studies related to time-dependent
Probabilistic Safety Assessment (PSA) of nuclear
accidents are also being conducted [12-13].

Currently, there are more than six nuclear power plant
units operating closely together on one site in Korea,
with densely populated areas located near the site. As a
result, the Level 3 MUPSA method for evaluating the
effects of radioactive materials released during multi-
unit nuclear power plant accidents on residents and the

environment has become an increasingly important issue.

Although studies and methodologies for the Level 3
Single Unit Probabilistic Safety Assessment (SUPSA)
method have been developed, applying this method to
multi-unit results in overestimated or underestimated
results and unrealistic limitations. The existing code or
method has been developed for single units and does not
account for the spatial and temporal differences that exist
in multi-unit accidents. For instance, overestimation can
occur when calculations assume that nuclear power units
located in different spatial locations are located in the
same location, or when accidents occur at different times.
Therefore, there is a need to develop a new Level 3
MUPSA method that accounts for these factors in multi-
unit accidents.

The Level 3 MUPSA that uses the Gaussian plume
model assumes that all nuclear power plant units on a site
are located at the same position. As a result, when
radioactive materials are released into the environment
and spread, the radionuclide concentration and exposure
dose are overestimated at the centerline of the Gaussian
plume, and underestimated at distances from the
centerline, leading to unrealistic results. To address these
issues, previous studies [14-17] used the radionuclide
concentration summation method with each unit in its
original position to calculate the radionuclide
concentration more realistically.

Additionally, accidents may not occur simultaneously
in every unit, even if the cause is the same at a nuclear
power plant. Furthermore, the time at which radioactive
materials are released can vary. However, the current
Level 3 PSA uses the time-integrated radionuclide
concentrations and total exposure doses during the
emergency response period. This method assumes that
multiple nuclear accidents occurred simultaneously since
the result is an integration with respect to time. However,
in reality, the release of radioactive materials in a multi-
unit accident is likely to occur with a time lag. Therefore,
the time-integrated result may overestimate the risk. To
respond appropriately in the early phase of an accident,
it is necessary to apply a cascade accident calculation that
determines the concentrations and exposure doses of
radioactive materials over time.

2. Existing MUPSA methods and issues
2.1 Current MUPSA methods and issues

MACCS [18-20] and RASCAL [21-22] are two
representative codes used for calculating major nuclear
accidents [23]. However, the Level 3 PSA codes that use
the Gaussian plume model assume that all units are in the
same location in multi-unit calculations and sum the
source terms. In the case of MACCS, the MACCS input
is generated by combining the source terms of each unit
from the Level 2 PSA result [24-25]. RASCAL provides
a 'Source Term Merge' function as a code utility [21].
However, this method can result in an overestimation of
the radionuclide concentration at the centerline of the
Gaussian plume and an underestimation at distances
from the centerline.

The Level 3 PSA codes, MACCS and RCAP [26], use
the Gaussian plume model to calculate the time-
integrated air concentration of radionuclide and the
maximum ground concentration without considering
changes over time. Additionally, the risk is calculated
based on the total exposure dose during a given exposure
time. However, since time is not considered, a low dose
received over a long period of time and a high dose
received at once are calculated as the same level of risk.
In the case of a multi-unit cascade accident, the time
difference is not considered, and the risk is calculated as
if all units released radionuclides at the same time. This
can result in an overestimation of risk and the need for
new methods that consider the timing of releases from
each unit in a multi-unit accident.

2.2 Existing MUPSA method [14-17]
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Fig. 1 illustrates the method used in MURCC [14-17]
for calculating the radionuclide concentration in a multi-
unit nuclear power plant accident. In such accidents, the
release point of radioactive materials for each unit is
different, resulting in a different origin of the Gaussian
plume for each unit. To evaluate the off-site effect of a
multi-unit accident, the radionuclide concentration for
each Gaussian plume should be added.
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Fig. 1. Radionuclide concentration calculation at (X,Y) [15].

The multi-location method uses one global coordinate
system and a local coordinate system corresponding to
each unit. In Fig. 1, each unit has a local coordinate
system with the unit as the origin, and each unit is located
at one position in the global coordinate system. After
calculating the radionuclide concentration for each
corresponding unit in its local coordinate system, the
radionuclide concentration of all units in the same global
coordinate system are added.
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Fig. 2. Global and local coordinate systems [15].

In Fig. 2, the receptor's location is represented by
global coordinates (X,Y), which are converted to local
coordinates (x,y). The centerline of the Gaussian plume
corresponds to the x-axis of the local coordinate system,
and specific locations where MACCS values are output
are labeled as points (a), (b), and (c).

To calculate the coordinate values of the local
coordinate system, we need to determine the distance r
from the release point (the origin of the local coordinate
system) to the receptor's location and the angle theta
formed between the x-axis and the line connecting the
release point and the receptor. Then, the local coordinate
values can be calculated using trigonometric functions.

The MACCS code calculates information about the
centerline of the Gaussian plume. To obtain the
radionuclide concentration at any arbitrary location, a
relational expression using the resulting value must be
established. The Gaussian plume formula used in
MACCS is as follows.
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where, x is time-integrated air concentration [Bq -
sec/m?], Q is radionuclide release amount [Bq[], 0y, 0,
are horizontal and vertical dispersion coefficients [m], H
is release height [m], u is wind speed [m/s].

The MACCS calculation result provides several types
of Gaussian plume information, such as the time-
integrated ground-level air radionuclide concentration
for the centerline of the plume, the maximum ground
radionuclide concentration deposited on the ground
surface, and the horizontal and vertical atmospheric
dispersion coefficients. Eq. (1) can be used to calculate
the concentration of radionuclide at the centerline of the
Gaussian plume at ground level, as expressed in Eq. (2).
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Additionally, to apply the multi-unit multi-location
method, the airborne radionuclide concentration must be
calculated at a specific location on the ground level. Eq.
(3) can be used to calculate the airborne radionuclide
concentration at ground level.

__ 0 y? H?
x(xy,0) = 0,0, exp ( 20} exp 202 ®)

In order to calculate the radionuclide concentration in
the air at ground level from the MACCS results, the
following relational expression can be obtained from Egs.
(2) and (3).

Xxx,y,0) = x(x,0,0)exp (— %) (4)
y

Since the Gaussian plume is assumed to have a normal
distribution, the radionuclide concentration at the
centerline of the Gaussian plume is multiplied by the
term corresponding to the normal distribution in the y
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direction, as shown in Eq. (4), to obtain the radionuclide
concentration at an arbitrary location at the surface
height. At this time, the radionuclide concentration and
atmospheric dispersion coefficient for an arbitrary
position x of the centerline of the Gaussian plume are
calculated using the interpolation method from the
MACCS results.

3. New calculation method for multi-unit cascade
accidents

3.1 Necessity of new calculation method

Fig. 3 shows a schematic diagram showing the
positions of the units and the locations of the receptors to
illustrate the multi-unit cascade accident. Radioactive
material is released with a time difference between Unit
1 and Unit 2, travels in the direction of the wind, and
passes through Receptor 1 and Receptor 2.
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Fig. 3. NPP unit positions and receptor locations.
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Fig. 4. Radionuclide release rate and air concentration.

Fig. 4 consists of three graphs. Graph (A) shows the
release of radioactive material over time for each unit,
with blue and yellow representing the total released
amount. Graphs (B) and (C) display the radionuclide
concentration over time at receptor locations 1 and 2,
respectively. The maximum concentration occurs when

the two Gaussian plumes overlap at the receptor location.
However, the time-integrated concentration is the same
regardless of the time at which the radioactive material
is released from the two units, and it can be calculated as
the area under the concentration-time curve.

In multi-unit cascade accidents, the concentration of
radioactive materials at the receptor location changes
over time, and the resulting exposure dose also varies
accordingly. The use of time-integrated radionuclide
concentration and total exposure dose assumes that all
units release radioactive materials at the same time,
which gives the same result as multi-unit simultaneous
accidents. In reality, however, the release of radioactive
materials from each unit in a cascade accident is likely to
occur with a time lag. As a result, the time-integrated
result may overestimate the risk. To calculate multi-unit
cascade accidents accurately, it is necessary to estimate
the release rate of radioactive materials over time for
each unit and calculate the radionuclide concentration
and exposure dose over time at each receptor location.
Furthermore, applying the cascade accident, which
calculates the exposure dose over time instead of the total
exposure dose, is essential for calculating the accurate
risk.

3.2 New calculation method

MACCS calculates the time-integrated air
concentration of radionuclide at the centerline of the
Gaussian plume and at ground level, as well as the
maximum ground radionuclide concentration. It also
calculates the total exposure dose for each organ of the
body based on the exposure pathway. However, since
MACCS only performs single-unit calculations, in order
to calculate multi-unit multi-location or multi-unit
cascade accidents, it is necessary to perform additional
calculations using the obtained results from MACCS.

Multi-unit multi-location calculation uses the existing
method in Section 2.2. To calculate the multi-unit
cascade accident, as shown in the graphs (B) and (C) of
Fig. 4, the effects of each unit can be summed up at the
location of the receptor. Therefore, it is necessary to
calculate the nuclide concentration and exposure dose for
each time interval for each unit.

To apply MACCS results to multi-unit cascade
accidents, it is necessary to obtain the radionuclide
concentration over time from the time-integrated
radionuclide concentration (x) calculated by MACCS.
Here, the MACCS input includes the total release
amount (Q), release time (t ), and release delay time

(tdelay)-

For the convenience of calculation, we assume that the
release rate (Q) is constant and the wind speed (u) is also
constant. The release rate graph is shown in Fig. 5, and
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the graph of radionuclide concentration in the air over
time at the receptor location (x,y) is shown in Fig. 6.

&

A

Q

t
t
delay tdur
Fig. 5. Radionuclide release rate.
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Fig. 6. Air radionuclide concentration at receptor

The arrival time of the Gaussian plume at the receptor
location is given by Eqg. (5) in Fig. 6. At this time, the
duration it takes for the plume to pass through the
receptor is the same as the release time of the radioactive
material, regardless of the wind speed.

tarrival = tdelay T x/u (5)

Furthermore, based on Eq. (1), as the radionuclide
concentration and the release amount are proportional,
the time-integrated air radionuclide concentration (y;)
from the time interval t; to t;,, in Fig. 6 can be
expressed as follows.

Qi
x 2

0 (6)

Xi =

Here, Q is given as the MACCS input and y is the
MACCS calculation result. To calculate Q;, it can be
obtained by integrating the release rate with respect to
time as shown in Eq. (7). In Fig. 5, even if the rate of
release of radioactive materials is constant, the arrival
time of Gaussian plume in Q; is different depending on
the location of the receptor, so the integral value may
change because the integration interval changes.

tig1—x/u
Q= f 0 (Ddt @)

i—x/u

3.3 New calculation method procedure

A cascade accident is an incident in a multi-unit
nuclear power plant where the failure of each unit or
release of radioactive material does not occur
simultaneously, but with a time difference. A good
example is the Fukushima nuclear power plant accident
in Japan, where despite having the same cause, the
progression of the accident differed for each unit and the
release time of radioactive materials varied. Therefore,
in multi-unit accidents, if the timing of the release of
radioactive material is not considered and a simultaneous
accident is assumed, the risk may be overestimated.

For the Level 3 PSA calculation, it is assumed that the
release rate of radioactive materials is constant when
only the total amount of radionuclide release and the
release time are known as source term information.
However, in a nuclear power plant accident, the release
rate of radioactive materials generally changes over time.
Therefore, the radioactive material release rate over time
can be obtained from the Level 2 PSA code result, or the
source term information over time can be calculated
using the RASCAL code. Fig. 7 illustrates the cascade
accident calculation procedure when using RASCAL.

RASCAL

Accident analysis for
each unit and source
term calculation

MACCS l
Calculation of Gaussian
plume centerline
nuclides concentration
\_ for each unit )

MURCC - Exi&ting Method

Calculation of nuclide
concentration and
exposure dose of multi-
\___ unit multi-location )

MURCC - New Calc. Method

Calculation of nuclide
concentration and
exposure dose by time of
multi-unit multi-location

Fig. 7. Multi-unit cascade accident calculation procedure

The multi-unit multi-location calculation method
calculates time-integrated radionuclide concentration
and total exposure dose at any receptor location based on
total release information. However, for calculating multi-
unit cascade accidents, time-dependent release
information is necessary. Therefore, the source term
information calculated by RASCAL is required.

4. Results of multi-unit cascade accidents
4.1 Benchmark for multi-unit cascade accidents
To calculate the source term for a nuclear power plant

accident, it is necessary to first calculate the Level 1 PSA
and Level 2 PSA. This requires understanding each level
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and using the corresponding code. However, the
RASCAL code can be used to calculate the source term
based on the accident scenario.

To simplify the calculation of a cascade accident, the
Vogtle Nuclear Power Plant provided by RASCAL can
be used, assuming the same accident for units 3 and 4
with a capacity of 3,415 MWt and a 2-hour difference in
the release of radioactive materials. Fig. 8 shows a
satellite image of the Vogtle site and the locations of key
points, while Fig. 9 provides a schematic diagram. In Fig.
9, receptor 1 is located at Ry, and receptor 2 is located at
Ro.

Fig. 8. Satellite image of VVogtle site and receptors

y [Gam)
R, ¢3

Fig. 9. Site layout of NPP units and receptors
4.2 Source term calculation using RASCAL

To calculate the source term, it was assumed that both
units experienced Long Term Station Blackout (LTSBO)
accidents, and that radioactive materials were released
for 4 hours. A 2-hour difference was assumed between
the start of the release of radioactive materials in the two

units. Table 1 shows the main items of the accident
scenario for VVogtle units 3 and 4.

Table 1. Accident information at VVogtle unit 3-4

Reactor power 3,415 MWt
Accident type Long Term Station Blackout
Core recovered No
Release pathway | PWR — Containment Leakage
Leak rate 0.1% / day
Sprays Off
Release time 4 hour

Table 2 presents the total release of radionuclides,
which is the source term information calculated by
RASCAL.

Table 2. List of all radionuclides released with total activity

Nuclide Bq Nuclide Bq
Am-241 | 1.70E+01 Pu-241 6.60E+06
Ba-139 9.70E+08 Rb-86 2.80E+11
Ba-140 1.60E+12 Rb-88 4.40E+12
Ce-141 8.70E+07 Rh-103m 4.30E+12
Ce-143 5.80E+07 Rh-105 2.40E+12
Ce-144 7.10E+07 Ru-103 4.40E+12
Cm-242 | 2.20E+06 Ru-105 3.00E+11
Cs-134 2.00E+13 Ru-106 1.20E+12
Cs-136 7.90E+12 Sh-127 1.00E+13
Cs-137 1.40E+13 Sbh-129 3.80E+12
Cs-138 1.60E+06 Sr-89 8.30E+11
1-131 1.50E+14 Sr-90 6.40E+10
1-132 2.00E+14 Sr-91 3.50E+11
1-133 1.90E+14 Sr-92 2.50E+10
1-134 3.30E+09 Tc-99m 5.50E+13
1-135 6.50E+13 Te-127 1.50E+13
Kr-83m 1.30E+11 Te-127m 2.30E+12
Kr-85 2.30E+12 Te-129 6.30E+12
Kr-85m 6.80E+12 Te-129m 9.70E+12
Kr-87 4 50E+10 Te-131 5.00E+12
Kr-88 5.00E+12 Te-131m 2.20E+13
La-140 2.10E+10 Te-132 1.90E+14
La-141 6.20E+06 Xe-131m 3.80E+12
La-142 1.00E+05 Xe-133 5.40E+14
Mo-99 5.80E+13 Xe-133m 1.50E+13
Nb-95 9.00E+07 Xe-135 1.90E+14
Nb-95m | 7.00E+04 Xe-135m 1.40E+13
Nb-97 2.60E+06 Y-90 5.30E+08
Nd-147 3.40E+07 Y-91 2.20E+08
Np-239 9.50E+08 Y-91m 8.40E+10
Pm-147 1.60E+04 Y-92 3.60E+09
Pr-143 7.90E+07 Y-93 1.80E+07
Pr-144 7.10E+07 Zr-95 8.80E+07
Pu-238 3.00E+01 Zr-97 4.60E+07
Pu-239 5.00E+01

For the major radionuclides, the time dependent
released amount in Bq is shown in Table 3.
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Table 3. Time dependent release of major radionuclides

Time Cs-137 1-131 Xe-135

12:00 8.13E+08 | 8.79E+09 | 7.16E+10
12:15 1.42E+09 | 1.53E+10 1.42E+11
12:30 1.86E+09 | 2.01E+10 | 2.10E+11
12:45 2.19E+09 | 2.37E+10 | 2.77E+11
13:00 5.86E+09 | 6.66E+10 | 6.93E+11
13:15 8.59E+09 | 9.82E+10 1.10E+12
13:30 5.63E+11 | 4.53E+12 | 7.36E+12
13:45 9.72E+11 | 7.79E+12 1.35E+13
14:00 1.25E+12 | 1.25E+13 1.74E+13
14:15 1.68E+12 | 1.86E+13 | 2.12E+13
14:30 1.65E+12 | 1.83E+13 | 2.12E+13
14:45 1.61E+12 | 1.80E+13 | 2.12E+13
15:00 1.58E+12 | 1.78E+13 | 2.13E+13
15:15 1.55E+12 | 1.77E+13 | 2.14E+13
15:30 1.53E+12 | 1.75E+13 | 2.15E+13
15:45 1.50E+12 | 1.73E+13 | 2.16E+13

Fig. 10 shows the release rates for the major nuclides
as graphs.

0.00E+1
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Radionuclide Release Amount (Bq)

Fig. 10. Time dependent release of major radionuclides
4.3 Calculation of Gaussian plume centerline
radionuclide concentration using MACCS

For the meteorological conditions required for
MACCS calculation, constant weather conditions were
used as shown in Table 4 for the convenience of
calculation.

Table 4. Constant weather conditions for VVogtle site

Wind direction N (South to north)
Wind speed 2.5 m/s
Precipitation 0 mm/hr

Mixing layer height 1,000 m
Atmospheric stability D (Neutral)

In the radioactive material release information, the
Gaussian plume release time was set to 4 hours and the
effective plume height was set to 10 m. Atmospheric
dispersion must be calculated using MACCS for all
radionuclides in the source term calculated by RASCAL.

Table 5 shows the main items of the atmospheric
dispersion calculation results for the Cs-137 nuclide.

Table 5. Atmospheric dispersion results for Cs-137

Distance | GL AIRCON | PLSIGY | PLSIGZ
50 3.49x10° 18.9 24.6
200 1.25%x10° 45.8 28.5
400 6.12x108 79.5 33.3
600 3.82x108 112.0 37.8
800 2.66x108 143.0 42.0

1,000 1.99x108 173.0 46.0
1,200 1.55x108 203.0 49.9
1,400 1.25%x108 232.0 53.5
1,600 1.03x108 261.0 57.1
1,800 8.69x 10’ 290.0 60.5
2,000 7.44x107 318.0 63.8
2,200 6.45x10° 346.0 67.1
2,400 5.66x 10’ 374.0 70.2
2,600 5.01x10’ 402.0 73.3
2,800 4.47x107 429.0 76.3
3,000 4.01x107 456.0 79.3
3,200 3.63x107 483.0 82.2
3,400 3.30x107 510.0 85.0
3,600 3.02x107 537.0 87.8
3,800 2.77x107 563.0 90.6
4,000 2.55x107 590.0 93.3
4,200 2.36x10° 616.0 95.9
4,400 2.19x107 642.0 98.6
4,600 2.04x107 668.0 101.0
4,800 1.90x 107 694.0 104.0
5,000 1.78x107 720.0 106.0
5,200 1.67x107 746.0 109.0
5,400 1.57x107 771.0 111.0
5,600 1.48x107 797.0 114.0
5,800 1.39x107 822.0 116.0
6,000 1.32x107 848.0 118.0

The description of each item of the atmospheric
dispersion calculation result is shown in Table 6.

Table 6. MACCS output items [18]

Item Description Unit
. distance to the center of the
Distance L m
spatial interval
centerline ground-level
integrated air concentration Bq
GL :
from this plume segment “ sec
AIRCON . 3
averaged over the spatial /m
interval's length
horizontal dispersion
PLSIGY | parameter averaged over the m
spatial interval's length
vertical dispersion parameter
PLSIGZ averaged over the spatial m
interval's length
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4.4 Multi-unit cascade accident calculation using
MURCC

The existing multi-unit multi-location calculation
method applies the RASCAL source term to the MACCS
input to calculate the Gaussian plume centerline
radionuclide concentration for each radionuclide of the
source term. The multi-unit multi-location method uses
MURCC to calculate the radionuclide concentration and
exposure dose in the 2-dimensional ground level height.
However, since the MACCS result is the time-integrated
radionuclide concentration and MURCC also calculates
only the time-integrated result, multi-unit cascade
accidents are calculated as simultaneous accidents. As a
result, the risk can still be overestimated.

In order to calculate multi-unit cascade accidents, the
radionuclide concentration over time or the time-
integrated radionuclide concentration at each time
interval is required. For this purpose, in Eq. (1), instead
of the total release amount, the release rate should be
used, or the release amount by time interval should be
used. Given only the total release amount and release
time, it can only be assumed that the release rate is
constant. However, RASCAL calculates the release at
15-minute intervals based on source term information.
Therefore, multi-unit cascade accidents were calculated
using the RASCAL source term information.
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Fig. 11. External exposure dose from Gaussian plume at
receptor 1

Fig. 11 shows the ICRP-60 effective dose due to
external exposure to Gaussian plume at 15-minute
intervals at the location of Ry in Fig. 9. The blue dotted
line is the exposure due to the Gaussian plume released
from unit 3, and the orange dotted line is the exposure
due to the Gaussian plume released from unit 4. The
result of combining the two is the solid black line. As a
result of the nuclear accident, radioactive materials are
released for 4 hours. As shown in Fig. 10, less radioactive
materials are emitted in the first 90 minutes of the
accident, so the exposure dose is less and exposure
occurs for a total of 4 hours. The exposure caused by the
two Gaussian plumes occurs with a time difference of 2
hours depending on the difference in the release time of

the radioactive material. The location of R; is on the
centerline of the Gaussian plume released from unit 3 and
is 250 m away from the centerline of the Gaussian plume
released from unit 4, so there is a difference in exposure
dose. The maximum exposure dose is 1.003x10° Sv and
the total exposure dose is 1.081x10* Sv.

Fig. 12 is the external exposure dose by Gaussian
plume at 15-minute intervals at the location of R in Fig.
9. The location of Rz, which is 2 km and 2.25 km away
from the centerline of each Gaussian plume respectively,
is sufficiently far from the plumes' centerline that the
difference in exposure dose is negligible. The maximum
exposure dose is 8.199x10® Sv and the total exposure
dose is 9.741x107 Sv.
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Fig. 12. External exposure dose from Gaussian plume at
receptor 2

The external exposure dose due to Gaussian plumes at
each time interval outputs the dose value at each location
in the x-y plane of the ground height. The maximum
exposure dose at any time interval is 1.398x10 Sv. Fig.
13 shows the color table for the 3D graph from Figs. 14-
17.
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Fig. 13. Color table for 3D graph

Given that the total calculation time is 8 hours, with a
time interval of 15 minutes, there are 32 3D graphs in
total. Due to the release time of radioactive materials
being 4 hours and the release time difference being 2
hours, the two Gaussian plumes overlap between 3 and 5
hours, as shown in Figs. 11 and 12.
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Fig. 14 depicts the external exposure dose due to the
Gaussian plume for a 15-minute interval starting at 3
hours and half into the calculation time. As the accident
has a time difference of 2 hours, radioactive material is
released from Unit 4 after 2 hours but is not represented
in the graph due to the small amount released at the
beginning. Moreover, as a significant amount of
radioactive material was released about 1 hour and half
after the start of the initial release, the Gaussian plume
from Unit 4 is represented starting from 3 hours and half
of the calculation time.

X (km)
Fig. 14. External dose at 3:30 to 3:45

Fig. 15 is the external exposure dose due to the
Gaussian plume for 15 minutes from 3 hours 45 minutes
to 4 hours. At the end of 15 minutes, more radioactive
material was released from unit 4, and the Gaussian
plume became more pronounced.
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Fig. 15. External dose at 3:45 to 4:00

Fig. 16 shows the external exposure dose due to the
Gaussian plume for 15 minutes from 4 hours to 4 hours
15 minutes. The Gaussian plume passed as the

radioactive material was released from Unit 3 for 4 hours.

At this time, since the wind speed is 2.5 m/s, the travel
distance for 15 minutes is 2.25 km. Therefore, the
Gaussian plume released by Unit 3 did not exist until
2.25 km away.

(km)

T T T
o~ o o~

X (km)

Fig. 16. External dose at 4:00 to 4:15

Fig. 17 shows the external exposure dose due to the
Gaussian plume for 15 minutes from 4:15 to 4:30. The
Gaussian plume released from Unit 3 passed up to 4.5
km and its appearance faded.
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Fig. 17. External dose at 4:15 to 4:30
4. Conclusions

Multi-unit accidents can release radioactive materials
at different times in each unit, which means that the
current time-integrated method for evaluating risks may
overestimate the actual risks associated with such
accidents. The Level 3 PSA models used in this method
assume that all units experience the accident
simultaneously, which can lead to inaccurate risk
assessments. Furthermore, the time-integrated result
cannot be used in real-time response during the early
phase of the accident.

To overcome these limitations, a new calculation
method for multi-unit cascade accident is necessary. This
method should accurately calculate radionuclide
concentrations and exposure doses over time intervals,
which will allow for more precise risk evaluation and
real-time response in early phase accidents.
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