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Background: The emergency planning zone (EPZ) of the city of Busan is divided into the pre-
cautionary actions zone (PAZ) and the urgent protective action planning zone; which have a
5-km radius and a 20-km to 21-km radius from the nuclear power plant site, respectively. In
this study, we assumed that a severe accident occurred at Shin-Kori nuclear unit 3 and evaluated
the dispersion speed of radiological material at each distance at various wind speeds, and esti-
mated the effective dose equivalent and the evacuation time of PAZ residents with the goal of
supporting off-site emergency action planning for the nuclear site.

Materials and Methods: The total effective dose equivalent, which shows the effect of released
radioactive materials on the residents, was evaluated using the RASCAL 4.2 program. In addi-
tion, a survey of 1,036 residents was performed using a standardized questionnaire, and the
resident evacuation time according to road and distance was analyzed using the VISSIM 6.0
program.

Results and Discussion: According to the results obtained using the VISSIM and RASCAL
programs, it would take approximately 80 to 252.2 minutes for permanent residents to move
out of the PAZ boundary, 40 to 197.2 minutes for students, 60 to 232.2 minutes for the infirm,
such as elderly people and those in a nursing home or hospital, and 30 to 182.2 minutes for
those temporarily within the area. Consequently, in the event of any delay in the evacuation, it
is estimated that the residents would be exposed to up to 10 mSv-h™ of radiation at the Exclu-
sion Area Boundaries (EAB) boundary and 4-6 mSv-h at the PAZ boundary.

Conclusion: It was shown that the evacuation time for the residents is adequate in light of the
time lapse from the initial moment of a severe accident to the radiation release. However, in or-
der to minimize the evacuation time, it is necessary to maintain a system of close collaboration
to avoid traffic congestion and spontaneous evacuation attempts.

Keywords: Emergency planning zone, Precautionary action zone, Urgent protective action
planning zone, Severe accident, Total effective dose, Estimated evacuation time

Introduction

The International Atomic Energy Agency (IAEA) has set general intervention levels
and operational intervention levels based on the impact assessment of the Chernobyl
disaster. The organization published safety requirements and guidelines based on a
classification of emergencies, re-defining the scope and operational concepts involved
in establishing emergency plans for different threats. The IAEA has recommended the
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use of these guidelines by its member states [1, 2].

Later, based on the lessons learned from the Fukushima
Daiichi nuclear disaster, the IAEA revised its radiological
emergency planning zones and re-established its operation-
al concepts in the IAEA Emergency preparedness and re-
sponse-Nuclear power plant (EPR-NPP), which includes ad-
ditional recommendations on distance limits for consuming
vegetables, protecting drinking water and the feed for graz-
ing animals, highlighting the importance of environmental
radiation monitoring, setting operational intervention levels
to apply in the event of radiation exposure, and establishing
concrete time targets for emergency responses on an hour-
by-hour basis after the occurrence of an accident [3].

As part of the follow-up measures after the Fukushima
Daiichi nuclear disaster, Korea classified emergency plan-
ning zones (EPZs) into precautionary action zones (PAZs)
and urgent protective action planning zones (UPZs) based
on the IAEA safety requirements and guidelines, and includ-
ed these changes in the relevant act [4]. According to the Act
on Measures for the Protection of Nuclear Facilities, etc. and
Prevention of Radiation Disasters and the Notification of the
Nuclear Safety and Security Commission No. 2014-8, nuclear
power and nuclear business operators are required to estab-
lish radiological emergency response measures that incor-
porate calculations of the evacuation time from the re-estab-
lished EPZ.

The current radiological emergency plans for the Shin
Kori-3 and 4 nuclear power reactor in Korea were developed
before the revision of the Act on Measures for the Protection
of Nuclear Facilities, etc. and Prevention of Radiation Disas-
ters. The public evacuation time was calculated based on the
following methodology. Using a static assignment module of
the VISSIM traffic simulation program (PTV Group, Karl-
sruhe, Germany), we automatically assigned vehicles to each
neighborhood along the designated routes to evacuate the
EPZ (with a radius of 8-10 km). We then evaluated the public
evacuation time after calculating the evacuation preparation
time by conducting phone surveys of 250 residents in the
EPZ. The public evacuation time refers to the sum of the
transfer time to escape the EPZ and the preparation time for
evacuation.

In this study, we analyzed the public evacuation time of
the expanded EPZ (21 km) following the enactment of the
revised law in May 2015. To that end, we analyzed the EPZ in
terms of roads, distance, and evacuee type. Additionally, we
investigated the sociobehavioral characteristics of 1,036 resi-
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dents both in and out of the EPZ at the time of a hypothetical
emergency using a self-reported survey based on a standard-
ized questionnaire. In addition, using the dynamic assign-
ment module of VISSIM (PTV Group, Karlsruhe, Germany),
we simulated traffic situations similar to the emergency, by
neighborhood, school, and places suitable for a brief stay
(e.g., beach or shopping mall), based on the origin-destina-
tion model. Then we assigned traffic by allocating a time gap
in possible evacuation routes usable by individual vehicles
in order to evaluate the public evacuation time.

In this study, we aimed to support the provision of timely
evacuation measures in order to prevent evacuating resi-
dents from being exposed to radiation emitted into the air
during their transfer. We predicted evacuation times consid-
ering various characteristics of the selected areas, such as cli-
mate, road condition, vehicle mobilization, and traffic situa-
tion; forecasted a range of accidental situations in emergen-
cies, including problems subsequent to the evacuation; cal-
culated evacuation travel time on various routes using a traf-
fic simulation program based on an analysis of the sociobe-
havioral traits of the residents in emergency; and developed
suggestions for efficient protection measures for each type of

evacuee.

Materials and Methods

1. Evaluation details and analysis method

Adopting a conservative approach, we developed a worst-
possible-case scenario affecting residents and the environ-
ment. In this scenario, a heat-transfer pipe of the steam gen-
erator ruptures, accompanied by a power outage both on-
and off-site in the Shin Kori-3 reactor (which has the largest
source term in the Gori Nuclear Power Division). Subse-
quently, core damage occurs because the main steam safety
valve is stuck open and gaseous and particulate iodine is re-
leased into the environment. In reality, however, when a
rupture occurs in the heat-transfer pipe of the steam genera-
tor, the coolant of the primary cooling system leaks into the
secondary cooling system. The safety system automatically
turns on and infuses water into the primary cooling system,
thereby resolving the incident.

Nonetheless, in this scenario, we assumed that the entire
safety injection system would be broken. Therefore, the cool-
ant of the primary cooling system would be depleted, expos-
ing fuel rods and damaging the fuel assembly. Additionally,
although in reality the main steam safety valve in the steam
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generator in the back of the second cooling system would re-
move heat from the primary system by repeatedly opening
and closing, we assumed that the main steam safety valve
would be stuck open, causing radioactive materials to be re-
leased to the environment for an entire hour.

According to the safety analysis report of the Shin Kori-3
and 4 facilities, the frequency of damage to the core due to
the failure of the entire safety system (involving heat-transfer
pipe rupture, failure of safety water injection, and the main
steam safety valve being stuck open) is 3.13x 10 per year.
Such an accident is highly unlikely in actuality, and this is
therefore a very conservative scenario.

Under the assumption of a radiological emergency caused
by such a major accident, we evaluated the total effective
dose estimation (TEDE), which is a parameter describing the
dose affecting the public through radioactive materials re-
leased by factors including the leakage path of the radioac-
tive source terms and the weather conditions (e.g., summer,
night time, rain, fixed temperature, wind), using RASCAL 4.2
(Pacific Northwest National Laboratory, Washington DC,
USA) developed by the Nuclear Regulatory Commission

Scenario

+ Evacuationtime in the NPP of people
whorequire shelter in the PAZ within
radiiof 5 km, 10 km, and 21 km

v
Data gathering

+ Information about routes
(road, signals, etc.)

+ Data aboutthe number of peoplein
each building

+ Vehicleregistration data(number of
vehiclesin each family)

+ Information about evacuation-
supporting facilities

* Tourist spots

v

Create network

* Analysis Program: VISSIM
* Createaroad map of the NPP within
21km

v

Generate the traffic zone

+ Builda zone of people seeking
evacuation within 5 km of the Gori NPP

(NRC). We calculated the dispersion speed of the radioactive
materials according to wind speed and the TEDE, using data
from the annual climatological report (by the Korea Meteo-
rological Administration [KMA] and local agencies) of the
Gijang region, Busan.

The public evacuation time was evaluated through an
analysis of road conditions within the EPZ and traffic volume
at peak times during the day and at night (Traffic Monitoring
System, the Korea Ministry of Land, Infrastructure and
Transport), using the NRC regulatory guidelines NUREG-
0654 Appendix 4 [5] and NUREG/CR -7002 [6] as references.
For the analysis of the public evacuation time, we applied
the dynamic traffic assignment module of VISSIM, a micro-
scopic traffic simulation program developed by the Universi-
ty of Karlsruhe and commercially distributed by PTV Tran-
sworld AG since 1993. Based on the origin-destination (O-D)
table, we assigned traffic automatically, allowing time gaps
for each vehicle and providing balances for the possible
evacuation routes in order to simulate and evaluate traffic
situations similar to those that would occur in an emergency.

In order to calculate the evacuation preparation time, we

Make an O-D chart for each scenario

+ Makean O-D chart taking into account
the generated traffic zone, the data

gathered regarding people, and the
number of vehicle registrations

|

Vehicle travel time measurements

+ Determine travel times for vehicles to
pass through the NPP defined using
5-km, 10-km, and 21-km radii

'

Simulation

* Runthe dynamicassessmentmodule to
obtain data about the evacuation time

!

Analysis and comparison of the
evacuation time

+ Determine the evacuation time fromthe
outputof the vehicle travel time

l

+ Dwellings, schools, hospitals, nursing
home, malls, beaches, etc.

Flowchart of this study.
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conducted a survey of 1,036 people within and outside of the
EPZ and analyzed their sociobehavioral characteristics. We
also researched in detail the present condition of nearby
structures where people would be located temporarily, such
as shopping malls and tourist attractions, general industry
infrastructure, and special facilities (e.g., schools, hospitals,
and nursing homes), which can influence the evacuation
time, and incorporated this information into the study. The
flow of the research process (Figure 1) and the spatial range
of the study (Figure 2) are based on the EPZ (21 km) of the
Busan Metropolitan City.

Results and Discussion

1. Evaluation of radiation dispersion and effective dose

estimation

In the event of the previously described major accident, ra-
dioactive materials would be released into the environment
and may affect extended areas depending on weather condi-
tions. The influence of the exposure on a given street may
differ by a dozen times across various weather conditions.
The exposure would be greatest in rainy weather for short
distances and with a fixed temperature on a summer night
for longer distances. Based on KMA data for Busan over the
last ten years, we applied weather conditions that commonly
affect the area, including north-northeast winwds and rain,
which frequently occur during the summer in Busan.

& ¢
D SAYRAN YARHIYAY FYE

¥

Fig. 2. The emergency planning zone of the city of Busan.
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Our analysis based on the above-described scenario and
weather conditions (Table 1) found that the total release of
radioactive material to the environment would be 4.5x 10"
Bq. Assuming that the whole body would be irradiated with-
out immediate treatment, the range of deterministic effects
of acute effects would extend to 2.4 km. Chronic effects are
expected to be present at the 100 mSv-h level in a 5 km ra-
dius from the nuclear power plant according to the effective
dose established by the general intervention levels defined
by the IAEA and the public protection measures proscribed
in the relevant law. Regarding the criteria for public protec-

Table 1. Evaluation of the Total Effective Dose Estimation and the
Thyroid Dose using RASCAL

Distance (km) TEDE (Sv) Thyroid (Sv)
0.16 35 150

0.32 16 65

0.48 9.6 33

0.8 4.8 13

113 3.1 6.7
1.61 1.9 3.3
2.41 1.1 15
3.22 0.7 0.79
4.83 0.15 0.25
6.44 0.1 0.17
8.05 4.6x107 8.0x10?
11.3 1.6x10? 3.4x107?
16.1 29x10° 8.2x10°
241 2.6x10° 1.2x10*
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Fig. 3. Predicted exposure doses during severe accidents induced
by steam generator tube rupture. TEDE, total effective dose estima-
tion.

tion measures, the distance for which urgent evacuation
would be necessary was found to be 7.8 ki, the distance for
which indoor refuge would be needed was 12.5 km, and the
distance for which thyroid protection should be provided
was estimated to be 7.5 km (Figure 3). The thyroid effects
were limited to a relatively shorter distance, possibly due to
the fact that radioactive iodine was diluted in rain under the
assumed weather conditions.

The time for a radioactive cloud released from the main
steam safety valve to reach the PAZ boundary varies by
weather condition, such as wind direction and speed. Esti-
mated fallout arrival times are strongly dependent on wind
velocity, wind direction, atmospheric pressure, and temper-
ature.

As the average annual wind speed in the Gijang area is ap-
proximately 2 m-s™, based on the KMA annual climatologi-
cal report, the fallout arrival to the nuclear power plant site
boundary was estimated to be around 10 minutes after the
release, while 40 minutes would be necessary for fallout to
reach the PAZ boundary areas. When the maximum wind
velocity of 8 m-s™ was applied, the radioactive cloud was
projected to reach the PAZ boundary in approximately 10
minutes.

Therefore, in the event of a rupture of the heat-transfer
pipe of the steam generator, with a wind speed of 2 m-s™
(annual average), fallout would arrive within 1 hour and 40
minutes after the rupture at the area near the nuclear power
plant and would reach the PAZ boundary within 2 hours and
10 minutes. These values were estimated using conservative
assumptions for the accident and annual weather condi-
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tions. Also, in reality, the arrival time may be shorter or lon-
ger, depending on the extent of the accident, its progression,
and weather conditions. Given the geographical characteris-
tics of the Busan region, the time of fallout arrival may be de-
layed for more than 30 minutes longer than our estimates.

The IAEA technical guidelines establish the following
emergency response time objectives [7]: The on-site control
team provides a warning within 15 minutes under the emer-
gency warning criteria, and informs off-site emergency ser-
vices of the warning status as well as provides recommenda-
tions for protection measures within 30 minutes. Additional-
ly, the team should inform the local residents of the emer-
gency status of the nuclear power plant and of the protective
actions that should be performed within 45 minutes. The
recommended urgent protective actions should be carried
out within 1 hour.

In contrast, in Korea, On-Site Command Centers for the
Prevention of Radioactive Disasters are organized and run
by the Nuclear Safety and Security Commission (NSSC) in
the event of code-blue emergencies. The off-site emergency
measures, including decision-making for resident protection
measures, the delivery of recommendations regarding pro-
tective measures to the heads of the off-site local govern-
ments, warning residents about the emergency, and the de-
livery of information on protective measures may take longer
than assumed in this study. Under the current system, even
if we minimize the time for decision-making by the disaster
countermeasures council, it will take at least 30 minutes
from the occurrence of the accident to the time when the
residents are informed.

Therefore, residents in the PAZ are likely to receive the no-
tification to take protective measures approximately 45 min-
utes after the accident. In order to avoid deterministic effects,
they should escape the PAZ boundaries in approximately 1
to 12 hours. Otherwise, they would suffer from the effects of
radiation in proportion to the delay.

2. Public evacuation time and data analysis

The major nuclear power states, such as the U.S. and Ja-
pan, also use verified VISSIM programs to evaluate public
evacuation times. Notably, in the U.S., vehicle demand is es-
timated based on peak traffic time per season and day/night
time in an EPZ of 10 miles (16 km) for all individual nuclear
facilities, as well as incorporating a 20% occurrence rate of
shadow evacuation outside the EPZ, based on detailed regu-
latory guidelines. The U.S. uses the results of these evalua-
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tions in selecting proper exit routes and incorporates these
findings into off-site emergency plans.

Japan has incorporated its evacuation experience from the
Fukushima accident into its evaluation of evacuation times.
Currently, 6 patterns and scenarios applying 2 types of evac-
uation order timing (total evacuation and phased evacua-
tion) are created for each area receiving evacuation orders.
Evaluations are performed for daytime and nighttime evacu-
ations separately [8]. In particular, selected local govern-
ments within a 30-km radius from the EPZ of each nuclear
power plant are evaluated for evacuation times according to
the following criteria: the selection of screening spots for
each road; limiting evacuation directions according to their
processing ability per hour for each location and wind direc-
tion; expanding the shadow evacuation rate (to 100%); and
considering pre-evacuation of the people vulnerable to di-
sasters in places such as hospitals.

We verified that no major differences were present be-
tween the evaluation results of the situation simulated in this
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The current road network (exit routes) near the Kori nuclear site.
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study (Table 2) in the roadway network around the Kori nu-
clear power plant (Figure 4) and the preparation time (60-
120 minutes) and travel time (73-178 minutes) described in
the radiological emergency plans for Shin Kori-3 and 4 [9].
One of the notable findings of this study was that the self-re-
ported shadow evacuation rate was greater than 40%, which
is significantly higher than the 20% suggested by the U.S.
Such a result demonstrates the unique public sentiment in
Korea, as was also illustrated in the aftermath of the 2011 Fu-
kushima accident and the recent Middle East respiratory

Total Evacuation Time for Each Exit Route and Distance

Minimum time (min) Maximum time (min)

Classification

5km 21 km 5km 21 km
65 12.61 58.05 152.2 247.6
Speedway
14, 31 10.7 30 130.6 167.3
Highway 10.22 94.3
60 11.26 42.73 136.2 247.9
Local road

bt
ZAISE, B-6-8m
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syndrome outbreak, in which a series of actions, including ~ sponded that they would evacuate to designated relief sta-

tions in their neighborhood, compared to 3.7% of the latter
group. In order to ensure the prompt evacuation of the PAZ

school closures, took place without concrete scientific evi-
dence.

Additionally, we found that the evacuation preparation
time and the decision-making time were shorter by approxi-
mately 10 to 20 minutes for the residents in the EPZ who had
undergone radiation disaster preparedness education and
training than among their counterparts who did not have

residents in the case of a code-red emergency, emergency
plans extending beyond the relief stations should also be es-
tablished, based on the results of the evacuation time simu-

lation and using cases from advanced countries and the re-

sults of prior studies.
such experience. Moreover, 14% of the former group re-
@ Expressway 65
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#1522 ;11lnutes . National Route 14
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Fig. 5. Estimated 5-km evacuation time by vehicle for each exit route from the Kori site.
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Fig. 6. Bottlenecks within 5 km from the Kori nuclear site for each origin-destination (O-D) pair.
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1) Time to evacuate to a 5-km distance

Expressway 65 had the longest time for evacuation (152.2
minutes), while National Route 31 had the shortest time
(94.3 minutes), as shown in Figure 5. For ranges up to 5 km,
National Route 31 was found to be the optimal evacuation
route. Evacuation times on the other routes were relatively
consistent. However, Expressway 65 and Provincial Road 60
were likely to take longer due to traffic delays. Some bottle-
neck spots occurred in Munjung (Figure 6), and cars in Zone
36 that took Expressway 65 and National Route 14 as well as
cars in Zone 24 going from Wondang to Provincial Road 60
took more time. Those zones would require prompt traffic
control in the case of an emergency.

The reason why more vehicles used National Route 14
than Expressway 65 appears to be that most cars coming
from the areas within 5 km take National Route 14 to reach
Expressway 65 at the 21-km mark.

2) Time to evacuate to a 21-km distance

As shown in Figure 7, it took the same time to evacuate to
21 km via Provincial Road 60 and Expressway 65 (247.6 min-
utes and 247.9 minutes, respectively). The shortest time was
observed for National Routes 14 and 31 (167.3 minutes).

For Provincial Road 60, a delayed departure time led to an
extended delay due to the effects of the traffic generated ear-

JRPR

lier, which resulted in higher average evacuation time with
identical distribution patterns for the evacuation times.

Proper traffic distributions for each road and proactive
traffic control would be necessary for the bottleneck sections
(Figure 8).

National Routes 14 and 31 were found to allow the speedi-
est evacuations. When National Route 31 (currently under
construction for expansion) is expanded at the end of 2016,
the evacuation time is expected to be further reduced.

Conclusion

The EPZ defines the area for intensive planning for protec-
tive measures such as indoor refuge and evacuation in ad-
vance of a radiation leakage accident in nuclear facilities.
Notably, residents in the PAZ need to be evacuated proac-
tively in order to ensure that they do not receive any radia-
tion exposure. However, in reality, countless variables may
emerge as on-site challenges, as occurred in the Fukushima
Daiichi nuclear disaster.

In this paper, we analyzed evacuation times for permanent
and transient residents in the PAZ, in the case of a major ac-
cident involving the release of radioactive materials from the
Kori nuclear power plant. We sought to characterize mea-
sures that would be effective in protecting residents from ra-
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Fig. 7. Estimated 21-km evacuation time by vehicle for each exit route from the Kori site.
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Fig. 8. Bottleneck sections within 21 km from the Kori nuclear site for each origin-destination (O-D) pair.

diation through an evaluation of the expected exposure dose.
We found that the total evacuation time may be delayed by
30 to 90 minutes after the fallout arrival time at the PAZ
boundary, and by 112 to 158 minutes at the UPZ boundary.
In particular, assuming that a shadow evacuation of 20% or
more occurs at the boundary of the PAZ, a delay in the evacu-
ation due to traffic jams is expected, which would lead to ap-
proximately 10 mSv-h™ (or higher) radiation exposure at the
boundary of the nuclear power plant site and approximately
4-6 mSv-h of radiation exposure at the boundary of the PAZ.

The evacuation time estimates presented in the radiologi-
cal emergency plans for Shin Kori-3 and 4, approved by the
NSSC in February 2013, do not differ greatly from the values
we obtained in the current study, as they found a prepara-
tion time of 60-120 minutes and evacuation travel times of
73-178 minutes, despite differences in the software modules
that were used, the spatial range, the evacuee types, and the
survey method. Therefore, the calculated resident evacua-
tion times in the radiological emergency plans for Shin Kori-
3 and 4 may be considered conservative. Moreover, the pub-
lic evacuation time is expected to decrease further when the
planned roadway network opens and the recommendations
of this study are put into practice.

204  www.jrpr.org

In order to minimize deterministic effects on the residents
in the PAZ, the following measures must be implemented:
the current decision-making process should be made sim-
pler, each organization should set time objectives for emer-
gency responses, resources (both human and material) for
resident protection should be secured before an emergency,
and maintenance of such resources should be regularly mon-
itored in order to shorten the evacuation preparation time.

In addition, educational outreach programs such as those
provided by the Korea Academy of Nuclear Safety should be
offered to the public, schools, hospitals, and nursing homes.
People should be encouraged to participate in emergency
drills to familiarize themselves with the actions that need to
be taken in emergencies. People vulnerable to disasters,
such as pregnant women, the elderly, and patients who may
require longer evacuation preparation and whose condition
may worsen during the long hours of transport, should be
the first to be evacuated, before the declaration of a code-red
emergency; Additionally, facilities such as hospitals and
nursing homes outside the UPZ need to be designated in ad-
vance and included in the emergency plan.

In case of a code-red emergency, thyroid protective agents
should be distributed to the residents in the PAZ for them to
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take immediately. In addition, close cooperation between
the emergency headquarters and on-site responders is cru-
cial for insuring a timely response. Phased protection action
plans for each street and administrative unit should be es-
tablished, so that traffic congestion does not occur in the
UPZ due to shadow evacuation.

For future research, simulations of shadow evacuation in
the neighboring Ulju-gun area and the UPZ should be fur-
ther increased from 20% to 100%. In addition, the effects of a
range of evacuation vehicles, such as trains, ships, and soon-
to-be-opened road networks should be considered.
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