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Emergency planning zones (PAZ and UPZ) around the Karachi-2 and Karachi-3 nuclear power plants (K-2/K-3 NPPs) have
been realistically determined by employing Gaussian puff model and Gaussian plume model together for atmospheric transport,
diffusion, and deposition of radioactive material using onsite and regional data related to meteorology, topography, and land-
use along with latest IAEA Post-Fukushima Guidelines. The analysis work has been carried out using U.S.NRC computer code
RASCAL 4.2. The assumed environmental radioactive releases provide the sound theoretical and practical bases for the estimation
of emergency planning zones covering most expected scenario of severe accident and most recent multiunit Fukushima Accident.
Sheltering could be used as protective action for longer period of about 04 days. The area about 3 km of K-2/K-3 NPPs site should
be evacuated and an iodine thyroid blocking agent should be taken before release up to about 14 km to prevent severe deterministic
effects. Stochastic effectsmay be avoided orminimized by evacuating the areawithin about 8 kmof theK-2/K-3NPPs site. Protective
actionsmay becomemore effective and cost beneficial by using currentmethodology as Gaussian puffmodel realistically represents
atmospheric transport, dispersion, and disposition processes in contrast to straight-line Gaussian plume model explicitly in study
area.The estimated PAZ and UPZ were found 3 km and 8 km, respectively, around K-2/K-3 NPPs which are in well agreement with
IAEA Post-Fukushima Study. Therefore, current study results could be used in the establishment of emergency planning zones
around K-2/K-3 NPPs.

1. Introduction

Emergency planning zones (EPZs) are established around
nuclear power plants in order to implement prompt and
effective protective actions and other response actions to
protect the public during nuclear emergency situation at
nuclear power plant(s). The emergency situation arises due
to damage of nuclear fuel present in nuclear reactor core
or in spent fuel pool of nuclear power plants. Such emer-
gency situationsmay have severe health effects (deterministic
and stochastic) which affect public in different ways, for
example, prompt causalities, reducing their life quality, and
causing physiological and socioeconomic problems. These
consequences can be prevented ormitigated by implementing

protective actions promptly in the designated areas, that
is, emergency planning zones. The designated areas include
precautionary action zone (PAZ) to reduce substantially the
risk of severe deterministic effects and urgent protective
action planning zone (UPZ) and to reduce substantially the
risk of stochastic effects. The importance of EPZs has been
demonstrated in Fukushima Accident as protective actions;
that is, evacuation of public within 20 km and sheltering
within 20–30 km (later on advised to evacuate voluntarily)
prevented radiological consequences effectively [1, 2].

Emergency planning zones are estimated considering
spectrum of accidents, environmental releases of radioactive
materials, meteorology, and radiological doses from differ-
ent exposure pathways. The consideration of spectrum of
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accident is important as some accidents have high occur-
rence probability with less health consequences while some
accidents have low occurrence probability with high health
consequences.Therefore, spectrumof accidents is considered
for radioactive material environmental releases to consider
both low occurrence probability accidents and high occur-
rence probability accidents and their health effects accord-
ingly. The radioactive materials that enter into environment
after occurrence of accident are subsequently transported,
diffused, and deposited on ground according to local and
regional meteorology, topography, and land-use character-
istics. Then, radiological doses are calculated for potential
exposure pathways, for example, cloud shine, inhalation,
and ground shine in model domain area. Finally, EPZs are
determined using dosimetry criteria set forth by the national
and/or international nuclear regulator/agency.

Generally, straight-line Gaussian plume model (GPM)
is used for estimation of EPZs because it is simple and
computationally inexpensive. However, straight-line GPM
may give unreasonable estimates of pollutant concentration
away from the release pointwhile it gives reasonable estimates
in the vicinity of release point as these models transport
pollutants “immediately” to entire modeling area. Also, rou-
tinely collected meteorological data at nuclear power plants
is normally used in the estimation of EPZs. However, mete-
orological conditions may change drastically as pollutants
move away from the release point, for example, topogra-
phy effects, and thus onsite meteorological data alone may
give unrealistic results. Since radiological doses depend on
radioactive material quantity in the environment, therefore,
onsite meteorological data in straight-line GPMs may give
unrealistic radiological doses estimates.

Further, data sampling techniques (e.g., Latin Hyper-
cube) are normally used to obtain representative meteo-
rological data instead of calculating radiological doses for
each meteorological condition (e.g., 8760 meteorological
conditions in a typical year) while determining radiological
doses at different percentile [3, 4]. Data sampling makes
calculation computationally inexpensive and also requires
low memory capacity. Since nowadays high computing
machines with sufficient memory capacity are available,
therefore, if all meteorological data were used, typically
required in EPZs calculations, instead of data sampling, then
better statistical distribution of radiological doses would be
achieved.

In this study, EPZs (PAZ and UPZ) around the Karachi-
2 and Karachi-3 nuclear power plants (K-2/K-3 NPPs) have
been determined using U.S.NRC (United States Nuclear
Regulatory Commission) RASCAL 4.2 (Radiological Assess-
ment System for Consequence Analysis) computer code [5].
U.S.NRC RASCAL 4.2 is the state-of-the-art computer code
which deploys Gaussian puff model for atmospheric trans-
portation, diffusion, and deposition of radioactive material
away from its release point and Gaussian plume model
in the vicinity of release point using onsite and regional
data related to meteorology, topography, and land-use. The
details of models and methods included in RASCAL 4.2 are
given in [5]. Also, IAEA Post-Fukushima Guidelines (Inter-
national Atomic Energy Agency) are implemented for the

determination of EPZs in this study [5]. Following the IAEA
Post-Fukushima Guidelines, 10% of nuclear reactor core
volatile radioactive material is assumed to be released for
10-hour duration into the environment [6]. The radioac-
tive material was then subsequently transported, diffused,
and deposited on ground according to onsite and regional
meteorology, topography, and land-use characteristics using
RASCAL 4.2 atmospheric transport and dispersion model.
Radiological doses through potential exposure pathways (i.e.,
cloud shine, ground shine, and inhalation) are calculated
using ICRP-60 (International Commission on Radiological
Protection) models for representative onsite and regional
meteorological conditions. Finally, IAEA dosimetry criteria
for EPZs are applied for the determination of EPZs for K-2/K-
3 NPPs.

2. Literature Review

Emergency preparedness and response (EPR) is the system-
atic methodology which ensures the capability and perfor-
mance of actions required to mitigate the consequences of
an emergency situation at nuclear power plants for human
health and safety, quality of life, property, and the environ-
ment [6]. Emergency planning zones (EPZs), an integral part
of EPR, have always been considered in nuclear industry
even before 1979 TMI Accident (ThreeMile Island), the most
disastrous nuclear accident in operating commercial nuclear
power plant history at that time. In 1978, U.S.NRC gave the
idea of generic emergency planning zones which was based
on spectrum of accidents, consequences, and probability [7].
Several studies addressing different aspects of radioactiv-
ity releases during nuclear emergency situation have been
conducted particularly on emergency planning zones [7–
16], radiation doses [17–20], and intervention distances for
protective actions [21].

Accident scenario has profound impact on the size of
emergency planning zones as each accident sequence has
different probability of occurrence and corresponding health
consequences. Several studies revealed that single accident
sequence may not fulfill the EPR objectives efficiently [6–8].
Therefore, it is recommended to use spectrum of accident
[6–8] as it results in the optimization of protective actions
available to potentially highly affected areas, for example,
near plant [8]. In this regard, IAEA has suggested 10% of
nuclear reactor core volatile radioactive material is assumed
to be released during 10-hour duration into the environment
[6].

Also, atmospheric transport, diffusion, and deposition
of radioactive materials from an accident depend on the
surrounding meteorology, topography, and land-use char-
acteristics and the consequences that will result. Different
mathematical models are used to predict the dispersion
of radioactive material in the environment, for example,
Gaussian plumemodel, Gaussian puffmodel, and Lagrangian
particle model. In most of the above-mentioned studies,
straight-line Gaussian plume model (GPM) has been used
due to its simplicity, ease of calculation, and requiring less
computational time as well as lowmemory capacity. Straight-
line GPMs, however, may give unreasonable estimates of
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Figure 1: Methodology for estimation of K-2/K-3 NPPs EPZs.

pollutant concentration away from the pollutant release point
as meteorology beyond 10 km may not remain the same
[22] due to surrounding area characteristics, for example,
topography, and land-use features may also significantly
modify meteorological characteristics.

Recently, a study was conducted to estimate emergency
planning zones using RODOS module RIMPUFF [8] which
is based onGaussian puffmodel [23, 24]. In the referred study,
meteorological data provided by German Weather Service
was preferred over more accurate onsite meteorological data
as the former covers the simulation area. However, more
accurate meteorological data from onsite meteorological
station along withmeteorological data from national weather
servicemay be better approach as it would improve the spatial
and temporal representation of wind fields in the simulation
area [25].

Further, in most of the above-mentioned studies, data
sampling techniques have been used that select input vari-
ables such that the essential information could be acquired
regarding output variables which subsequently results in
efficient computation [26]. In other words, these techniques
are used (e.g., Latin Hypercube) to obtain representative
meteorological data instead of calculating radiological doses
for each meteorological condition (e.g., 8760 meteorological
conditions in a typical year) [3, 4]. However, nowadays
computing machines speed and memory capacity has been
drastically increased and use of data sampling might not
be as much advantageous as it was when computing speed
and memory capacity were limited. Therefore, statistical
distribution of radiological doses may be improved if all
meteorological data, typically required in EPZs calculations,
is used instead of data sampling.

3. Methodology and Model Description

ACP1000 (renamed as Hualong-1) nuclear power plants
(NPPs), 2× 1100MWel pressurizedwater reactor (PWR) each,
are being constructed near Karachi, the southern onshore city
of Pakistan, and expectedly put into commercial operation
in 2020/2021. The nuclear power plants site is about 23 km
northwest of Karachi having coordinates 24∘515 north and
66∘4631 east with Sulaiman Mountains in the northwest.
Within 80 km radius of site, two (02) national weather
meteorological stations exist: Karachi South Meteorological
Station at 18 km in east-north-east of site andKarachi Airport
Meteorological Station at 40 km in east of site [27].

Hualong-1 is the third generation three-loop PWR design
with 3050MWth thermal power, 18-month fuel cycle, and fuel
burn-up greater than 45,000MWd/MT of uranium. It has
double containment, 60-year design life, and contains active
and passive redundant safety systems [27].

In this study, EPZs (PAZ and UPZ) around K-2/K-
3 nuclear power plants (NPPs) have been determined in
accordance with IAEA Post-Fukushima Guidelines [6] using
U.S.NRC RASCAL 4.2 computer code. RASCAL 4.2 is the
state-of-the-art computer code designed to be used in the
independent assessment of dose projections. It was developed
to allow consideration of the dominant aspects of source
term, transport, dose, and consequences. It evaluates releases
from nuclear power plants, spent fuel storage pools and
casks, fuel cycle facilities, and radioactive material handling
facilities.

The flow chart of themethodology adopted in the current
study is shown in Figure 1 and details are given in subsequent
sections.
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3.1. Environment Radioactive Releases. It was assumed that
10% of nuclear reactor core volatile radioactive material is
released at ground level into the environment. It was assumed
that releases continue for 10 hours. It is the maximum
expected radioactive material release into the environment
following an accident that severely damages the fuel [6] and
also covers the Fukushima Accident scenario [5, 8]. The
duration of 10 hours was assumed for radioactive material
release although it may continue many hours after initiation
of severe accident. Since shorter release period leads to larger
emergency planning zones [8], therefore, 10-hour release
duration would result in optimization with reference to
different accident scenario. Further, containment by-pass was
considered as the release pathway as itmaywarrant protective
actions early [28]. Finally, duration of prerelease phase was
assumed to be zero hour (0 hour) while in real scenario sev-
eral hours would be available to take protective actions before
start of severe release of radioactive material, for example, 13-
hour duration prerelease phase of Fukushima Accident [8].

3.2. Atmospheric Dispersion. Gaussian puff model has been
employed for atmospheric transport, diffusion, and depo-
sition of radioactive material away from release point and
Gaussian plume model in the vicinity of release point. The
mathematical models implemented in RASCAL 4.2 are given
in (1) and (2). The complete description is given in [5].

The Gaussian puffmodel as implemented in RASCAL 4.2
is given below:

𝜒 (𝑥, 𝑦, 𝑧)
𝑄 = 1

2𝜋3/2𝜎𝑥𝜎𝑦𝜎𝑧 exp[−
12 (𝑥 − 𝑥0𝜎𝑥 )

2]

⋅ exp[−12 (𝑦 − 𝑦0𝜎𝑦 )
2]

⋅ exp[−12 (𝑧 − 𝑧0𝜎𝑧 )
2] .

(1)

The straight-line Gaussian plume model as implemented in
RASCAL 4.2 is given below:

𝜒 (𝑥, 𝑦, 𝑧)
𝑄 =

𝐹𝑦𝐹𝑧2𝜋𝑢𝜎𝑦𝜎𝑧 . (2)

Meteorological data collected from onsite meteorological
station along withmeteorological data from national weather
meteorological stations has been used in the analysis as it
would improve the spatial and temporal representation of
wind fields in the simulation area. For this study, onsite
meteorological data for the years 2013–2015 along with
regional meteorological historical data collected from two
meteorological stations that lie about 80 km radius aroundK-
2/K-3 site has been used.

Most probable wind direction, wind speed, and atmo-
spheric stability class of each hour of 10-hour duration
of radioactive material release have been calculated at
each meteorological station. Most probable wind direction
(MPWD) for the first hour of radioactive material release

has been estimated through cumulative frequency distri-
bution, taking into account the circular nature of wind
data (details may be found in literature, e.g., [29]), using
hourly wind direction data along with corresponding wind
speed and atmospheric stability class. The MPWD along
with corresponding most probable wind speed and atmo-
spheric stability class has been used as first hour meteorol-
ogy for radioactive release. Most probable wind direction
shift (MPWDS) during 10-hour release has been calculated
through cumulative frequency distribution using every 10-
hour absolute wind direction shift data. The total wind
direction shift MPWD ± MPWDS was assumed during 10-
hour release period. For subsequent hours (i.e., 2nd to 10th
hour of radioactive release), occurrence frequency of each
wind direction in MPWD ±MPWS span has been calculated
and arranged in descending order. The first nine (09) wind
directions were assumed as wind direction of subsequent
hours of radioactive release. These nine (09) wind directions
along with corresponding most probable wind speed and
atmospheric stability have been used for subsequent hours of
radioactive material release.

Elevation data in three (03) terrain grids with 22 points
in 𝑋 and 𝑌 directions in each grid with grid spacing of
1.0, 2.5, and 5.0 miles have been calculated with CALMET
preprocessor TERREL [30] using Global Digital Elevation
Model (GTOPO30) to account for region topography effects.
Similarly, surface roughness in three (03) terrain grids with
21 points in 𝑋 and 𝑌 directions in each grid with grid
spacing of 1.0, 2.5, and 5.0 miles has been calculated using
land-use/land-cover data (LULC) fromESRI (Environmental
Systems Research Institute).

3.3. Radiation Doses. Cloud shine, inhalation, and ground
shine pathways were considered as potential exposure path-
ways for PAZ while inhalation pathway was considered
for UPZ. The dose conversion factors (DCFs) of ICRP-
60 were considered for radiation doses calculation while
acute inhalation dose to red bone marrow was calculated
using DCF given in IAEA EPR-D-Values 2006. The IAEA
dosimetric criteria for emergency planning zones (PAZ and
UPZ) have been used and the same is given in Table 1 for
reference. The impacts of public behavior, that is, protective
actions on the distance to which IAEA criteria (Table 1) may
be exceeded, were examined according to IAEA guidelines
[6]. It should be highlighted here that house sheltering was
considered only for inhalation pathway assuming normal
activity, that is, one-third of the time outside house (in the
field) and two-thirds of the time inside house. Thyroid 50-
year committed dose and acute dose are very similar because
of short half-life of the iodine isotopes that dominate thyroid
dose and evident from IAEA Study [6]. Therefore, thyroid
committed dose equivalent from inhalation has been used in
this study for acute dose to thyroid.

4. Analysis and Results

The volatile radioactive materials of radiological significance
are krypton, xenon, iodine cesium, and tellurium [31].There-
fore, 10% of these radioactive materials were released in
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Table 1: IAEA dosimetric criteria for emergency planning zones [6].

Zone Actions taken based on plant
conditions to prevent the following Dosimetric quantity Dose criteria Exposure pathway

Inhalation Cloud shine Ground shine

PAZ Severe deterministic effects ADredmarrow 1 Gy X X X
ADfetus,inh 1 Gy X

UPZ Stochastic effects 𝐸inh 100mSv X
𝐻fetus,inh 100mSv X

Table 2: Environment radioactive releases.

Group Radioactivity releases (Bq)
Noble gases (Xe, Kr) 2.13 × 1018
Iodine 2.17 × 1018
Cesium 1.46 × 1017
Tellurium 5.89 × 1017

the environment within 10 hours as given in Table 2. These
environmental radioactive releases are maximum expected
activity in case of accident that severely damages the fuel.
The environmental releases of noble gases and iodine groups
are nearly in the same order, that is, 2.13 × 1018 Bq and
2.17 × 1018 Bq, respectively. Cesium and tellurium group’s
environmental releases are lower than noble gases and iodine
groups with 1.46 × 1017 Bq and 5.89 × 1017 Bq, respectively.
The radioactive releases of 131I and 137Cs have been given
in Table 3 along with Fukushima Accident releases and one
of the recent studies for comparison. It is evident from
Table 3 that environmental releases in current study cover
both scenarios. Since current study covers the Fukushima
Accident scenario, therefore, the analysis may be considered
as multiunit studies. However, it may be pointed out here
that the current analysis would be refined after completion
of Probabilistic Safety Assessment Level-2 study.Therefore, it
may be deduced that the environmental radioactive releases
considered in this study provide the sound theoretical and
practical bases for the estimation of emergency planning
zones as they cover the most expected scenario of severe
accident as well as multiunit Fukushima Accident.

Figure 2 shows the time dependent release rate of 131I
and 137Cs, two most important radionuclides in radiological
consequences, which depicts the accident progression as
reactor core passes through different phases, that is, cladding
failure, core melt phase, and post-vessel melt-through phase
[5, 32]. It is seen that 131I and 137Cs release rate to the envi-
ronment at the start of release is about 4.46 × 1014 Bq/15min
and 5.33 × 1013 Bq/15min, respectively, which increases as
accident progresses and attains the maximum value of 1.02 ×
1016 Bq/15min and 1.26 × 1016 Bq/15min at about 3.8 hours.
After about 3.8 hours, both 131I and 137Cs show decreasing
trend as post-vessel melt-through phase has completed. It is
also evident from Figure 2 that 131I decreases more rapidly
than 137Cs after about 3.8 hours because 131I has much
shorted half-life as compared to 137Cs. Also, the total released
quantity of 131I is 3.1 × 1017 Bq which is greater than 137Cs
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Figure 2: Time dependent 131I and 137Cs release rate.
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Figure 3: RBE weighted absorbed dose to red marrow from cloud
shine, inhalation, and ground shine.

by the order of about 10 times, that is, 3.7 × 1016. It is
observed that specific activity of 131I is greater than 137Cs
and ingrowth of 131I is through decay of 131Te. Finally, at the
end of simulation, that is, 10 hours, the release rate of 131I
and 137Cs resides around 7.09 × 1015 Bq/15min and 9.36 ×
1014 Bq/15min, respectively.

The acute red bone marrow dose profile is shown in
Figure 3, solid curve. Acute red bone marrow dose rapidly
decreases along the path as plume moves away from the
source. It is evident from the profile that IAEA dosimetric
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Table 3: Estimates of radioactive releases of different studies.

Cases 131I (Bq) 137Cs (Bq)
K-2/K-3 NPPs study 3.1 × 1017 3.7 × 1016
Fukushima Accident [8] 1.1 × 1017–2.1 × 1017 1.1 × 1016–2.1 × 1016
SSK 2014 study [8] 3.1 × 1017 2.9 × 1016
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Figure 4: Thyroid committed dose equivalent to fetus from inhala-
tion.

criterion of 1 Sv is projected to be exceeded to about a
distance of 1.2 km which is in good agreement with IAEA
Study [6]. It should be pointed out here that RASCAL 4.2
always calculates dose from ground shine pathway for 04
days. Therefore, sheltering could be used as protective action
for longer period, if required, as radiological doses through
ground shine pathway do not result in substantial increase in
acute dose to red bone marrow. Ground shine dose depends
on deposition (dry and wet) of radionuclides. In RASCAL
4.2, dry deposition is realistically modeled as dry deposition
velocity change with changingmeteorological conditions and
surface instead of fixed velocity. Radiological doses through
ground shine pathway may be increased if wet deposition
(rain and snow) is considered. However, the probability of
rain is very low while the probability of snow is extremely
low in this region [27].Therefore, the effect of wet deposition
may be ignored as highly unlikely scenarios would reduce the
number of protective measures.

Thyroid committed dose equivalent from inhalation pro-
file has been shown in Figure 4. It shows that if ITB agent
is taken before inhalation, the IAEA criterion is projected to
be exceeded to about 3 km if pregnant woman is sheltering
in a house. However, if ITB agent is not taken then the
criterion is projected to be exceeded to about a distance of
14 km if pregnant woman is sheltering in a house.The thyroid
committed dose equivalent to fetus from inhalation is in well
agreement with IAEA Study [6] if pregnant woman takes ITB
agent before inhalation and is sheltering in a house. However,
thyroid committed dose equivalent to fetus from inhalation
falls nearly half-way with IAEA Study [6] if pregnant woman
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Figure 5: Effective dose from inhalation.

does not take ITB agent before inhalation and sheltering
in a house. This comparison shows that the atmospheric
transport, diffusion, and deposition characteristics of current
study area are better than the area considered in IAEA Study.
It should be highlighted here that RASCAL 4.2 gives more
realistic results in contrast to straight-line Gaussian plume
models as itmodifies thewind field to account for topography
and hence realistic radionuclide concentration. It is suggested
that to prevent the severe deterministic effects of a severe
release, the area within about 3 km of the K-2/K-3 NPPs
should be evacuated and an iodine thyroid blocking agent
taken before a release to about a distance of 14 km.Therefore,
Gaussian puff model not only gives more realistic results
but also increases protective actions effectiveness as well as
making them more cost effective.

The effective dose from inhalation profile is shown in
Figure 5. IAEA dosimetric criterion of 100mSv of effective
dose is projected to be exceeded from inhalation to about
8 km for an individual sheltering in a house and about 11 km
without sheltering. The thyroid committed dose equivalent
from inhalation profile is shown in Figure 6, with solid curve.
It shows that if an ITB agent is taken before or shortly after the
inhalation the criterion of 100mSv to the fetus is projected to
be exceeded to about 14 km for a pregnant woman sheltering
in a house. Therefore, it is inferred that in order to avoid
or minimize stochastic effects for a severe release, the area
within about 8 km of K-2/K-3 NPPs should be evacuated.

It is emphasized here that emergency planning zones
should be based on realistic analysis because highly unlikely
scenarios would reduce the number of protective mea-
sures and hence be not favorable of meeting the intended
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Figure 6:Thyroid committed dose equivalent from inhalation after
taking ITB and sheltering.

objectives. Therefore, current study recommends 3 km and
8 km as PAZ and UPZ, respectively, for K-2/K-3 NPPs. The
recommended PAZ and UPZ are in well agreement with
IAEA guidelines [6] which suggest that the size of PAZ and
UPZ could be established based on site specific analysis
provided that the boundary would not be more than a factor
of two less than or greater than the recommended range, that
is, 3–5 km for PAZ and 15–30 km for UPZ.

5. Conclusion

The current study presents the application of Gaussian puff
model using onsite and regional data related to meteo-
rology, topography, and land-use along with latest IAEA
Post-Fukushima Guidelines for the estimation of emergency
planning zones (PAZ and UPZ) around K-2/K-3 NPPs. The
environmental radioactive releases, specifically 131I (3.1 ×
1017 Bq) and 137Cs (3.7 × 1016 Bq), provide the sound theo-
retical and practical bases for the estimation of emergency
planning zones as they cover the most expected scenario
of severe accident, that is, 10% of nuclear reactor core
volatile radioactive material as well as most recent multiunit
Fukushima Accident. Also, sheltering could be used as pro-
tective action for longer period of about 04 days, if required.
Further, to prevent the severe deterministic effects of a severe
release, the area within about 3 km of K-2/K-3 NPPs should
be evacuated and an iodine thyroid blocking agent should be
taken before a release to about a distance of 14 km. Moreover,
stochastic effects of severe release of radioactive material
may be avoided or minimized by evacuating the area within
about 8 km of K-2/K-3 NPPs site. Protective actions may
become more effective and cost beneficial by using current
methodology as Gaussian puff model realistically represents
atmospheric transport and dispersion process in contrast to
straight-lineGaussian plumemodel.Therefore, it is suggested
that 3 km and 8 km around K-2/K-3 NPPs may be designated
as PAZ and UPZ, respectively, which are in well agreement of
IAEA Post-Fukushima Guidelines.

Nomenclature

𝜒(𝑥, 𝑦, 𝑧): Concentration (Ci/m3 or g/m3)𝑄: Amount of material released (Ci or g)𝜎𝑥, 𝜎𝑦, 𝜎𝑧: Dispersion parameters (m)𝑥0, 𝑦0, 𝑧0: Center of the puff𝑄: Material release rate (Ci/sec or g/sec)𝐹𝑦, 𝐹𝑧: Lateral and vertical exponential terms𝑢: Wind speed (m/sec)
ACP: Advance Chinese PWR
ADfetus,inh: Absorbed dose to fetus through inhalation
ADredmarrow: Absorbed dose to red marrow
CALMET: California meteorology
DCFs: Dose conversion factors𝐸inh: Effective dose through inhalation
EPR: Emergency preparedness and response
EPZs: Emergency planning zones
ESRI: Environmental Systems Research Institute
GPMs: Gaussian plume models
GTOPO30: Global 30 Arc-Second Elevation dataset𝐻fetus,inh: Equivalent dose to fetus through

inhalation
IAEA: International Atomic Energy Agency
ICRP: International Commission on

Radiological Protection
ITB: Iodine thyroid blocking
K-2: Karachi-2
K-3: Karachi-3
Kr: Krypton
LULC: Land-use land-cover
MPWD: Most probable wind direction
MPWDS: Most probable wind direction shift
MWd/MT: Megawatt-day per ton
NPPs: Nuclear power plants
PAZ: Precautionary action zone
PWR: Pressurized water reactor
RASCAL: Radiological Assessment System of

Consequence Analysis
RBE: Relative biological effectiveness
RIMPUFF: Risø model puff
RODOS: Real-time online decision support system
SSK: Strahlenschutzkommission
TERREL: Terrain elevation
TMI: Three Mile Island
U.S.NRC: United States Nuclear Regulatory

Commission
UPZ: Urgent protective action planning zone
Xe: Xenon.
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