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ABSTRACT
Atmospheric dispersion and dose assessment of 311 and ¥’Cs from simulated nuclear
power plant explosions in South East Asia
By
Lokman Hakim Bin Muhamad
198362
February 2022
Supervisor: Dr. Muhammad Khalis Abdul Karim (PhD)

Faculty: Faculty of Science

Radiological incident is considered as one of tremendous disaster as it could cause significant
amounts of radionuclides dispersed and lead to potential cancer risk. Hence, it is necessary for
responsible authorities to simulate hypothetical accidents from a potential nuclear reactor.
Therefore, this study aimed to evaluate the dispersion of 3!l and '3’Cs from the hypothetical
incident scenario in Ninh Thuan, Vietnam (11.6906°N, 109.1753°E) and Bangi, Malaysia
(2.9156°N, 101.7832°E) and to determine the potential exposure to the interest population.
Furthermore, this data is crucial for the authority to determine the risk of mortality from the
accidents if it eventually happen. The HYSPLIT model is used and configured based on the
meteorological conditions in the two potential sites for Nuclear Power Plant (NPP) in southeast
Asia. This model is used to simulate atmospheric dispersion of fission emissions and then
assess the public health effects from the hypothetical nuclear accident. The maximum distance
of radionuclides was determined by analysing activity concentration from the source term at
different locations, time and altitudes. By extract this data, the mortality rate among the
population can be obtained from the total individual dose intake and effective dose absorbed
by the population living around the potential site. The results were compared with the allowed
dose limits suggested by the International Atomic Energy Agency (IAEA) which is 1 mSv/yr
for the public. The results indicate that the mean activity concentration for both radionuclides
(3311 &*¥7Cs) are higher at Bangi compared to Ninh Thuan for the first day of accident. With
the highest activity concentration of ¥’Cs and 3!l which are 13.00 MBg/m? and 470.00
MBg/m? respectively at Bangi, there are approximately about 0.001227 mSv and 1.33 mSv
effective dose from releasing of 1¥’Cs and *3!I, respectively. However, for incident in Ninh
Thuan, there are approximately about 4.9 x10°> mSv and 0.0559 mSv effective dose from
releasing of *’Cs and 3! respectively. For risk estimation, the highest mortality risk due to
the inhalation of '3'Cs is 15 out of 100,000 of population at Bangi within for altitude between
0 m to10 m within 4 hours after the accident. Meanwhile at Ninh Tuan there are about 3 out of
100,000 that is predicted to die due to the inhalation of 131 each 4 level of altitudes. It is vital
to minimize the radiological consequences on population, enhance the emergency protocols at
the regions by taking location and geographical site into account. Some of the actions that
should be taken are by evacuation, sheltering, ban the sale of local agriculture productions, and
long-range resettlement of the population.



ABSTRAK

Penyerakan atmosfera dan penilaian dos ***I dan '3’Cs daripada simulasi letupan loji
kuasa nuklear di Asia Tenggara

Oleh
Lokman Hakim Bin Muhamad
198362
Februari 2022
Penyelia: Dr. Muhammad Khalis Abdul Karim (PhD)
Fakulti: Fakulti Sains

Insiden radiologi dianggap sebagai salah satu bencana yang besar kerana ia boleh
menyebabkan sejumlah besar radionuklid tersebar dan membawa kepada potensi risiko kanser.
Oleh itu, pihak berkuasa yang bertanggungjawab dalam bidang ini perlu untuk mensimulasikan
kemalangan daripada reaktor nuklear yang berpotensi. Oleh itu, kajian ini bertujuan untuk
menilai serakan 31 dan '¥’Cs daripada senario kejadian hipotetikal di Ninh Thuan, Vietnam
(11.6906°U, 109.1753°E) dan Bangi, Malaysia (2.9156°U, 101.7832°E) dan untuk
menentukan potensi pendedahan kepada penduduk . Tambahan pula, data ini penting untuk
pihak berkuasa menentukan risiko kematian akibat kemalangan jika ianya berlaku. Model
HYSPLIT digunakan dan dikonfigurasikan berdasarkan keadaan meteorologi di dua tapak
berpotensi untuk Loji Tenaga Nuklear di Asia Tenggara. Model ini digunakan untuk
mensimulasikan serakan pelepasan pembelahan di atmosfera dan kemudian menilai kesan
kesihatan awam daripada simulasi kemalangan nuklear. Jarak maksimum radionuklid
ditentukan dengan menganalisis kepekatan aktiviti dan dinilai berdasarkan lokasi, masa dan
ketinggian yang berbeza. Dengan mengekstrak data ini, kadar kematian dalam kalangan
penduduk boleh diperoleh daripada jumlah pengambilan dos individu dan dos berkesan yang
diserap oleh penduduk yang tinggal di sekitar tapak berpotensi. Hasilnya dibandingkan dengan
had dos yang dibenarkan yang dicadangkan oleh International Atomic Energy Agency (IAEA)
jaitu 1 mSv/thn untuk orang ramai. Keputusan menunjukkan bahawa purata kepekatan aktiviti
bagi kedua-dua radionuklid (*3!1 &'%"Cs) adalah lebih tinggi di Bangi berbanding Ninh Thuan
untuk hari pertama kemalangan. Dengan kepekatan aktiviti tertinggi iaitu *’Cs dan 31 iaitu
13.00 MBg/m2 dan 470.00 MBg/m? masing-masing di Bangi, terdapat kira-kira kira-kira
0.001227 mSv dan 1.33 mSv dos berkesan daripada pelepasan **’Cs dan 31, masing-masing.
Walau bagaimanapun, untuk kejadian di Ninh Thuan, terdapat kira-kira 4.9 x10°> mSv dan
0.0559 mSv dos berkesan daripada pelepasan masing-masing *3’Cs dan 3!I. Untuk anggaran
risiko, risiko kematian tertinggi disebabkan oleh penyedutan '¥’Cs ialah 15 daripada 1000
dalam kalangan penduduk di Bangi iaitu di lingkungan ketinggian antara 0 m hingga 10 m
dalam tempoh 4 jam selepas kemalangan. Manakala di Ninh Tuan terdapat Kira-kira 3 daripada
100,000 yang diramalkan akan mati akibat penyedutan 13| setiap 4 lapisan ketinggian. Adalah
penting untuk meminimumkan akibat radiologi ke atas penduduk, meningkatkan protokol
kecemasan di wilayah dengan mengambil Kira lokasi dan tapak geografi. Beberapa tindakan
yang perlu diambil adalah dengan pemindahan, perlindungan, pengharaman penjualan hasil
pertanian tempatan, dan penempatan semula penduduk dalam jarak jauh.
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CHAPTER 1
INTRODUCTION

1.1 Background of Study

In recent years, most of the countries in this world have been used nuclear source to produce
energy. Nuclear source is one of the best alternatives of energy that can produce energy without
produce massive amount of wastage. There are several countries that have been develop their
technology in nuclear sector such as France, Armenia, South Korea, Spain and United States.
Maintaining electricity is very important especially when the global population are increasing
nowadays to 7.9 billion people and also world facing with the pandemic Covid-19 in 2021.
When there are increasing demand of nuclear energy, it caused many countries to increase
number of nuclear reactors. This situation will lead to the necessity of the atmospheric
dispersion model together with nuclear risk assessment as the tool for emergency preparedness

that will be explained further in the Chapter 2.

Generally, nuclear energy production has been divided into two types which are nuclear fusion
and nuclear fission. Nowadays, all of the nuclear reactor in this world used nuclear fission to
produce energy. There are three major accidents in the history of civil nuclear power which are
accident at Chernobyl on 26 April 1986, Three Miles Island on 28 March 1979 and Fukushima
on 11 March 2011 as shown in Figure 1.1. The main factors that contributed to the nuclear
accidents are categorized into two types which are external and internal factors. External
factors are including with earthquake, flood and also tsunami. Fukushima is an accident that is
mainly caused by external factors. On the other hand, some examples of internal factors are
loss of coolant which is one of the main problems that usually occur inside a nuclear reactor.
It is undeniable that a proper and strict regulations should be provided as the workers are

dealing with complex system in the nuclear reactor. In nuclear sector, safety is the most



important aspect as nuclear energy contain radiation that might be harmful for people. In
nuclear power plant, there are a lot of radioactive materials that are released from it and it
should be one of the major concerns to the people surrounding. There are six types of nuclear
reactor which are Basic Gas-Cooled Reactor (MAGNOX), Boiling Water Reactor (BWR),
Advanced Gas-Cooled Reactor , Pressurized Water Reactor (PWR) , Pressurized Heavy Water
Reactor (CANDU) and RBMK REACTOR Boiling Light Water, Graphite Moderated Reactor

(Murray, 2000). This type of reactors will be discussed in detail in Chapter 2.

Figure 1.1 Nuclear accidents effects in Chernobyl and Fukushima (Webster et al., 2016)

From the Chernobyl accident, it is stated that the amounts of radionuclides were increasing
from 9.35 x103 PBq up to 1.25 x 10* PBq and it had been dispersed over Belarus, North of
Ukraine and part of Russia. The released radionuclides were largely dispersed across many
European countries due to the changes of wind direction (De Cort et al., 1998). To ensure that
accident such as this does not cause big impact, there some agencies or researcher that used
Complex computer codes for the analysis of the performance of NPPs which can be

characterized into six categories (Martinez-Quiroga et al., 2015):



(a) Atmospheric dispersion and dose codes

(b) Reactor physics codes

(c) Containment analysis codes, possibly also with features for the transport of
radioactive materials

(d) Thermohydraulic codes, including system codes, subchannel codes, porous
media codes and computational fluid dynamics (CFD) codes

(e) Fuel behaviour codes

(F) Structural analysis codes

Computer codes of atmospheric dispersion is able to analyze the deposition of radionuclides
on the ground and their transport or movement in the atmosphere. This assist researchers to
estimate the radiation dose among the population. There are many dispersion models that can
be used to analyze radionuclides dispersion and also its risk. There are some examples of
dispersion model such as SBAERMOD, CALPUFF, CTDMPLUS and HYSPLIT. In this study,
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model will be used to
analyse atmospheric dispersion and dose assessment of 3!l and '3’Cs from severe nuclear
power plant accidents in South-East Asia. HYSPLIT is an example of ATDM that was first
developed by Draxler and Hess at Air Research Laboratory of the National Oceanic and
Atmospheric Administration of the United States to calculate the trajectory of air masses and
dispersion and deposition of pollutants. The application and usage of HYSPLIT will be further

discussed in Chapter 2.



1.2 Problem Statement

There are many evidences that show the increasing of wastage from energy production in this
world. Based on the report International Energy Outlook 2013, it is estimated that world energy
consumption will increase about 56% from 2010 until 2040 (Allouhi et al., 2015). Nuclear
energy is one of the energy sources that has potential to solve this problem even though it is
not considered as renewable energy. It is important for a developing country such as Malaysia
to focus on study that related to nuclear energy sector. In the previous nuclear accident at
Chernobyl, it can be observed that the effects were still remaining in long term which is from
1986 until 2017. It is dangerous for the population as the radionuclides will be dispersed widely
to many areas and affected human surroundings. In the past nuclear accident at Chernobyl,
most of the radioactive materials are dispersed within 20 km from the reactor. In 1990, four
years after the Chernobyl disaster, a rise in thyroid cancer was discovered in kids who had been
exposed to the accident's fallout (International Atomic Energy Agency (IAEA), 1991). It
becomes difficult to analyze movement of radionuclides as it is very tiny and easily move by
air. As a result, many people attacked by cancer disease without any sign. In Fukushima
accident, even though there are no deaths recorded due to the cancer from the incidents,
however it can be observed that large parts of Japan are contaminated for at least 300 years

with 3’Cs, mainly in the northeast which consist of many people.

A study has been made to analyze the radiological component on a potential site at Baiji. The
results of this study shown that people within the area of the potential site will receive high
amount of dose intake for each person if the accident of the in the Baiji’s nuclear reactor occur.
The results were compared with the dose limits that is suggested by the International
Commission on Radiological Protection (ICRP), and it was exceeding by 1 Sv for the areas

that is near to the potential site (Saeed et al., 2019). This finding shows that by using computer



model such as HYSPLIT, it allowing this study to provide some prediction on some location
even though the reactor has not built yet there. In order to build a nuclear reactor, it is important
to ensure that the place is suitable which means it will not cause big harmful effects to the
residents if accident occur. This analysis is very relatable to the population density and
geographical location. The specific location for built the reactor cannot be analyzed by using
common radius measure only because the air movement should be accounted as the main factor

that can increase the dispersion of radionuclides to the population (IAEA, 2016).

In the previous study, the calculation of the effective dose is not detail explained by the author
of the study in the final result because it is not too accurate for analyze the cancer risk. To
improve this, there use models that called BEIR VII dose-response to determine more accurate
value that is useful for safety data. Previous studies have shown that radiation risks can be
estimated by using HYSPLIT modelling. Based on several studies and project in Southeast
Asia, there are few advanced developments and projects in nuclear energy sector. However,
there are no comprehensive study if an accident happens in this area as people know nuclear
energy will give short and long terms effects to the environment. Thus, this analysis should be
computed as the emergency preparedness respond (EPR). In taxonomy of nuclear accident
branch, it is stated that emergency preparedness is the one of the key terms that must be
emphasized. It includes the criteria for hazard assessment for emergency preparedness and
response and for the development of the protection strategy, including results of the hazard

assessment and the protection strategy in place prior to the emergency response (IAEA, 2016).



1.3 Objectives of the study

1.3.1 General Objectives
In this study, the general aim is to evaluate 131 and *3’Cs atmospheric dispersion and to create
an inventory distribution for Southeast Asia region if there are nuclear accidents or it is called

emergency preparedness within this area.

1.3.2 Specific Objectives
1) To evaluate the consequences of the worst hypothetical accident scenario in Southeast
Asia region based on previous nuclear incident.
2) To determine cumulative effective dose of Malaysian population and other countries’
population due to severe nuclear incident.
3) To quantify the risk from the simulation of accident and to establish reference data for

Southeast Asia region nuclear safety authority.

1.4 Scope of Study

In this study, the analysis of the hypothetical accidents focused in Southeast Asia region. The
assumption of the existence of reactor is within the potential country such as Indonesia and
Vietnam. The specific location for analyzing the air dispersion is in the Vietham and Malaysia
region which means the assumption of the radioisotopes is coming from the hypothetical
accidents from these countries. The reason Vietnam has been chosen to be place of accident is
because they have high potential to be build the first nuclear reactor built in Southeast Asia
region. The activity of the radionuclides that is focused on is 3!l and *3’Cs which can be
released when a nuclear reactor’s explosion occurs. However, the main tool that is used to

analyze this information is by computing data in HYSPLIT. As a result, the produced data



might not be too accurate but it can made as a reference to determine the most suitable places

to build a nuclear reactor.

1.5 Significance of Study

In this study, the atmospheric dispersion of 3! and *3’Cs radionuclides are evaluated to create
a distribution of activity that is useful for emergency preparedness. Hence, this research could
provide information for nuclear safety and security authority that is responsible in nuclear
safety. For example, in Malaysia the authority is leaded by “Majlis Keselamatan Negara”
(MKN). This data is very important for them to ensure safety of the residents if any nuclear
accidents occur within the Southeast Asia region. Moreover, there are no proper analysis on
the dispersed radionuclides in Southeast Asia region as there are none nuclear reactor has been
built completely in this region. In addition, lack of expertise in this field also has leading for a
country to ignore about this issue. In order to secure that the nuclear reactor is suitable to be
built in a place, analysis of the effective dose is very crucial to determine risk assessment level.
It is required to determine the spatial radionuclides molecular distribution and then convert to
radiation dosage in order to analyze the effects of radioactive pollutants from nuclear reactor

on human health and ecological dangers.

Analysis of nuclear accident is very important to ensure a country already have enough
preparedness and security in some locations. There are many types of emergency preparedness
that can be done in nuclear safety management and one of it is by using computing codes. Due
to the Covid-19 pandemic situation, it has already restricted some movement of people to do
some research physically. As a result, this research is focused more on the computing part to
predict some results from a simulation nuclear accident. By analyze the hypothetical accidents

of some nuclear reactor in certain location, this study able to detect number of populations that



affected by some kind of dangerous radionuclides such as 31 and *3’Cs. Figure 1.2 shows the

research framework of this study by using HYSPLIT modelling.
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Figure 1.2 Research framework of this study



1.6 Thesis Outline

This thesis consists of five chapters in order to provide information and flow on how to do
some analysis on the simulation nuclear accident. For Chapter 1, which is the introduction of
this study explains about the background, problem statement, objectives, scopes and
significance of study. Chapter 2 which is literature review, is focused more about the nuclear
safety, radiobiological effects, dispersion models, previous works in this area and also some

information regarding the development of nuclear field in southeast Asia region.

In Chapter 3, it emphasizes on the steps to produce dispersion of Cesium isotopes in some
selected regions and also how HYSPLIT modelling able to convert the required information
into dose estimation among the population. By using this activity concentration and estimated
dose receive by the population, this study able to predict risk of mortality for different altitudes.
In chapter 4, the results of the experiment have been outlined based on the method that is
provided in chapter 3. As a results, this study can prepare for an emergency preparedness

among the population in near the nuclear reactor.

Lastly, chapter 5 conclude the result and objectives of this study where Ninh Thuan and Bangi
are suitable locations to build nuclear reactor and there are some recommendations that are

suggested to improve this study.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter describes the theory and latest development which are related to this study. It
consists of nuclear safety, radiobiological effects, dispersion models, previous works in this
area and also some information regarding the development of nuclear field in southeast Asia

region. This is the section that explain in details about the previous chapter in this study.

2.2 Importance of Nuclear Safety

There are several organizations that are responsible to maintain and manage nuclear safety in
this world. It is important to control it properly because releasing of radionuclides can harm
public people directly or indirectly. Besides that, it is important to prevent previous accident

that can cause big disaster such as in Fukushima and Chernobyl.

2.2.1 History and Regulatory

Nuclear safety sector is a very important to ensure systematic security in nuclear field. The
main purpose of nuclear safety is to achieve good operating conditions and prevent at least
reduce the radiological effects that released from nuclear accidents to the workers, public
people and also environment. There are many organizations that are listed to contribute in this
field such as IAEA, NEA, World Association of Nuclear Operators (WANO) and others. IAEA
is one of the organizations that has huge responsibilities in this field. IAEA is stand for
International Atomic Energy Agency and this agency has the responsible to promote peaceful
by using nuclear energy. IAEA was established in 1957 in response to the significant anxieties

and expectations engendered by the discoveries and various applications of nuclear technology.
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It is common for the public to have bad looking to the nuclear energy as dangerous to the
society. IAEA is the main organization that need to take action to convince people towards
nuclear energy. IAEA also linked to NOAA organization as both of it concern about the activity
of the radionuclides in the atmosphere. This model was used in simulating the dispersion of a

variety of pollutants. The main elements of a nuclear safety regime can be described as Figure

2.1.
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Figure 2.1 The wheel of the global safety regimen (Nuclear Fuel Cycle Science and

Engineering, 2012)

Nowadays, there are lot of improvement that has been made in nuclear sector as the world want
to avoid from big nuclear accident such as Chernoby! occur again in the future. It is undeniable
that the world needs to choose nuclear energy as the main source in the future so it become
compulsory for the physicist to make a lot of improvement in nuclear safety sector. Previous

accident such as Chernobyl accident in 1986 showed that it is necessary for all countries to

become active partners in a single global nuclear safety regime.
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Besides that, there also many wars and also terrorist that used nuclear energy as weapons to
kill people. These effects will harm not only to the targeted persons but also the people outside
of the war’s zone. As the number of terrorist attacks has increased, national authorities and
international organisations, like the International Atomic Energy Agency (IAEA), have
increased their security measures to protect nuclear power stations from such attacks

(Alonso ,2012).

2.2.2 Previous and stage of nuclear incidents

Chernobyl

The Chernobyl disaster happened on 26 April 1986, as a result of plant operator mistakes. The
mistakes were starting when 4 reactors are being shut down for the maintenance, then some of
the operators was decided to take advantage of this shutdown to determine whether the slowing
turbine could produce enough electrical power to operate the emergency equipment and core
cooling water circulating pumps until the diesel emergency power source became operative
again in the event of a station power blackout (OECD, 2002). Resulting from the accident, it
has destroyed 4 reactors, killed 30 operators and firemen within 3 months . The main factor
that caused this accident to occur is lack of safety precautions during manage the nuclear

reactor.

The type of reactor that is used and damaged at Chernobyl is a RBMK (Reaktor Bolshoy
Moshchnosty Kanalny, high-power channel reactor) as shown in Figure 2.2. It is water-cooled
reactor with individual fuel channels and using graphite as its moderator. The interesting part

of this reactor is if the power supply increases or flow of water decreases, it will triggered steam

12



production on the fuel channel and increase the nuclear fission reaction in the fuel by using

neutrons reaction.

RBMK 1000

[Dlagrammatic)

Figure 2.2 The RBMK Reactor in Chernobyl (OECD, 2003)

In term of the radioactive particles that is released to the atmosphere, it was estimated that all
of the noble gases such as Xenon and Krypton was released from the core inventory meanwhile
about 10% to 20% of the more volatile elements of iodine, Tellurium and Cesium. Doses from
external irradiation has been increased during the first year after the accident. It is due to the
ground deposition of radionuclides in the area close to the reactor but the radioisotope of
cesium deposition was the greater contributors in distant areas one month after the accident

(OECD, 2003).
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Fukushima

Fukushima accident has happened on 11 March 2011. It was the second worst nuclear accident
in this world. The main reasons that contribute into this accident are tsunami and a massive
earthquake which can be considered as external factors. Almost 16,000 people were killed
during the tsunami incident and more that 6,000 injured. The major difference between
Fukushima accident and Chernobyl accident is Fukushima is caused by external factor which
is earthquake while Chernobyl is caused by internal factor by the operators. At that time, Japan
is one of the countries that used nuclear source to produce energy. Nuclear reactor at Fukushima
is built on 26 March 1971 and it is very old compare to 2011. There are 6 units of boiling water
reactors on the Fukushima site and each units consume different amount of power. 3 units of

the unit reactors was operating during the tsunami accident and the other 3 are being shut down.

The effects of radionuclides from the accident clearly can be realized especially in the north
west region of the Fukushima Daiichi Nuclear Power Plant (FDNPP). Although many
radionuclides especially noble gases and volatile elements were emitted from the FDNPP
disaster (Steinhauser et al., 2014), 3*Cs and '3’Cs are the major constituents of the radioactive
contaminants of terrestrial and aquatic environments in Fukushima which both have long
physical half-lives (Wada et al., 2019). These elements are actively lived in tree, soils and
mushrooms in Fukushima. Based on the recorded data on **'Cs activity in forest contaminated
by Fukushima accident, there are about 407 activity concentration of 13’Cs from the mushrooms
in 2017 (Hashimoto et al., 2020). This shows that some of the radionuclides are still active
even though after 6 years after the nuclear accident occurred. In July 2011, there are up to 140
Bg m2and 153 Bq m= of **Cs and '*’Cs are located at the northern end of the Kuroshio
Extension (KE) (Nakata & Sugisaki, 2015). Figure 2.3 shows the rough condition of earthquake

during the Fukushima nuclear disaster in 2011.
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Figure 2.3 Map of Japan showing earthquake on the 11 March 2011 (Miyazaki, 2021)

To study about radioactivity of radionuclides in wild animal body, there is a study that used a
mathematical model in order to analyze it. LnCsc which stand for In-transformed total
radioactive Cesium levels in function of T, time after the FDNPP accident in boar and black

bears from over 7 years after the accident is computed in equation 2.1 (Shuryak ,2021).

LnCsc=X +Q— uxTv+ Axsin[2x zx (T + P)]

2.1
X = In[exp(LnCs134,,, )x2 7™ ., +exp(LnCs137,,, ) x 2 ™ (21)

where X is stand for estimated average radioactivity Cesium level, A is stand for amplitude, v
is stand for potential power dependance, P for phase shift and Q is fitted relationship between

radioactive cesium levels in the animal.
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In addition, the resulting of contamination of radioactive particles from Fukushima accident
also has affecting omnivores in certain areas. Radionuclides from the Fukushima’s nuclear
accident have been discovered in saltwater and marine species all around the Pacific but
because of the dilution in ocean , the radiological impacts in nations other than Japan appear to
be minimal (Steinhauser et al., 2014). There is a research that found radionuclides from the
accident able to reach North America in five days and Europe in eight days and returned back

to Japan through Northern Hemisphere just in 20 days (Mészaros et al., 2016).

Stage of nuclear incidents

An expression called ‘source term’ is used to describe as a place that released radioactive
material from nuclear power plants. In nuclear accidents, there are categorized into two types
based on State-of-the-Art Reactor (SOARCA) scenarios which are bypass and station blackouts
(SBOs). The model used to predict the dispersion of radioactivity with it causes is shown in

Table 2.1 and Table 2.2.

Table 2.1 Description on each type of accident source term based on the report in

Proposed nuclear power plants in the UK (McMahon et al., 2013).

Source-term
Description (release scenario)
identifier

ST1 Long term station blackout
ST2 Short term station blackout

Short term station blackout with thermally-induced steam generator tube
ST3

rupture
ST4 Interfacing System Loss of Coolant Accident with containment bypass
ST5 Loss of Coolant Accident (LOCA) followed by core meltdown
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Table 2.2 Accidental release source terms from reactor to air used in assessment of
nuclear accident(McMahon et al., 2013)

Type of ST1 Release | ST2 Release | ST3 Release | ST4 Release | ST5 Release
Radionuclide (GBq) (GBq) (GBQq) (GBQq) (GBq)
131 1E+07 3E+07 4E+07 6E+08 3E+03
134Cg 0E+00 8E+05 3E+06 2E+07 SE+01
137Cg 0E+00 5E+05 2E+06 1E+07 3E+01

2.3  Radiobiological Effects

There are several types of damage that can occur due to the high radioactivity. It can be
classified into three types which are DNA Strand Break, stochastic effects and deterministic
effects. To analyze effect of radiation on a human properly, it is compulsory to calculate

absorbed and equivalent dose in order to determine the cancer risk.

2.3.1 Stochastic Effects

Stochastic effects are caused when a person is exposed to high level of radiation. It is harmful
as it can modified a normal cell to become different from other cells or it is called a tumor. It
is possible that ionization radiation at a very low doses, to transfer energy to a cell thus
transform it. In stochastic process, there is no threshold and this means that stochastic effects
can still occur even though at low level of doses. Occurrence of stochastic effects are directly
proportional to the dose received by a person. It can be classified into two types which are

Somatic stochastic effects and genetic effects.
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Genetic effect occurs when ionization radiation effects genetic material in reproductive cell in
human’s reproductive system. As a result, this will affect a generation and the probability to
have the defective descendants on a birth child when it is affecting the DNA. The main issue
of the first stochastic event is the cancer induction. The ionizing radiation that is probably cause
specific molecular changes in DNA through a process called “neoplastic transformation” which
change the cell. In order to induce the molecular changes at the DNA site, a threshold is

assumed.

The studies on workers exposed with radium-226 in the earlier of 20" century and those who
inhaled radon and its daughter in the mining area show some stochastic effects. They found
that the estimation of the dose is hard to be measured thus they are unable to determine the
exact value of quantitative risk. To simplify, relationship between equivalent dose and the
resulting increment in the probability of a stochastic effect to occur is directly proportional

(Sowby, 1981).

In stochastic effects problem, there also linear-quadratic models of dose that is used to
extrapolate from the experience of the Japanese atomic bomb survivors in order to estimate
risks from low doses and low dose rates. The analysis is focused on the effect from Gamma
radiation and Neutron radiation. DNA is stand for “Deoxyribonucleic Acid” and it consists of
Adenine (A), Cytosine (C), Guanine (G), and Thymine (T). Each person has different sequence
of DNA and this makes everyone has their owns identity. It shows the almighty of Allah SWT
who made all human has its own identity. DNA sequence is a sensitive component as it can be
affected by radiation from the carcinogen substances. DNA strand break can be classified into
2 types which are Single Strand Break (SBR) and Double Strand Break (DSB). Double Strand

Break is occurred when two complementary stands of the DNA are broken at the same time
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and at the same sites that are sufficiently close to one another. There are two types of DSB’s
repair in mammalian cells which are homologous recombination (HR) and nonhomologous end

joining (NHEJ).

If two strands are damaged and the fragments translocate or a “ring” chromosome is formed,
an ionized fragment of a DNA chain can be re-joined in a new location. A centromere of each
chromosome is essential to normal replication of each chromosomes. In addition to the DNA
molecules in the chromosomes, any other vital molecule or key structure in the normal
functioning cell can easily be destroyed by ionizing radiation. In fact, radiation and other
carcinogens appear to add the number of cancers that already occur in human body instead of
producing new cancers. Figure 2.4 shows mechanism of DSB repair in human body which

consists of Non-homologous end joining and Homologous recombination.

DNA end resection ‘

RPA
—

Non-homologous end joining RADS1

Holliday junction SDSA BIR Holliday junction
resolution dissolution

Homologous recombination

Figure 2.4 Pathways of DSB repair. The main steps of non-homologous end joining and
homologous recombination repair mechanisms are represented (Vitor et al., 2020)
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2.3.2 Deterministric Effects

In many organs and tissues of the body there is a continuous process of replacement and loss
of cells such as epidermic cells. It shows the reason why human keep using energy to produce
cell. In each increasing rate of loss, must be counter by increase in the replacement rate. Net
reduction of cells is important to maintain the functions of the organ or tissue. If the rate of
cell decrease is fast, it will affect the tissue function that is relatable to the exposure to radiation
as it can increase the rate loss of cell (Sowby, 1981). Generally, deterministric effects is caused
by the initial cellular changes that are randomly and followed by non-stochastic effects. This

effects can lead to the malfunction of some parts in human body such as blood vessels.

Deterministic effects or it is called “non-stochastic™ are related to the absorbed radiation dose
and the severity of the effect increases as the dose increases. Cell death or cell killing is the
main process involved in deterministric effects. Most cell types are not killed directly if the
dose is very high, but there are some possibilities for it to have some damage effects on the
chromosome part thus dies. Cell death usually becomes apparent a few hours or days after
irradiation. Some of the deterministic effects are reversible shows that the damage is not too

dangerous.

2.3.3 Hazardous effects of radionuclides 31 and **Cs to human

There are many types of Cesium isotope such as Cesium-134 (***Cs) and Cesium-137 (*¥'Cs).
Generally, *Cs is more harmful than 134Cs as it has longer half-life which is 30.23 years
compared to 13*Cs which is only about 2.05 years. Half-life is defined as the time taken for the
radioactivity of a specified isotope to fall to half of its original value. In fact, most of the Cesium

compounds is water soluble but it does not rinse out into the groundwater.
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Large amounts of 3’Cs were produced during atmospheric nuclear weapons tests conducted in
the 1950s and 1960s. It is one of the by-products of nuclear fission processes in nuclear reactors.
Usually, by-products of nuclear reaction have high radioactivity and this will lead to increase
the risk of cancer to the human and also animals. The reason is radioisotopes such as Cesium
contains high-energy gamma radiation. Usually, the cancer’s risk will increase if a person is
exposed internally with Cesium. Isotope '3’Cs also active inside the food such as mushroom
and it will form Barium-134(134Ba) while **Cs will produce Xenon-134 (*34Xe) after the decay
process. The analysis of some samples of mushrooms from 1985 showed that the activity of

Cesium-137 was higher compared to any other foodstuff (Grabowski et al., 1994).

Even though after 5 years of Fukushima accident, significant atmospheric radiocesium activity
concentrations , on the order of approximately 10~ Bg m, have still been observed in the
contaminated area (Ochiai et al., 2016). This finding shows that Cesium is one of the long-
lasting radionuclides that can dispersed through long distance. Usually , the most dangerous
radionuclides that are needed to be considered are 31 and *3’Cs because it is harmful to people

and also can increase the radiation exposure (OECD, 2003).

High exposed to the Cesium element can cause cells damage from the radiation and a person
who might be facing this problem has the possibilities to acute radiation syndrome, which
includes nausea, vomiting, diarrhea, bleeding, coma, and even death in cases of very high
exposures. There were number of people in Brazil who used Cesium as the substances to
perform a medical machine for radiation therapy become sick and some of them are died due
to the high exposure to the radiation (ATSDR, 2004). However, it is highly unlikely that people
die because of cancer that is mainly caused by Cesium’s radiation only. Because of the radiation

that it has, so carcinogenic effects similar to those observed in Japanese survivors of the
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Fukushima incidents might be expected among people who are exposed to very high levels of
radiation from a radioactive Cesium source. Table 2.3 shows the differences of properties

between 131], 134Cs and 137Cs.

Table 2.3 The decay constant, surface clearance coefficient and effective dose

conversion factor of 1311, 134Cs and ¥’Cs

Type of Half — Life Effective dose rate coefficients for ground
Radiouclides surface (Sv Bgt st m?)
131|
8.04 days 2.44 x 1016
134Cs 2.05 years 9.98 x 10°16
-18
137Cs 30.23 years i 10

2.3.4 Absorbed, Equivalent and Effective Dose

In nuclear safety, the physical units that is very important to be accounted is amount of dose.
In this field, there are various types of dose that might be useful for medical sector. Dose is
categorized into 3 types which are absorbed dose, equivalent dose and effective dose. Absorbed
dose refers to the energy that is transferred locally in an absorbing medium or cells from
ionizing radiation. Equivalent dose is calculated for individual organs while effective dose is
calculated for the whole body. Each organ in human body has the amount of tissue weighting
factor that is useful to determine effective dose by multiplying with equivalent dose. The

equivalent dose, H, in tissue or organ T due to radiation R, is described in equation 2.2.

H; g =W;.Dr g (2.2)
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where D 1r is the average dose from radiation, R from any sources in the tissue or organ T and
Wr is the radiation weighting factor. Equivalent dose is amount of dose that is generally
absorbed by the whole body of a person. The effective dose, E, is the sum of the weighted
equivalent doses in all the tissues and organs of the body. It can be expressed as equation 2.3

(McCollough & Schueler, 2000):

= :ZWT'HT 2.3)

where wy is weighting coefficient per tissue or organ and Hr is equivalent dose. Unit for all
types of soses is in Sievert, Sv or Gray, Gy but usually it is stated in Sievert unit as it is
International System of Units (SI) in measuring radiation absorption. There are variables that
can be changed to reduce absorbed dose by a person which are time, shielding and distance.
Dose can be reduced by limiting exposure time and also the intensity of radiation decreases
with distance from its source. In addition, water is one of the best shields from radiation. This
is the reason of nuclear reactors are equipped with water. The total dosage intakes by inhalation

and exterior exposure are calculated using equation 2.4 . (Saeed et al., 2020):

E (2.4)

where A is activity concentration of the radionuclides on air or ground, Dctis radionuclide’s

dose conversion factor within an interval time.
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2.3.5 Cancer Risk Analysis

Recently, there are many quantitative risk assessment methods have been improved to provide
information about cancer risk such as non-threshold agents, potential carcinogens, where safe
levels of exposure cannot be identified by conventional methods (Anderson, 1983). Usually,
this data is very useful for provide information for public health policy decisions concerning
increases in risk associated with increases in exposure to carcinogenic and other non-threshold
pollutants. There are many methods that can be used to determine risk assessment in a certain
location. Based on the National Academy of Sciences BEIR VII report on the Biological
Effects of lonizing Radiation, the report suggested to combine some of mathematical models
in order to compute excess radiation-related cancer risk. Equation below shows the general
form of BEIR VII dose-response models for both excess relative risk (ERR) and excess

absolute risk (EAR) (Cahoon et al., 2020):

p.Dexp(re +na + ot + 9rt) (2.5)

In HYSPLIT model, cancer risks due to the public exposure can be determined by measuring
the annual effective dose. From the amount of annual effective dose, cancer risks are calculated
using a formula introduced by ICRP organization which is based on the dose-to-risk
coefficients (Sowby, 1981):

Risk = 0.05Sv 1 *E(t)

Cancerfatality (2 6)

The cancer fatality risk in the population is calculated using Equation 2.6, where the dose-to-
risk coefficient and E(t) is the total dose are multiplied to obtain the risk.(Saeed et al., 2020) .
For the condition that involve with low-dose radiation, a linear non-threshold risk model and

this LAR model assumed 5 years as the minimum latency for solid cancers to develop. LAR
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model is defined as the probability of radiation-induced cancers in 100,000 population who has

been exposed to 100mGy and it is calculated using this equation 2.7 (Le & Duc, 2018):

LAR(D,e) = % M (D,e,a).S(a)/S(e)
@ (2.7)

where M (D,e,a) is excess relative risk for cancer incidence, a is attained age, e is exposure
year, S(a) is probability of surviving until age a, S(a)/S(e) is probability of surviving to age a

conditional on surviving to age e and D is radiation dose of specific organ.

2.4  Dispersion Model

There are many types of dispersion modelling that can be used to analyze air or radionuclides
dispersion such as ADMS, CALPUFF, AERMOD, MERCURE and HYSPLIT. The
Atmospheric Transport and Dispersion Model (ATDM) is established by World Meteorogical
Organization (WMO) in order to help United Nations Scientific Committee on the Effects of
Atomic Radiation (UNCEAR) to assess the accident in Fukushima. Atmospheric dispersion
model is useful to make realistic predictions in advance in any simulation accident to obtain
information and develop emergency preparedness. Risk assessment of radiological effects to

human and animal surrounding also can assisted by using this model.

2.4.1 HYSPLIT Model Configurations

The NOAA Air Resources Laboratory (National Oceanic and Atmospheric Administration: an
agency of the United States Department of Commerce) created HYSPLIT (ARL) in 1982.
HYSPLIT is one of the dispersion model that has been used by scientists or meteorologists to

analyse many information related to atmosphere. HYSPLIT is stand for “Hybrid Single-
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Particle Lagrangian Integrated Trajectory”. The HYSPLIT model has evolved from time to
time based on the improvement made by the developer. The initial version of the model used
only rawinsonde observations and the assumption has been made to the dispersion which
consist of uniform mixing during the daytime only (Draxler & Taylor, 1982). After that,
dispersion due to wind variable strength mixing based on the temporally and spatially varying
diffusivity profile were introduced. In the next version , the use of rawinsode data was replaced
by gridded meteorological data from either analyses or short-term forecasts from numerical
weather prediction models. In other words, HYSPLIT uses specially formatted meteorological
data to estimate the transport and dispersion of atmospheric constituents. Figure 2.5 shows the

HYSPLIT model which is created in United States.

SPLIiT

@ AIR RESOURCES LAB

Figure 2.5 HYSPLIT (Hybrid Single-Particle Lagrangian Integrated Trajectory model)
developed by the National Oceanic and Atmospheric Administration (NOAA) Air

Resources Laboratory (R. Draxler et al., 2013)

This model is designed for quick response to atmospheric emergencies, diagnostic case studies,
or climatological analyses using previously gridded meteorological data (R. R. Draxler & Hess,
1998). HYSPLIT model is a system for computing simple air parcel trajectories, as well as
complex transport, dispersion, chemical transformation, and deposition simulations. It also
capable to help on explaining how, when, and where potentially harmful materials are
atmospherically transported, dispersed, and deposited. The HYSPLIT model is a complete

system for computing both simple air parcel trajectories and complex dispersion and deposition
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simulations. Besides that , HYSPLIT also able to analyse volcanic ash, radioactive material,
wildfire smoke and air pollutants movement. It is equipped by programs to convert
meteorology to HYSPLIT format to produce various output display that useful in this study

(Zali etal., 2017).

Source term is term referring to the sources that is released from the accidental reactor over a
specific period whether in toxic emissions or active radionuclides. There are many types of
substances or materials that are released during the accident such as lodine, inert radioactive
gases such as Xenon, and other radioactive nuclides. The rate of release as a function of time
should be determined. Back-trajectories in this system able to determine the movement of wind
came from at any given time at any given location while forward trajectories is able show the

centre line of the plume from any atmospheric emissions source.

2.4.2 Lagrangian and Eulerian approaches

The model calculation in this system is a combination or hybrid between Lagrangian and
Eulerian approaches. Lagrangian approach is useful to build model calculation method using a
moving frame of reference to determine the trajectories or air parcels move from their initial
location, and the Eulerian methodology, which uses a fixed three-dimensional grid as a frame
of reference to display the air pollutants and also its concentration. From the average of the
three-dimensional velocity vectors from the initial position X(t) to the final estimation position
X’(t++At) , advection of particles are able to be determined. Advection is define as the transfer
of heat or matter by the flow of a fluid, especially horizontally in the atmosphere or the sea.
Trajectories in complex dispersion and depositions simulations are calculated by using
Langragian dispersion model (Zali et al., 2017). The velocity vectors are linearly interpolated

in both space and time. The assumption to determine the position is,
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X '(t+At) = X (t) + X (X, 1)At 27)

And the final position is

X (t+At) = X (t) +0.5[V (X, 1) +V (X ', t + At)]At (2.8)

where X is indicate for position, V for velocity and t is for time . This calculation has been used
to determine the air dispersion. Based on this formula, it can compute that time become one of
the variable to air concentrations. There are two models that required which are Puff model
and Lagrangian particle model. At is depending on the time released of the pollutants and it is
different for each type of reactors. By using this formula, dispersion and final location of

certain radionuclides can be detected.

2.4.3 Application of HYSPLIT

There are many usage and application that can be used in HYSPLIT modelling system.
Recently, HYSPLIT model has been used to simulate the hypothetical accident by analysing
dispersion of radionuclides from the fission reaction then assesses the effects to the public
health in Baiji Potential site. In Baiji potential site, the results of the analysis was then be
compared to the limiting doses suggested by International Commission on Radiological
Protection (ICRP) (Saeed et al., 2020). By using the computer codes in the HYSPLIT, with the
application of Eulerian and Lagrangian approaching, it allows a study to configure about the
air concentration of the pollutant thus lead to calculate the estimation of dose absorbed by a
population. HYSPLIT also can be configured to a specific types of radionuclides such as 3!,

60Co ,%¥’Cs and others that move in air to be analysed.
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HYSPLIT also exist as an assessment tool to study differences of data of airborne pollens and
its phenology in South-West Spain region. The type of pollens that is studied is Olea Pollen
which released by Olive tree in Mediterranean region. By combining data from map with
HYSPLIT modelling, it is useful to obtain a full understanding of some of the discrepancies
between pollen content and phenology. By using daily 24-hrs backward dispersion analysis,
the air mass transport patterns above Badajoz can be investigated (Monroy-Colin et al., 2020).
Usually, HYSPLIT is useful when it is combined with meteorological data to display the

movement of air and concentration of pollutants in certain areas.

In Bushehr Nuclear power plant, HYSPLIT atmospheric dispersion model has been used to
determine radionuclides atmospheric dispersion near the power plant. Lagrangian dispersion
model was used to calculate trajectories complex dispersion and simulation of depositions by
considering terrain, meteorological data, emission rate and other important factors (Zali et al.,
2017). This data is useful to compute annual effective dose among the public. HYSPLIT Model
of the Air Resources Laboratory of NOAA database was also used along with isotopic
compositions to study about atmospheric moisture by measuring concentration of Oxygen-18
and Hydrogen-2 in Bojnourd area, Iran (Bagheri et al., 2019). The correlation of moisture
sources with the isotopic compositions of precipitation was assisted HYSPLIT modeling’s
trajectory analysis. HYSPLIT model also can be used as an emergency response. Figure 2.6
shows the result of Fukushima accident local dispersion at ground-level by using simulation in
HYSPLIT modelling. High or altitude is one of the variable that can be varied in this system

as it is related to the measurement of advection.
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Figure 2.6 The 3’Cs deposition measurements is shown in the left image, averaged

together from aircraft monitoring and ground based sampling and the model prediction

is shown in the right image (R. Draxler et al., 2013)

During the El Nino events, HYSPLIT modelling used to analyse pollutants in Malaysia. The

result found that the number of pollutant is higher during the super EI Nino event compared to

usual condition. One of the crucial comparison and analysis that is made is in Seremban when

that area faced El Nifo in 2015. Figure 2.7 shows the high amount of pollutant in some location

in Malaysia due to long-range transboundary pollution from the large biomass burning in

Indonesia and coincidence with the occurrence of the El Nifio were recorded in 1997, 2002,

2009 and 2015 (Sentian et al., 2018).
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Figure 2.7 Time series analysis for selected monitoring stations (1997-2015) with ElI-

Nifio events (Sentian et al., 2018)

In a study area at Seoul, South Korea, HYSPLIT modelling system is used to simulate the
Radiological Dispersion Devices (RDDs) that is assumed to be located at Gangnam. Usually,
RDD is caused by a terrorism’s attack. Gangnam is the central area of Seoul and it has high
population. HYSPLIT was used to compute dispersions of 3’Cs for 2 hours of releasing time
and the result found that in 100,000 persons in that location, it is about 1.88 persons could

getting sick and 2.76 persons could die from the inhalation of *3’Cs (Jeong et al., 2013).
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25 Nuclear reactor in Southeast Asia

2.5.1 Type of Nuclear Reactor

In the nuclear energy sector, there are many types of nuclear reactor. Each reactors has their
own capability to produce energy. The type of nuclear reactors is depending on the suitability
of the place and also sources provided by a country. Generally, A nuclear reactor produces and
controls the release of energy from splitting the atoms of certain elements. In this section, it is

more emphasized on PWR reactor as it is the most common reactor nowadays.

(i) Basic Gas-Cooled Reactor (MAGNOX)

Basic Gas-Cooled Reactor is a reactor that used Graphite as the moderator and it was built in
the UK from 1957 to 1971 but now it has been replaced. It was called MAGNOX because of
the case of fuel that is made by Magnesium alloy. The advantage of this reactor is it can be

refueled even though it is still running (Murray, 2000). Figure 2.8 shows the structure of

MAGNOX reactor.
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Figure 2.8 Schematic diagram of Basic Gas-Cooled Reactor (MAGNOX) (Murray,

2000)
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(if) Boiling Water Reactor (BWR)

The first BWR was built at the Argonne National Laboratory in Idaho, United States in 1952.
It was an experimental reactor called Borax | . Size of hydrogen atoms in water caused water
to be a good moderator for slowing fast neutrons because of its size that is similar to a neutron.
BWR is a reactor that used light water as the moderator and also coolant. The process of
produci