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Process safety has been considered and used to the chemical process from 

the design stage to the operation stage due to its importance. Several types of 

safety management techniques are applied and used in each stage of process 

life cycle. However, some techniques are qualitative, while some are 

quantitative, but have limitations in applications due to increased process 

complexity. Therefore, it is necessary to apply quantitative process safety 

management method considering process life cycle with process characteristics. 

In this thesis, risk-based design and management methodology considering 

process life cycle are proposed and applied for process safety management. 

First, risk-based design methodology is proposed and applied to consider 

process safety in the conceptual design stage. The inherent safety design (ISD) 

methodology with quantitative risk assessment (QRA) are used to consider the 
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safety of process quantitatively. The risk-based design methodology is applied 

to organic Rankine cycle (ORC) design utilized as a method of utilizing the 

cold energy of liquefied natural gas (LNG). ORC design considering the 

thermodynamic and safety aspects is explored with a multi-objective 

optimization methodology to consider safety in conceptual stage. Considering 

the working fluid as the main factor for optimal ORC design, six working fluids 

in three categories (pure component, binary components, ternary components) 

are investigated. As a result, the ORC process considering safety aspect as well 

as thermodynamic aspect can be designed and selected based on the risk-based 

design methodology in the stage of conceptual design.   

Secondly, risk-based management with risk assessment considering the 

seismic effect is proposed and applied to consider the specific characteristics of 

process in the basic design stage. The QRA are improved to assess the risk of 

seismic effect with domino effects, and multi-hazard impacts by using a 

Bayesian network (BN). This analysis is applied to a topside CO2 injection 

system for underground storage, which is susceptible to seismic effects. 

Because frequency analysis is based on a causal relationship, the BN can be 

used to simultaneously consider domino effects and multi-hazard risks. As a 

result, the safety of the CO2 injection process to be installed in seismic area are 

managed with by evaluating the risk including seismic effect in the stage of 

basic design. 

Lastly, risk-based patrol for management is proposed and applied to consider 

the risk in the stage of operation. The risk-based patrol is applied to natural gas 
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(NG) pipeline to manage NG pipeline safety with quantitative risk. The overall 

structure, which is made up of probability of failure (PoF) and consequence of 

failure (CoF), of methodology for risk-based patrol is based on risk-based 

inspection (RBI) methodology. Moreover, the risk factor that affect the risk of 

NG pipeline in aspect of patrol are proposed and added to make the 

methodology more reasonable. As a result, minimum patrol period is obtained 

from the result of risk matrix, and the risk value give the insight of patrol plan 

by applying the risk-based patrol for management in the stage of operation.  
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CHAPTER 1. Introduction 
 

 Research motivation 

Chemical processes have been designed and constructed globally. The 

processes are diverse and have different characteristics, complexity depending 

on its chemicals, construction material, scale, etc. Meanwhile, safety 

management is always conducted to assess the risk of the process occurred from 

accidental outcomes for managing it. In general, safety management is applied 

in a process with various technique in each design stage. The techniques used 

in each stage are represented in Figure 1-1. As represented in Figure 1-1, the 

safety management techniques are differently applied with the process life 

cycle due to mainly the difference of information, characteristic.  

Although various techniques are used according to the stage of process life 

cycle, the qualitative methodologies, mainly, are still used for safety 

management. With this reason, it is difficult to analyze and assess the degree of 

process safety or process risk numerically. So, the comparison of process risk 

on alternatives is complex, and difficult to be definite. Moreover, quantitative 

methodology is used in some process stages, but the methodology is applied 

with same risk management method to diverse process with different 

complexity. Therefore, safety management method should be applied according 

to process characteristics considering process life cycle in quantitative manner. 

This thesis proposes risk-based design and management with quantitative 
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methodology considering process life cycle for chemical processes with 

different characteristics. 
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 Research objectives 
In this thesis, risk-based design and management are proposed according to 

process life cycle for chemical processes to manage the safety in the process. 

In other words, risk-based methods considering process characteristic, process 

life cycle are proposed and applied. In the aspect of process life cycle, 

conceptual design stage, basic design stage, and operation stage are studied to 

perform risk-based management considering process life cycle.  

 First, in conceptual design stage, the risk-based design methodology is 

proposed and studied to consider safety of a process. The risk-based 

methodology is applied to organic Rankine cycle (ORC) design for utilizing 

LNG cold energy to assess inherent risk as one of main factors of process 

conceptual design.  

Second, in basic design, the risk-based management studied in CO2 injection 

system on topside offshore platform. Because the platform is constructed in 

offshore seismic area, risk occurred from seismic effect should be included in 

the risk of the injection process. So, modified methodology is proposed to 

assess the risk in CO2 injection system with considering seismic effect.  

Last, in operation stage, the risk-based management with patrol is studied for 

natural gas (NG) pipeline. Currently, the patrol is performed based on 

regulation with no basis. So, risk-based patrol methodology is proposed and 

applied to NG pipeline for safety management considering process life cycle 

and characteristics of NG pipeline.  
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 Outline of the thesis 
Chapter 1 provides the research motivation and objective of this thesis. In 

Chapter 2, risk-based design using inherent safety design (ISD) methodology 

with quantitative risk assessment (QRA) are proposed to consider the safety in 

the stage of conceptual design. The risk-based design is applied to organic 

Rankine cycle (ORC) utilizing liquefied natural gas (LNG) cold energy. Next, 

Chapter 3 includes the risk-based management using improved QRA 

considering seismic effect occurred from earthquake in the stage of basic design. 

CO2 injection process in topside platform that susceptible to seismicity are 

investigated with the methodology to manage the risk with assessment of the 

risk appropriately. In Chapter 4, the proposal of risk-based patrol for 

management in the stage of maintenance is explained. The risk-based patrol is 

applied to the NG pipeline to be patrolled with risk value for proper 

management. Chapter 5 presents the conclusion of this thesis with the 

suggestion for the future work.  
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CHAPTER 2.  
Conceptual Design Stage: Risk-based Design of 

Organic Rankine Cycle (ORC) Considering 

Inherent Safety for LNG Cold Energy 

Utilization 
 

 Introduction 

2.1.1. Safety in conceptual design stage 
The consideration of safety on conceptual design stage has been studied in 

previous research with various methods. One of the main attempts is a 

technique of inherent safer design (ISD). This methodology was proposed by 

Kletz (1978) for the first time. “Inherent” is defined as “existing in something 

as a permanent, essential, or characteristic attribute”, so inherent safer design 

means that the process design has safer essential characteristics by nature. From 

the concept of ISD, this methodology has some advantages. First, risk reduction 

effectiveness is the highest level in the conceptual design stage. As shown 

Figure 2-1, risk can be reduced by eliminating or reducing expected hazard, and 

the effectiveness is changed according to process life cycle. Because the 

expected risk means inherently expected risk in conceptual design stage, the 

risk reduction can be more effective than that in other stages. In addition, the 

effectiveness of correction is much higher than that in any other stages. This 

means that a correction in the process design is easier and more economic when 

the process has a feature/alternative for decreasing risk or increasing safety by 

changing its elements. 
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Various methods have been studied about inherent safer design in many 

aspects such as material, reaction, etc. Among the aspects, the assessment 

technique of ISD has been studied to assess the inherent risk. Edwards and 

Lawrence (1993) proposed the ‘Prototype Index for Inherent Safety (PIIS)’ for 

the stage of research and process development for design. PIIS considers 

reaction conditions and material properties with using seven parameters 

including inventory, temperature, pressure, yield, toxicity, flammability, and 

explosiveness. Heikkilä (1999) proposed the extension of the PIIS called by 

‘Inherent Safety Index (ISI)’ to consider other factors such as layout, type of 

equipment, process structures. Palaniappan et al. (2002) studied the expanded 

methodology to add five other supplementary indices over PIIS and ISI index. 

Khan and Amyotte (2004) proposed the ‘Integrated Inherent Safety Index (I2SI)’ 

that have two sub-indices, the hazard index and inherent safety potential index. 

Shariff and Leong (2009a) developed the new index that accounts for mixture 

properties. Hassim and Hurme (2010) proposed an index for considering health 

hazards on the research stage based on material properties. However, the 

methodologies with index have main limitation that the risk is evaluated semi-

quantitatively. Also, the concept of index is difficult to apply to different 

processes with different characteristics, even though some studies have 

proposed the indexes for assessing safety according to specific process in the 

conceptual design stage. 

As a means of overcoming the limitations of ISD, quantitative risk 

assessment (QRA) has been used in previous research. QRA is widely used to 

assess risk in chemical processes. QRA can be performed to investigate existing 
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risks of a process to decide whether they are acceptable or not (CCPS. 2000). 

The main feature of QRA in overcoming the limitation of ISD is that 

quantitative values are used to assess the risk, which is more practical than 

using indexes. Therefore, the combination of ISD and QRA is used as a 

technique to assess the safety (or risk) of a process in the conceptual design 

stage to consider inherent process safety. Some studies have applied this 

methodology to specific processes to assess safety in the early design stage. 

Shariff and Leong (2009) proposed the application of inherent risk using QRA 

with a simple case study of pipelines in a hydrocarbon fractionation plant. 

Medina et al. (2009) researched the optimization of overall costs including 

damage costs from quantitative risk in addition to direct and indirect costs 

regarding storage tanks. Patel et al. (2010) studied the safety of extraction and 

solvent recovery process based on solvents to find safer alternatives. Medina-

Herrera et al. (2014) applied the QRA methodology to perform risk assessment 

in the design of a multi-effect distillation system according to distillation 

conditions. Additionally, in process design, safety is not the only factor. Factors 

for consideration may vary according to the objective, surroundings, economic 

conditions, and so on. Among them, the efficiency (energy, exergy) and 

economic aspects are almost always considered as design factors because most 

processes are designed and built for economic purposes. Therefore, these 

factors should be considered with the safety factor in process design. 

Accordingly, some research proposed methodologies of process design 

considering several aspects (efficiency, economic, safety) simultaneously with 

the ISD technique. Eini et al. (2016a, 2016b) studied refrigeration cycles to find  
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Figure 2-1. Risk reduction effectiveness in accordance with the process 
development stage. 
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an optimal design, considering several factors (safety, cost, exergy) 

simultaneously with multi-objective optimization. After finding Pareto optimal 

sets with the genetic algorithm (GA), decision-making approaches were used 

to select the optimal condition of the refrigeration cycle design. Eini et al. (2018) 

also used this methodology to design a reactor network system for allyl chloride 

production considering the risk and economic aspects. Martinez-Gomez et al. 

(2016, 2017a, 2017b, 2017c) applied the inherent safety with QRA to several 

processes to study the optimal design. Furthermore, a reactive distillation 

system for purification of biobutanol was studied to find optimal alternatives 

based on cost, environmental factors, and safety (Martinez-Gomez et al., 2016). 

A reforming process for shale gas was investigated to select an optimal 

reforming process among steam reforming (SR), partial oxidation (POX), and 

dry deforming (DR) in accordance with the H2/CO ratio considering cost and 

safety (Martinez-Gomez et al., 2017a). Furthermore, a reactive distillation 

column for silane production was studied to find optimal design conditions 

considering safety and cost, including cooling cost and heating cost (Martinez-

Gomez et al., 2017b). Martínez-Gomez et al. (2017c) also applied a multi-

objective optimization approach to compare working fluids used in geothermal 

facilities considering several factors including safety. Although the ISD with 

QRA is more reliable, but the QRA methodology has been applied without 

improvement or modification according to process characteristics as well as 

process life cycle in previous studies. In other words, the methodology should 

be improved and modified for a specific process in conceptual design stage. 

21



 

2.1.2. Design of organic Rankine cycle (ORC) process for 
utilizing LNG cold energy 

Energy derived from fossil fuels is used in most industries. With the growing 

concern on the environmental impact of fossil fuels, the usage of natural gas 

(NG) has increased, although coal and petroleum are still the primary energy 

resources. Furthermore, NG has several advantages as an energy resource, 

including efficient combustion, easy transportation and storage, and 

environmental friendliness. Nevertheless, the usage of this clean energy 

involves some necessary processes, mainly including liquefaction and 

gasification processes. In the liquefaction process, NG is liquefied to LNG 

(liquefied natural gas) for efficient transportation and storage. The gasification 

process is necessary to convert LNG to NG again for consumption. Both 

processes are important because they are essential in the aspect of functionality. 

These days, however, the gasification process has been receiving more attention 

in terms of using the cold energy produced during the vaporization of LNG 

because the cold energy is usually wasted without utilization. Therefore, 

previous studies have investigated various methods for recovering the LNG 

cold energy (Kanbur et al., 2017). Among the methods, organic Rankine cycle 

(ORC) is one such technology for utilizing the cold energy.   

ORC is receiving attention as one of the technologies that can use low grade 

heat as heat source to vaporize working fluids. As the name suggests, ORC is 

based on the Rankine cycle, through which electric energy can be generated 

from heat energy. In particular, extracting energy from heat sinks comprising 

hydrocarbons such as LNG is efficient because organic components are used as 

working fluids to obtain energy. Qiang et al. (2004) analyzed some parameters 
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of ORC to recover the LNG cold energy with a combined power cycle such as 

heat source temperature and turbine inlet pressure. Shi and Che (2009) 

proposed ammonia-water mixture Rankine cycle for a combined power system 

with LNG power generation cycle. Some key variables were also analyzed, 

including turbine inlet pressure (ammonia, LNG) and ammonia mass fraction. 

Wang et al. (2013) also proposed an ammonia-water power cycle for utilizing 

LNG cold energy, and determined an optimum operating condition with multi-

objective optimization. Liu and Guo (2011) proposed the integration of vapor 

absorption to a combined cycle to improve the energy recovery efficiency of 

LNG cold energy. A binary mixture of tetrafluoromethane (CF4) and propane 

was used as the working fluid. Key parameters were investigated and optimized 

to increase efficiency. Choi et al. (2013) performed an optimization of a cascade 

ORC to utilize cold energy from LNG. One-stage (C3), two-stage (C3-C3), 

three-stage (C3-C3-C3) ORCs were investigated to compare the power 

generation and exergy efficiency. Lee et al. (2014a) proposed the integration of 

ORC and stream cycle with LNG cold energy. Captured liquefied CO2 from a 

capture process was used as the working fluid. In addition, Lee et al. (2014b) 

attempted to determine the optimal ternary mixture for the working fluid of the 

ORC system using LNG. Kim et al. (2015) proposed a cascade ORC using 

cryogenic energy of LNG with a binary working fluid. Mehrpooya et al. (2016) 

proposed a power generation cycle with CO2 as the working fluid, utilizing low-

temperature solar energy and LNG cold energy. Bao et al. (2018) studied the 

effects of the type and number of components for working fluids in a two-stage 

condensation combined cycle using a zeotropic mixture.  
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Generally, studies on ORC using LNG have been focused on increasing 

efficiency (energy, exergy), including the selection of the working fluid and 

using multi-component working fluids. However, the safety of ORC has not 

been studied despite its importance. The safety of ORC is important because 

ORC involves organic components that are flammable and even toxic. 

Moreover, ORC using LNG cold energy involves high risk of incidents that 

may endanger human lives because of their chemical properties. Therefore, 

design of ORC using LNG must be investigated from the aspect of safety and 

safe designs should be developed accordingly.  

In this study, the methodology of risk-based design using ISD and QRA is 

proposed with modification for ORC design. A multi-objective optimization 

methodology is used to study the optimal design of ORC for utilizing LNG cold 

energy with considering the thermodynamic and safety aspects. According to 

previous studies, exergy efficiency is one of the main parameters in ORC design 

(Choi et al., 2013; Kim et al., 2015; Lee et al., 2014b, 2014a; Mehrpooya et al., 

2016; Qiang et al., 2004; Shi and Che, 2009; Wang et al., 2013). So, exergy 

efficiency is used as a parameter for the thermodynamic aspect, and process 

risk from QRA is used as a parameter for the safety aspect. Finally, the multi-

objective optimization problem with two objectives including exergy efficiency 

and risk is solved with design parameters of ORC. 
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 Problem State 

2.2.1. Organic Rankine Cycle (ORC) 
ORC is a power cycle process that can generate electrical power from heat 

energy. The basic ORC consists of four components, as shown in Figure 2-2. 

The components include condenser, pump, vaporizer, and turbine for the 

working fluid to cyclically pass through. 

 

2.2.2. Design parameters of ORC 
Although the ORC process is simple, there are many parameters that affect 

the thermodynamic and safety aspects of ORC regarding the conceptual design. 

Based on previous research, the main parameters can be specified as below:  

- Type of working fluid 

- Combination and composition of the working fluid (if multi-

components are used)) 

- Condition of the working fluid (mass flow rate, pressure) 

- Configuration of ORC (stages, additional components) 

The main parameters are mainly related to the working fluid except for 

configuration parameters. This means that the working fluid is the most 

important factor determining the characteristics of ORC. ORC characteristics 

can be modified by changing the type, condition, number, etc. of the working 

fluid. Among them, parameters, except for configuration parameters, were used 

as variables to find the optimal design considering two aspects in this study. 

25



 

 

 

 

 

 

 

 

Figure 2-2. Schematic of organic Rankine cycle. A liquid stream (1) is 
passed through the pump for pressurization, and its state is changed to the gas 

phase in the vaporizer (2). Subsequently, the gas stream is expanded in the 
turbine to generate electricity (3) and condensed to the liquid phase again (4). 
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The configuration of ORC was excluded to properly focus on comparing the 

working fluid. In other words, the working fluid or combinations of the working 

fluid as well as the conditions of the working fluid, such as pressure and mass 

flow were investigated to find the optimal ORC design considering the safety 

and thermodynamic aspects.  

In this study, a power generation system of organic Rankine cycle utilizing 

cold energy from LNG was used as the base process. LNG is used as a heat sink 

of the working fluid in a condenser while the LNG is vaporized. Some studies 

(Bao et al., 2018; Choi et al., 2013; Kim et al., 2015; Lee et al., 2014b, 2014a; 

Liu and Guo, 2011; Mehrpooya et al., 2016) utilized LNG as a heat sink as 

explained in the Introduction. A process flow diagram of ORC utilizing LNG is 

shown in Figure 2-3. The process involves a condenser for using LNG cold 

energy in addition to basic components, such as a turbine, a pump, and a 

vaporizer.  
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Figure 2-3. Process flow diagram of ORC. 
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2.2.2.1. Selection of working fluids 
Candidates of the working fluid should be specified to study the ORC design 

in both aspects. The working fluids can be selected from previous research, in 

which working fluids have been selection for ORC using LNG as the heat sink 

(Choi et al., 2013; Lee et al., 2014b; Liu and Guo, 2011; Wang et al., 2013). 

Based on these studies, six fluids with two pure substances, two binary mixtures, 

and two ternary mixtures were selected as working fluids. The pure substance 

working fluid includes C2H6 (C2) and C3H8 (C3) (Choi et al., 2013), and the 

binary mixture working fluids include NH3–H2O and R14-C3H8 (Liu and Guo, 

2011; Wang et al., 2013). The ternary mixture working fluids contain R601-

R23-R14 and R30-R23-R14 based on a previous study (Lee et al., 2014b). In 

previous studies for ORC utilizing LNG cold energy, the selection of working 

fluid has been studied with considering thermodynamic property of LNG used 

as heat sink because LNG has none iso-thermal condensing nature. The six 

working fluids are selected based on the result of the studies, and the selected 

six working fluids are mainly studied as the reliable and efficient candidates of 

working fluids for LNG cold energy utilization in each category (pure, binary, 

ternary component). The working fluids are described in Table 2-1. 
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2.2.2.2. Parameter specification 
Some parameters have to be specified before commencing the multi-

objective study. First, the composition of LNG used as the heat sink is specified 

in Table 2-2. The main components are methane and ethane, which account for 

almost 96%. And, low pressure (LP) steam (87.7 C°), which is a low-grade heat 

source, is used as the heat source to evaporate the working fluid in the vaporizer. 

The adiabatic efficiency of the pump and turbine are assumed to be 80%. 

Moreover, minimum approach temperature in the condenser and vaporizer is 

specified as 5 C° during heat exchange. The parameters are presented in Table 

2-3.
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Table 2-2. Composition of LNG. 

Component Mole fraction 

CH4 
C2H6 
C3H8 
n-C4H10 
i-C4H10 
n-C5H12 
i-C5H12 
N2 

0.8877 
0.0754 
0.0259 
0.0056 
0.0045 
0.0001 
0.0001 
0.0007 
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Table 2-3. Assumptions made in the ORC process. 

Variables Values 
LNG pressure 
Pressure drop in the heat exchanger 
Equation of state 
Adiabatic efficiency of the pumps 
Adiabatic efficiency of the turbine 
Minimum approach temperature in the condenser and vaporizer 
Pressure of the LNG entering the condenser 
Turbine outlet pressure 

30 bar 
0 

Peng-Robinson 
80 % 
80 % 
5°C 

30 bar 
1 bar 
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 Methodology 
A schematic of the overall algorithm is presented in Figure 2-4. Overall, the 

algorithm is organized to solve the multi-objective optimization problem with 

two objectives, including the thermodynamic and safety aspects, by finding a 

Pareto optimal solution (Pareto frontier). The algorithm is processed in 

MATLAB (Mathworks, USA) with the integration of ASPEN PlusTM 

(AspenTech, USA) to simulate the ORC modeling and obtain thermodynamic 

parameters used in the calculation of objective functions according to decision 

variables. Further information about calculation of thermodynamic parameters 

can be obtained in the reference from AspenTech, which explains physical 

property method used in Aspen PlusTM (Aspen Technology, 2013). In this 

section, methodologies contained in the algorithm are described in detail.  
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2.3.1. Multi-objective optimization (MOO) formulation 
Multi-objective optimization is an optimization method that has more than 

one objective function. A generalized MOO can be formulated in mathematical 

terms as follows: 

 

���������� ������ � � ������  

� � ��  

� � �� �  !" #��� � $� %��� & $'  

( � �) �  �" ) � ����� � � �'   

(2-1) 

where n is the number of objective functions (>1), C is the image of the 

feasible set. h(x) and g(x) are constraints of the problem. Generally, a global 

solution that maximizes or minimizes all the objectives does not exist in MOO. 

Instead, Pareto optimal solutions can be determined, which are locally 

optimized and maximize or minimize only parts of objectives. The 

mathematical definition of a (strict) Pareto optimum is that a point �* for the 

multi-objective problem if and only if there is no � � � , such that �+��� ,
�+��*� for all � � - �.� � � �', with at least one strict inequality (Caramia and 

Dell’Olmo, 2008). Therefore, obtaining a Pareto optimum set is one of the final 

goals in this study.  

In this study, two objective functions are required to optimize the safety and 

thermodynamic aspects. The first objective function is specified as exergy 

efficiency that is determined by parameters of the working fluid to evaluate the 

process efficiency. The process risk calculated from quantitative risk 

assessment (QRA) technique is specified as the second objective function to 

consider the safety aspect. Sections 3.1.1–3.1.3 provide detailed information of 
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objectives, including the calculation of the objectives and the solving of the 

optimization problem. 

 

2.3.1.1. Objective 1 – Exergy efficiency 
Exergy, which is based on the second law of thermodynamics, is the 

maximum theoretically useful work that can be obtained in a process. Exergy 

can be calculated the following equations: 

 /0 � �0 ��1 2 13� 2 43�� 2 �3��  (2-2) 

 50 �67 � 50 789:+�6 250;8!; (2-3) 

 <�=�>?@ � 50 �67
A/0BCDE 2 /0FDEG H I0JK;L9+M69 N. 2 4+�4L87O

 
(2-4) 

 

Exergy can be calculated using Equation (2-2). Exergy efficiency is the ratio 

of output exergy and input exergy. Thus, exergy efficiency of the ORC process 

can be calculated using Equation (2-4). 

Further information of exergy can be obtained from previous studies (Choi 

et al., 2013; Kim et al., 2015; Lee et al., 2014b, 2014a; Mehrpooya et al., 2016; 

Qiang et al., 2004; Shi and Che, 2009; Wang et al., 2013) 
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2.3.1.2. Objective 2 – Process risk from simplified QRA  
QRA was used for calculating process risk. As shown in Figure 2-5, QRA 

involves several steps.  

i. Hazard identification & Scenario selection 

In this step, possible hazards are identified in the ORC process. For hazard 

identification, characteristics of materials used in the process as well as process 

specifications, such as operating pressure and temperature, should be 

investigated. In the case of material characteristics, two types of properties 

(flammable, toxic) related to hazard can be defined. The properties of working 

fluids are defined and arranged in Table 2-4. Among the components used in 

the ORC process, most components are flammable, except for R14 and R23. 

Furthermore, NH3 is toxic as well as flammable. Therefore, the ORC process 

involves the probability of fire events and toxicity, but fire events should be 

prioritized because they are more likely to occur.  

After analyzing material characteristics, specific scenarios should be 

identified with the specification of the ORC process. Because ORC is a cycle 

process, two states of matter (liquid, gas) exist under high and low pressure. 

Generally, scenarios are identified depending on the specifications of a process. 

So, the number of scenarios can be increased if specifications are complex to 

consider the all possibility. In this study, nevertheless, scenarios are selected 

with simplification, because the configuration is same in all cases with different 

working fluids. Moreover, the absolute risk value, which is hard to be calculated 

in conceptual design, is not the goal of this methodology. Instead, the relative  
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Figure 2-5. Flow diagram of quantitative risk assessment methodology. 
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              Table 2-4. Properties of materials. 

Component Property 

LNG 
C2H6 
C3H8 
NH3 
R14 

R23 
R30 

R601 

Flammable 
Flammable 
Flammable 

Flammable, Toxic 
- 
- 

Flammable 
Flammable 
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risk is necessary to compare the risk values according to parameter change. In 

other words, the process risk can be used with different ways in conceptual 

design stage. In this study, most severe cases in the ORC process are considered 

for risk assessment because the cases can represent the risk of ORC process to 

compare and analyze the all ORC processes with different working fluids. This 

approach is different from that of other research for design of specific processes. 

Also, this simplified approach is more efficient for analysis and in accordance 

with the objective of the conceptual design stage. Namely, the ISD 

methodology with QRA can be improved with simplification of hazard 

identification on conceptual design stage for ORC design by considering the 

characteristics of the process. The most severe cases in this process are the 

accidental hazards from pipeline between the pump and vaporizer, also between 

the vaporizer and compressor because of the high-pressure fluids (liquid & 

vapor) (Figure 2-6). So, the relative risk can be compared with most severe 

cases (hazards from high-pressure liquid & vapor). Rupture and leak (partial 

rupture) with a hole are only considered as scenarios of the pipeline for 

simplicity. 
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Figure 2-6. Most severe cases in the ORC process. 
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ii. Frequency Estimation 

The next step is frequency analysis. Possible events from initial scenarios 

(rupture, leak) are identified with event tree analysis (ETA) for frequency 

analysis. Subsequently, frequency values are calculated from historical data of 

initial scenarios with ignition probabilities. In this study, OGP data is used for 

the historical data of initial scenarios (OGP, 2010). The ETA is shown in Figure 

2-7. After the fluid is released as one of the modes (instantaneous, continuous), 

fire events occurr depending on the ignition type (immediate, delayed). The 

probabilities of initial scenarios, and ignition are presented in Table 2-5.  
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 Figure 2-7. Event tree analysis (ETA). 
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Table 2-5. Probabilities of ignitions. 

Release Frequency Immediate 
Ignition 

Delayed 
Ignition UVCE 

Instantaneous
Release PQ$ 	 .$CR 0.25 0.9 0.5 

Continuous 
Release PQS 	 .$CT 0.1 0.75 - 
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iii. Consequence analysis 

Consequence analysis includes source modeling, dispersion modeling, and 

modeling of each fire event. The release can be modeled with source modeling, 

and then the dispersal of material can be modeled by dispersion modeling. In 

case of toxic materials, information on dispersion is important in risk evaluation 

because the concentration of materials is a major parameter for calculating 

fatality. If the material is flammable, fire and explosion modeling are performed 

to calculate the effect of thermal radiation and overpressure. Finally, individual 

risk, which means the probability of the death of a person by all possible events, 

can be calculated to evaluate risk in the ORC process. Detailed models of the 

consequence analysis, except for the effect model, is described in Appendix 1. 

After calculating thermal radiation, overpressure for flammable materials and 

concentration for toxic materials, the probability of death, which indicates the 

effects of the outcomes, can be derived from the effect model (Equation 

(2-5),(2-6) & Table 2-6).    

 U � V� H V� WXY (2-5) 

 Z � [$ \. H U 2 []U 2 [] ^_� `]U 2 []ab cd  (2-6) 
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 Table 2-6. Probit model parameters 

Event 
type e
 ef g 

Thermal 
radiation -14.9 2.56 `h6ijkl.$j c 

Overpressure -77.1 6.91 m3 

Intoxication 
(Ammonia) -35.9 1.85 h6(� 
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iv. Risk evaluation 

After following previous steps, the process risk can be calculated using 

Equation (2-7), which is the summation of probability of death from the effect 

of the respective outcome. In other words, total risk comprises multiple risks 

associated with each outcome, which means the outcome frequency multiplied 

by the probability of death from the outcome. In this study, the concept of risk 

distance is used, because the concept can be obtained with only individual risk 

that don’t need the information of population. Specifically, risk distance, n9+op, 

is used as the risk parameter for the safety aspect. n9+op  is the maximum 

distance when  LJ69Kqq is larger than .$Cj/year. 

 LJ69Kqq
� r�sthus�^-�_^vt^�u)++* m_swxw�y�h) s� z^xh# �_s�- h#^ sthus�^+� 

 

(2-7) 

n9+op � �x���t� z�{hx�u^- �.$Cj |  LJ69Kqq� 
 

(2-8) 
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2.3.1.3. Definition of optimization problem with 
objectives 

With two objectives, including exergy efficiency and process risk as 

explained earlier, multi-objective optimization problem can be formulated as 

follows: 

 

}~X~�~�� ���� ��� 
��A�0��� Z���� Z���G � 2�6�69��-  

 ����0��� Z���� Z���� �  LJ69Kqq 
 
subject to �4!+� & [�  

(2-9) 

 

The optimization problem is the minimization of objectives with variables 

affecting the values. Because high values are preferred for exergy efficiency 

(�6�69���, 2- �6�69�� is used as an objective (��) to be minimized in this study. 

The three variables (flow rate (�0��� , compressor inlet pressure (Z����  and 

outlet pressure (Z���)) determine the value of objectives, while LNG properties 

are fixed. Pareto optimum sets are obtained according to the combination of the 

working fluid. In particular, six results must be obtained from the six types of 

working fluids. The constraints of flowrate, turbine inlet pressure and outlet 

pressure are organized in Table 2-7. The ranges of the values are specified from 

the thermodynamic properties of each working fluids. The compositions of 

working fluid in the case of multi-component fluid are specified with using 

previous studies that the composition value made the exergy destruction 

minimize, or the exergy efficiency maximize. 
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Table 2-7. Constraint of optimization problem. 

Working fluids Constraint Compostion 

Pure 
C2H6 (C2) 

. , Z�� , �bQ� $Q$. , ��� , $Q�bS 1 
(pure) 

C3H8 (C3) 
. , Z�� , b�QS $Q$. , ��� , $Q�b� 

Binary 

NH3-H2O 
b , Z�� , S$ $Q$. , ��� , $Q[�� 

0.95:0.05 
(Shi and Che., 

2009) 

R14-C3H8 
. , Z�� , P$ $Q$. , ��� , $Q�$$ 

0.73:0.27 
(Liu and Guo., 

2011) 

Ternary 

R601-R23-
R14 

.�Q� , Z�� , [[Q[ $Q$. , ��� , $Q[�� 
0.067:0.707:0.227 
(Lee et al., 2014) 

R30-R23-
R14 

.$Qb , Z�� , �SQ� $Q$. , ��� , $Q[�[ 
0.252:0.68:0.068 
(Lee et al., 2014) 
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2.3.2. Genetic Algorithm (GA) 
To solve the multi-objective optimization problem, the non-dominated 

sorting genetic algorithm (NGSA-II), which a GA technique inspired by the 

evolutionist theory for the origin of species, is used as the optimization solver. 

In this technique, the solution set evolves, and changes through generations 

with selection, crossover, and mutation of species. NGSA-II was developed to 

solve the multi-objective optimization problem and enhance NGSA with 

ranking based on non-domination sorting as the fitness assignment and 

crowding distance as the diversity mechanism with elitism to maintain elitist 

solutions (Konak et al., 2006). The entire procedure of NGSA-II algorithm is 

shown in Figure 2-8. Further information of this algorithm is available in the 

literature for NGSA-II (Deb et al., 2002). 
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Figure 2-8. NGSA-II algorithm. 
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2.3.3. Decision-making method 
The multi-objective optimization problem is solved with the points of the 

Pareto optimal set, which is different from a single optimization problem. In 

other words, the solution of the multi-objective optimization does not have a 

global optimum point. Therefore, the selection procedure for the final optimum 

solution should be included to design a process using a parameter of the solution. 

Practically, the final optimum solution can be selected with the project objective, 

process surrounding, and so on. Regarding the technical aspect, the decision-

making technique can be used in the selection procedure.  

 

2.3.3.1. LINMAP (Linear Programming Technique for 
Multidimensional Analysis of Preference) 

The solution with the minimum distance from the ideal solution is selected 

as the final optimum solution in LINMAP. LINMAP including the distance 

from the ideal solution can be written as follows: 

 z+� �rA�+� 2 ��+�6KqG�
!
���

�� � .� � Q � �� (2-10) 

 ��+�Kq � � � �~X�z+��-  (2-11) 
 

z+� is the Euclidian of each solution from the ideal solution. � means the 

point or solution, and � means the objective. Thus, n is the number of Pareto 

optimum solutions, and m is the number of objectives. ��+�Kq is the solution of 

LINMAP.  
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2.3.3.2. TOPSIS (Technique for Order Preference by 
Similarity to an Ideal Solution 

Unlike LINMAP, the final optimum solution in TOPSIS is the solution with 

the maximum value of the fraction between the distance from the ideal solution 

and non-ideal solution. In other words, the solution with a longer distance from 

the non-ideal solution is preferred in TOPSIS over that with a shorter distance 

from ideal solution. TOPSIS including the distance from the non-deal solution 

and the ratio can be written as follows:  

 z+C �rA�+� 2 ���L�C+�6KqG�
!
���

�� � .� � Q � ��  (2-12) 

 U+ � z+Cz+� H z+C (2-13) 

 ���+�Kq � � � ����U+� (2-14) 
 

z+C is the Euclidian of each solution from the non-ideal solution. U+ is the 

fraction of the distance from non-ideal solution. ���+�Kq  is the solution of 

TOPSIS.  

2.3.3.3. Normalization 
Before LINMAP and TOPSIS are calculated, a normalization step must be 

performed correctly. The objectives have different dimensions and scales, the 

conditions should be unified. The normalization method can be written as:   

 �+�� � �+�
�� �+���+�� (2-15) 

� and � are the same indexes as in the LINMAP and TOPSIS calculations. 
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 Results & Discussion 

2.4.1. Comparison in the same category 
The working fluids can be compared in terms of the number of components 

and categories: C2 & C3 (pure component), NH3-H2O & R14-C3H8 (binary 

components), and R601-R23-R14 & R30-R23-R14 (ternary components). The 

results of each category are shown in Figure 9 and Table 7. Figure 9 presents 

graphs of the Pareto optimal front, and Table 7 presents the final optimum 

points (LINMAP, TOPSIS), turbine inlet pressure (��� ), and flow rate of 

working fluid (X��) used as constraint. 

The range of each objective, exergy efficiency and risk distance, in each 

category can be obtained from ideal and non-ideal solutions. ORC with pure 

component working fluids has exergy efficiency from a minimum of 12.41 % 

to a maximum of 22.08 %, and risk distance from a minimum of 34 m to a 

maximum of 149 m. The graph of pure component in Figure 9 shows that ORC 

with C3 as the working fluid has a wider range for both objectives than ORC 

with C2. Moreover, C3 has higher efficiency and risk than C2 when the solution 

has the highest exergy efficiency. On the other hand, C2 can be selected if the 

safety aspect is considered with thermodynamic aspect simultaneously, because 

the Pareto optimal solutions of C2 are closer to an ideal solution than of C3. It 

can be supported with the results of LINMAP and TOPSIS for pure component 

that both final optimal solutions are selected from solutions of C2. Next, binary 

component working fluid has exergy efficiency between 10.64 % and 22.76 % 

with risk distance from 19 m to 74 m. The results of binary component working 

fluid show R14-C3H8 is more efficient and safer than NH3-H2O in the basic 
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ORC because it has higher exergy efficiency and lower risk distance. Like C2 

in pure component, R14-C3H8 can be selected as working fluid in binary 

component category. Lastly, the ranges of exergy efficiency and risk distance 

for ORC with ternary component are 12.92–20.53% (exergy efficiency) and 

13–53 m (risk distance). The ranges of each objective for ORC with R601-R23-

R14 & R30-R23-R14 are similar, so it’s hard to select one working fluid in 

ternary component working fluid. Therefore, other parameters or information 

are required to select one working fluid between them. 

The results of LINMAP and TOPSIS for each category have the same 

tendency that the solutions with lower risk distance are selected in each 

category. It can be explained that the Pareto optimal solutions lean towards the 

safety aspect, which means that solutions with low risk distance have shorter 

distance from the ideal solution (LINMAP), and non-ideal solutions have 

longer distances than solutions with high exergy efficiency (TOPSIS). However, 

it is important in aspect of decision-making that the selection of working fluid 

can be different according to decision circumstances, such as the decision-

maker’s preference and project purpose. Decision-making methods such as 

LINMAP and TOPSIS in this study are references, but do not provide an 

absolute answer regarding the decision-making process. 
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2.4.2. Comparison between categories 

The results can be compared between different categories of the six working 

fluids. The Pareto optimal solutions of all working fluids can be represented in 

the same graph (Figure 2-10). With this graph, different working fluids in 

different categories as well as different working fluids in the same category can 

be compared. The overall ranges of exergy efficiency and risk distance of ORC 

with working fluids are 10.64–22.76 % and 13–149 m, respectively. The results 

of LINMAP and TOPSIS (Table 2-9) is the same solution with 16.52 % (exergy 

efficiency) and 19 m (risk distance).  

ORC with R14-C3H8 as the working fluid exhibited the highest exergy 

efficiency, whereas ORC with R601-R23-R14 exhibited the lowest risk 

distance in the basic ORC process. This means that R14-C3H8 is the most 

efficient working fluid from the thermodynamic aspect, and R601-R23-R14 is 

the safest working fluid from the safety aspect. Overall, R14-C3H8 is the best 

working fluid among six working fluids because the solutions of R14-C3H8 are 

closest with an ideal solution. Moreover, it could be confirmed that the risk 

distance can be decreased by implementing more components as the working 

fluid. This is because R14 and R23 are non-flammable components. In other 

words, the risk is lowered if the fraction of flammable components (C3H8/NH3 

– binary, R601/R30 – ternary) in multiple component working fluids is lowered 

in same flow rate. The flow rate is an important parameter in risk calculation, 

and thus the risk distance is decreased if the flow rate is decreased. In addition 

to exergy loss in the condenser between the working fluid and LNG, this 
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tendency is one of the reasons for using multi-component working fluids (Bao 

et al., 2018; Choi et al., 2013; Kim et al., 2015; Lee et al., 2014b, 2014a; Liu 

and Guo, 2011; Mehrpooya et al., 2016). On the other hand, previous studies 

have reported that the exergy efficiency of ORC with ternary component 

working fluids is higher than that of pure and binary components (Lee et al., 

2014a). The reason for the lower value of ternary component working fluids 

than other working fluids in this thesis is the difference of configuration of ORC. 

Other studies used complex configurations to reduce exergy loss, but this thesis 

used the basic ORC process. 
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 Chapter conclusion 
In this chapter, an ORC process is designed considering the thermodynamic 

and safety aspects using the multi-objective optimization methodology. Exergy 

efficiency, which is a parameter of the second thermodynamic law, is used to 

consider the thermodynamic aspect, and risk distance, which is calculated from 

the individual risk of the simplified QRA methodology, is used for the safety 

aspect. The multi-objective optimization methodology is used to consider both 

objectives simultaneously. The working fluid is used as the main design 

parameter among various parameters of ORC design. To determine the optimal 

working fluid for ORC design, a total of six working fluids in three categories, 

including pure component (C2, C3), binary component (NH3-H2O, R14-C3H8), 

and ternary component (R601-R23-R14, R30-R23-R14) working fluids, are 

selected on the basis of previous studies.  

As a result, Pareto optimal solutions are obtained from the multi-objective 

optimization problem with two objectives (exergy efficiency, risk distance) 

using all the working fluids. Comparing C2 and C3, C3 provides a solution with 

the highest exergy efficiency, but the solutions of C2 are safer than the solutions 

of C3 for the same exergy efficiency. In the case of binary components, R14-

C3H8 is more efficient and safer than R601-R23-R14. In the case of ternary 

components, both working fluids show similar ranges of exergy efficiency and 

risk distance. Moreover, as the number of components is increased, the risk 

distance is decreased. In particular, ORC with ternary component working 

fluids appeared to be safer than ORC with binary component working fluids. 

Furthermore, the results support the use of multi-component fluids as the 
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working fluid. And, overall, R14-C3H8 is the best working fluid among six 

working fluids because the solutions of R14-C3H8 are closest with an ideal 

solution. In conclusion, safety is an important factor to be considered in ORC 

design. 
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Appendix 2A 
1) Source modeling 

Source models are used to quantitatively define the release scenario by 

estimating discharge rates, total quantity released, etc. A continuous release of 

liquid and vapor can be calculated with the model written in Equation (2A-1).  

 

�0 q+ 8+� � ¡¢(£�b N�¤B¥¦ H %#FO

�0 JK;L9 � ¢(£Z�§p�¤¨©¥ª« N �p��O�p���k�pC��

�0 7L7Kq � !0 ¬­®¯°�!0 ±²³´²µ�

(2A-1) 

 

2) Dispersion modeling 

Dispersion models convert the source term outputs to concentration fields 

downwind from the sources. Equation (1-2) represents dispersion model of 

instantaneous release that can model a ground level instantaneous release. |
(+ ¶ ��� $�$� h� is a function of dispersion coefficients in downwind, crosswind 

and axial direction (·� , ·�  and ·M ), wind velocity, u, time, t, and position, 

(x,0,0). Equation (1-3) represents a model for a point ground level from 

continuous release. | (+ ¶ ��� $�$� is a function of dispersion coefficients in 

downwind, crosswind and axial direction (·�, ·� and ·M), wind velocity, u, 

and position, (x,0,0). 
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A. Instantaneous release 

| (+ ¶ ��� $�$� h� � ¸*a��¹�«Qº ^�m »2 �� ¼N�C87½¾ O� H �¿½À¿ H M¿½Á¿ÂÃ
·� � $Q$b��3QÄÅ ·� � $Q$b��3QÄÅ ·M � $Q$[�3QR� (2A-2) 

 

B. Continuous release 

| (Æ ¶ ��� $�$� � !0 °¹½À½Á8 ^�m »2 �� ¼ �¿½À¿ H M¿½Á¿ÂÃ
·� � 3Q3j�a��3Q333�� ·M � 3Q3�R�a��3Q333l�

(2A-3) 

 

3) Fire & Explosion 

A. BLEVE (Boiling Liquid Expanding Vapor Explosion) 

Boiling liquid expanding vapor explosion (BLEVE) occurs when there is a 

sudden loss of containment of a pressure equipment containing a superheated 

liquid or liquified gas. BLEVE characterization model is represented in 

Equation (1-4). Emissive radiation hazard, /9, is basically a function of mass 

released, Q*, the fireball’s diameter, n!K� , the duration, hÇFÈÉÈ , and the 

thermal emissive power, E.  

 

n!K� � [Q�I*�kl
Êo � �Ë� H 1ÇFÈÉÈ� 2 £Ì­¾�
hÇFÈÉÈ � bQ�I*�kR

(2A-4) 
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1ÇFÈÉÈ � $QP[ n!K�
n+�+7+Kq � .QS-n!K�
Í � ©-¸*Î¤¯ÌÏ¹£¿Ì­¾7ÐÑÒÓÒ
/9 � ÔK/���

 

B. UVCE (Unconfined Vapor Cloud Explosion) 

When a large amount of flammable vaporizing liquid or gas is rapidly released, 

a vapor cloud forms and disperses with the surrounding air. If this cloud is 

ignited before the cloud is diluted below its lower flammability limit, VCE will 

occur. The main hazard of UVCE is the blast by explosion. Equation (1-5) 

shows the model for UVCE. The overpressure, mL, is a function of released 

mass, Q*, and the fuel heat of combustion, 1ÆL!:. A TNT equivalency model 

is used in this analysis. The fuel mass is equal to the unknown TNT mass, W, 

and its combustion heat, HTNT. 

 

Õ � Ö× ¸*Î¤¯ÌÏÎØÙØ
Ú � ©¯Û«kÜ
ys%�3�mL� � � u+��+�3 �x H wys%�3Ý�+
x � 2$Qb.�� - w � .QS[$S
u+ � �bQP�$�� - 2 .Q��[�� - 2 $Q.[�b� -$Q[.�.�
-$Q$���� - 2 $Qb�S�� $Q$b��� -$Q.$�.�
-$Q$$.� �2$Q$b.[� $Q$$$.� $Q$$.P�

(2A-5) 
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C. Flash fire 

Flash fire is the nonexplosive combustion of a vapor cloud resulting from a 

release of flammable material into the open air. Flash fire is a complex 

phenomenon that lack of a well-accepted characterization model. So, flash fire 

is distance from dispersion model on LFL. 

 

D. Jet Fire 

Jet fire result from the combustion of material as it is being released from a 

pressurized process unit. Equation (1-6) represents the model of jet fire with 

the thermal radiation hazard. Radiation (/9) is a function of the discharge rate 

(�0 9), the flame size (Ë�qK!6), the heat of combustion (1ÆL!:) and the point 

view factor (�B). 

 

FÞ±­Ì×�ß � �TàØ �¨­¨Þ

�B- � �j¹�¿

Êo � �Ë� H Ë�qK!6�
/9 � ÔK���0 91ÆL!:�B

(2A-6) 

 

 

 

 

68



 

CHAPTER 3.  
Basic Design Stage: Risk-based Management 

with Quantitative Risk Assessment 

Considering Seismic Effects for Offshore 

Carbon Dioxide Injection System 

 

 Introduction 

3.1.1. Risk assessment in basic design stage 
Among the techniques used to assess the risk, quantitative risk analysis 

(QRA), derived from probabilistic safety assessment (PSA) used in the nuclear 

industry, is mainly used for risk assessment in chemical processes on basic 

design stage. QRA allows investigation of the existing risks on a process to 

decide whether the risks are acceptable (CCPS, 2000). In the QRA method, 

consequence analysis and frequency analysis are used. Consequence analysis 

considers the effect of an expected chemical accident, whereas frequency 

analysis uses historical accident data to consider the occurrence probability of 

an expected chemical accident. 

QRA has been widely applied to processes or systems in many studies owing 

to its reliability. Lee et al. (2015) studied risk assessment and management by 

QRA methodology on gas treating units in gas–oil separation plants. Risks in a 

topside LNG-liquefaction process of Liquefied Natural Gas Floating 

Production Storage and Offloading (LNG–FPSO) was analyzed by Jafari et al. 

(2012), including a hydrogen generator that uses natural gas in the reforming 
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process. Domenico et al. (2014) analyzed risk in methanol production plants by 

using QRA methodology. Cunha (2016) studied several risk assessment 

research results including frequency and consequence analysis on onshore 

pipelines. Similarly, risk in CO2 transportation pipelines, including 

uncertainties and effects, was assessed by Koornneef et al. (2010a), and 

quantitative risk in CO2 capture facilities was analyzed by Engebø et al. (2013). 

Likewise, the QRA has been widely used to assess the risk in various processes 

on basic design stage before detailed design stage in chemical industry. 

However, the QRA is applied to the various processes with same way, even 

though the processes have different characteristics that can affect the risk value. 

One of the characteristics considered in risk assessment is the surrounding of 

process. Among surroundings of process, seismic area has possibility of 

earthquakes that make process riskier. Generally, however, the seismic effect 

has not been considered in risk assessment even though some processes are 

vulnerable to earthquakes. Even if the effect is considered, the method to assess 

the risk from earthquakes should be improved. In this chapter, improved 

quantitative risk assessment considering seismic effects is proposed and studied 

for risk-based management in basic design stage. 
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3.1.2. Risk assessment considering seismic effect 
From the 2011 Tohoku earthquake (Japan) accident to the Perugia (Italy) 

earthquake, earthquakes occur worldwide and cause considerable damages. 

With the increasing occurrence and power of earthquakes, damages from 

seismic effects have also risen. Thus, earthquakes have gained attention as 

important safety issues in industrial fields, including chemical plants. As a 

result, industries are considering seismic effects because resultant accidents 

increase the possibility of lethal events. In several studies, seismic effect has 

been considered in risk assessment. Fabbrocino et al. (2005) evaluated the 

effect of seismic action in a loss of containment accident, and Antonioni et al. 

(2007) considered seismic effect simply by using equipment-dependent failure 

probability models. A methodology to analyze life loss risk caused by airborne 

chemicals triggered by seismic effects was proposed by Meng et al. (2015). A 

QRA method considering multi-vessel failure scenarios triggered by seismic 

effect was proposed by Kim et al. (2016). Some researchers offered various 

proposals to consider seismic effect in risk assessment. However, there are still 

limitations in the previous studies. Few papers have considered multi-hazard 

impacts triggered by seismic effect, which affects the entire industrial process 

simultaneously rather than independently, such as that occurring in other natural 

hazards (Gallina et al., 2016). In addition, the domino effect was considered on 

a only limited basis owing to its complexity (Kim et al., 2016). Moreover, it is 

difficult to consider this method in other applications because most research 

proposes a method for specific cases.  
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Multi-hazard impacts define several hazards that occur simultaneously. In a 

process containing multiple equipment types, hazard scenarios generally occur 

separately on specific equipment. However, in the case of hazards by 

earthquake, several hazardous scenarios can occur simultaneously as results of 

simultaneous leakage or rupture of several pieces of equipment. Moreover, the 

domino effect from such failure can trigger other hazards through the transfer 

of accidental effects (Landucci et al., 2012).  

Bayesian network (BN) is used for considering multi-hazard effects and 

domino effects, which are important factors to be considered in hazard 

assessment in this thesis. A BN is a directed acyclic graph (DAG), which is a 

graphical model, and contains probability theory. BN can represent causal 

relationships, such as cause–effect relationships, and represents uncertain 

knowledge in probabilistic systems. Because frequency analysis is based on a 

causal relationship including event tree analysis (ETA), BN is used as tool for 

risk analysis in some research. Martins et al. (2014) studied application of a 

regasification system with methodology based on hybrid BNs of iterative six-

step risk analyses. Liang et al. (2017) conducted risk analysis on level crossing 

using BN. Some papers studied risk assessment with BN of oil and gas pipelines 

(Kabir et al., 2016; Li et al., 2016). Thus, BN is a proper method for analyzing 

multi-hazard and domino effects, because these effects are also based on cause–

effect relationships. Moreover, the methodology to assess the risk of seismic 

effect is proposed with the generalized equation for application to various 

processes that is vulnerable to earthquakes. 
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3.1.3. Application: Offshore topside CO2 injection 
system for underground storage 

For application, an offshore topside CO2 injection system for underground 

storage in South Korea is used owing to the necessity of risk assessment on the 

process itself, which has not been well studied previously. Previous studies of 

safety in CO2 injection systems analyzed whether the CO2 injected underground 

is stable. Because use of this technology depends on stability of CO2 storage, 

many studies have been published about risk and stability associated with the 

storage. The research include studies on diverse risk assessment of CO2 storage 

in a Salah CO2 storage project (Dodds et al., 2011; Metcalfe et al., 2013; 

Oldenburg et al., 2011), studies on the stored CO2 containment risk or leakage 

risk from storage site and its impacts (Blackford et al., 2014; Damen et al., 2006; 

Little and Jackson, 2010; Tucker et al., 2013), CO2 release risk from failure of 

caprock trapping the CO2 (Rohmer and Seyedi, 2010; Smith et al., 2011), CO2 

storage risk caused by earthquakes (Nicol et al., 2011; Vilarrasa and Carrera, 

2015; Zoback and Gorelick, 2012), monitoring strategies and their 

demonstration for management of CO2 storage risk (Blackford et al., 2015; 

Hvidevold et al., 2015; Zhang et al., 2014), and studies for assessment and 

management of four types of risk in geologic CO2 storage: performance, long-

term containment, public perception, and market (Pawar et al., 2015). 

However, CO2 offshore storage has other risks to be considered in addition 

to storage stability. In particular, some risks are caused by process 

characteristics. The injection system has some characteristics relating to 

process safety because the system is installed on topside processes in storage 

sites near oceans, First, the space required for these process facilities is smaller 
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than that for onshore sites. Because of the cost issue, even in the same process, 

it should be placed in a smaller space. If accidental events occur in a topside 

system, more substantial damage can occur owing to its highly compact nature. 

Second, weather issues are more critical in offshore storage. Because the system 

is built in the sea, weather changes are diverse and rapid; therefore, this aspect 

of weather is also related to process safety. Despite these factors, safety or risk 

research of an offshore CO2 storage system has not been conducted. Therefore, 

QRA on an offshore CO2 storage system offers useful information. Moreover, 

earthquakes increasing in intensity have occurred near South Korea in recent 

times; thus, risk study of an offshore system near South Korea is meaningful 

for considering earthquakes in a process. Figure 3-1 represents the ranking of 

the power of an earthquake near the Korean Peninsula. The most powerful 

earthquake, and the most recent, occurred in Gyeongju in September 2016. 

Because this region is near a storage site (red point in Figure 3-1), risk 

assessment must be renewed by considering the seismic effect, which is an 

important parameter that increases process risk. Therefore, this particular 

topside CO2 injection system is an adequate example for analysis with the 

proposed QRA, or modified method, which considers seismic effects.  
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Figure 3-1. Main earthquakes occurring in South Korea until 2017.  
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The present study includes a proposed modified QRA methodology 

considering seismic effects with multi-hazard and domino effects, which is 

analyzed by using a BN. In addition, this methodology is applied to a topside 

CO2 injection system for underground storage. 

To summarize, the main contents of this study are as follows: 

- QRA of topside CO2 injection system rather than stability risk of CO2 

storage.  

- Consideration of seismic effect, which is susceptible to offshore topside 

systems, by using the proposed modified QRA with BN. 
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 Methodology 

3.2.1. Conventional QRA procedure 
The conventional QRA procedure is presented in Figure 3-2. QRA is 

conducted with a specific process for defining potential event incidents to 

evaluate the incident outcome and the risk (CCPS, 2010). QRA is performed 

mainly after detailed design among process design stages because sufficient 

information of the process can be obtained. Application of QRA in this study is 

conducted after the detailed design stage as well.  

For assessing risk on a specific process, possible major hazards in the process 

must be specified in a step is known as hazard identification (HAZID) (CCPS, 

2008). Possible incidental scenarios initiating hazard events, or initial scenarios, 

can be specified such as pipeline rupture or tank leak. Then, frequency and 

consequence analyses of these scenarios are performed. Frequency analysis is 

the calculation of the probability of hazard events from initial scenarios such as 

rupture or leak. Generally, the frequency rates of initial scenarios are obtained 

from historic data including equipment failure data from Oil and Gas Producers 

(OGP) and the UK’s Health and Safety Executive (HSE). Consequence analysis 

estimates the scale of damage caused by an accident by calculating fluid 

concentrations along with the downwind distance, radiation intensity, and toxic 

dose for dispersion, fire or explosion, and toxicity events. 
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In general, risk is categorized as individual risk (IR) and societal risk. IR is 

the general concept of risk, which is the risk of death or serious injury to 

specific individuals exposed to the risk. Individuals can be expressed as 

Equations (3-1) and (3-2), where	 IR is the total individual risk per year, ܴܫ௜ is 

individual risk by event I, ܨ௜ is frequency (probability) of event I, and ௙ܲ௜ is 

probability of fatality by event I, which expresses the severity of the 

consequence.  

 IR =෍ܴܫ௜ே
௜ୀଵ  (3-1) 

௜ܴܫ  = ௜ܨ × ௙ܲ௜ 	 	 	 	 	   (3-2) 

On the contrary, societal risk is the relationship between the probability of a 

catastrophic incident and its consequences and is usually represented as an F–

N curve. This graph plots the expected frequency (F) of the number (N) of 

casualties by all possible dangerous incidents in the surrounding area. F and N 

can be expressed as Equations (3-3) and (3-4), where ௜ܰ  is the number of 

fatalities resulting from event I, ௣ܰ  is the number of people, ܨே  is the 

frequency of all events, and ܨ௜ is the frequency of event I.  

 ௜ܰ = ௣ܰ ௙ܲ௜ 	 	 	 	 	 	 	 	   (3-3) 

ேܨ  =෍ܨ௜ே
௜ୀଵ 	 	 	 	 	 	 	 	  (3-4) 

 

In short, IR indicates the probability of death of one person by all possible 

events I, and societal risk describes the probability of death of a specific number 



 

of people by all possible events I. Conventional QRA methodology is a well-

studied topic. However, the content of this methodology has numerous parts 

and is difficult to explain in its entirety. Details of QRA methodology have been 

given in previous research (CCPS, 2010) 
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3.2.2. Modified QRA 

3.2.2.1.  Frequency update for seismic effect 
As shown in Figure 3-2, modified QRA includes conventional QRA with 

additional procedures such as frequency updates for seismic effects and a BN 

for considering multi-hazard and domino effects. The basic concept of the QRA 

method including seismic effects is the addition of the frequency rate by the 

seismic accident scenario to the general frequency rate. Most accidental events 

caused by seismic effects are the same as general events because these 

accidental events occurring from the same initial leak (or rupture) event on 

equipment can be caused by seismic effects as well. For example, if an 

earthquake occurs, seismic power affects units of the process such as pipelines 

and tanks. Then, the seismic effects can result in pipeline or tank leaks or 

ruptures, which are same as general scenarios as initial leaks or ruptures. Thus, 

seismic effects can be considered simply by adding the additional frequency 

rate of the leak event caused by the earthquake. This is a main assumption of 

the present study for considering seismic effects. Equation (3-5) represents this 

method as a generalized equation, where � is the frequency rate considering 

seismic effects, �3 is the frequency rate from historic data excluding seismic 

effects, and �ä  is the frequency rate from seismic effects including multi-

hazard and domino effects.  

 � � �3 H �ä - - - - - - -  (3-5) 
 

For considering domino and multi-hazard effects apart from seismic effects, 

Equation (3-5) should be more generalized. Therefore, a more general 
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expression of frequency of leakage considering seismic effects, domino effects, 

and multi hazard effects is represented in Equations (3-6), (3-7), and (3-8): 

 �3 �rr�å�+���+
- - - -  

(3-6) 

 �ä �rr��o�+�� H ���+����+
-  

(3-7) 

 � � �3 H �ä �rr��å�+�� H �o�+�� H ���+����+
 

(3-8) 
 

where � and- � are equipment and substance, respectively. Specifically, � 

is the total frequency rate of the leak event including seismic effects and 

additional effects, �å�+�� is the frequency rate of the leak event from historic 

data, �o�+�� is the frequency rate from direct seismic effects, and ���+�� is the 

frequency rate from domino and multi-hazard effects. �o�+�� is considered by a 

probit equation expressing the probability of leaks by seismic effects, and ���+�� 
is considered by the BN technique explained in Section 2.2.2. 
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3.2.2.2.  Bayesian network for multi-hazard and domino 
effects 

BN is a theory that can represent probabilistic relationships by using a 

graphical structure. Causal relationships, including those between causes and 

effects, can be represented by using this theory. BN is expressed in the form of 

a directed acrylic graph (DAG) consisting of nodes and arcs. The nodes 

correspond to the variables, and the arcs represent conditional dependencies 

between linked nodes. The nodes consist of parent and child nodes. The parent 

node has an arc (or arcs) from the node to the child node, which means there is 

a direct causal or influential dependency of A on B. The BN is based on the 

Bayes theorem, which can be expressed as Equation (3-9), where Z�Ê]U� , 
Z�Ê� is known as the posterior probability of the parameters X given evidence 

Y and the prior probability of parameters X. The joint probability distribution, 

Z���� ��� � � ���  of a set of variables in BN, can be described as Equation 

(3-10), where Zx_^�h��+� is the parent set of variables �+.  

 Z�Ê]U� � Z�U]Ê�Z�Ê�Z�U� - - -  (3-9) 

 Z���� ��� � � ��� �æZA�+çZx_^�h��+�G
�
+��

 (3-10) 
 

In this study, BN is used to handle domino and multi-hazard effects. 

Although BN has been used in previous studies for risk assessment, it was used 

here to represent relationships of causes and effects to understand the 

progression of one cause propagating to effect through several consequences.
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 Unlike that in previous studies, dominos and multi-hazard effects are also 

types of causal relationships, although the relationships are hazard–hazard or 

effect–effect. Considering the facility aspect, the effects of a hazard from one 

facility propagates other facilities to create hazards. When a cause, or seismic 

effect, creates a consequence such as fuel tank leakage, it can be represented as 

BN. In case of a domino effect, the consequence leads to another consequence 

or event. Thus, prior consequence plays a role in another cause, which is the 

same as the parent node in BN (Figure 3-3(a)). In case of multi-hazard effects, 

BN consists of multiple parent nodes, which means that multiple causes 

simultaneously affect the accident conditions (Figure 3-3(b)).   
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 Description of CO2 injection process for underground 
storage 

For QRA, the CO2 injection process should be specified. The specific process, 

shown in Figure 3-4, is an offshore topside platform built for CO2 storage 

containing a CO2 injection system in South Korea. The storage site includes 

specific stratum in a deep seabed near Pohang Youngil Bay. This topside system 

was constructed to consider changes in the condition of CO2 to specific 

conditions to meet the criteria based on geologic survey. Figure 3-4 represents 

the unit process block diagram of the CO2 injection process. The input stream 

is supplied after several preprocessing steps, which consist of a separation step 

to produce a CO2 gas phase of about 95% purity by using the post-combustion 

capture process and a conversion step to liquid CO2 through a compression–

dehydration–liquefaction process. The composition of CO2 is liquid CO2 with 

a purity of 99.9% and several hundred parts per million of water. The output 

stream is over-pressurized liquid carbon dioxide for considering the pressure 

and temperature of the CO2 injection bed.  
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Specifically, this process consists of a CO2 storage unit, an injection unit, and 

a well head; the main target units are the CO2 storage unit and the injection unit, 

as shown by the blue dashed line in Figure 3-4. The CO2 temporary storage unit 

serves to temporarily store the liquid CO2 transferred from the CO2 capture and 

liquefaction process. Therefore, this unit consists of facilities capable of 

minimizing heat loss so that the CO2 can be maintained in a liquid state. The 

injection unit consists of pressurization and temperature control equipment, 

which manipulate parameters such as pressure and temperature to target 

specifications. Liquid CO2 from storage is pressurized and undergoes 

temperature change before injection through the well head. The CO2 condition 

before injection considers the condition of the storage site, which is 130 barg, 

25°C in a liquid state. The well head is a structure that provides the boundary 

between the injection well and the upper process.   

The layout of this topside process, which is necessary for risk assessment, is 

shown in Figure 3-5. This system consists of several sites including operating 

sites, a storage unit site, an injection unit site, and a utilities site. The operating 

site contains an operating and monitoring room, accommodations, and a storage 

room. This site can accommodate five people as residents for operation, 

monitoring, and other duties. The storage unit site has CO2 storage tanks, and 

the injection unit site has an injection unit. Utilities sites contain electricity 

generators, and fuel storage tanks. For analysis, the number of fuel storage tanks 

was assumed to be two. 
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Figure 3-5. Offshore topside platform system plot plan. 
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 Quantitative risk assessment: Application of topside 
CO2 injection system 

3.4.1. System definition and hazard identification 
For performing QRA, the basic information related to this system and 

accident scenarios should be specified in addition to performing system 

analysis, as described in Section 3. The information and the scenarios are shown 

in Table 3-1, which includes weather information near Pohang Youngil basin 

and three accident scenarios. Weather information includes wind velocity, wind 

direction, and temperature, which are the main data for QRA. The three 

accident scenarios are leakage from the fuel storage tank, leakage from the CO2 

storage tank, and leakage from the CO2 pipeline with the highest pressure. 

These accident scenarios are determined by performing a hazard and operability 

study (HAZOP) procedure, which is used for qualitative analysis and specifies 

possible hazards with causes and consequences in a process plant utilizing 

HAZID. After identifying hazards, several methods are suggested such as 

removal of the cause or reduction of the consequence. The details of HAZOP 

for this process have been reported previously (An, 2017). The general hazards 

of pressurized CO2 (Koornneef et al., 2010b; Witkowski et al., 2015) and 

hydrocarbons have also been reported previously (CCPS, 2008; Dan et al., 2014; 

Jafari et al., 2012; Lee et al., 2015)  
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3.4.2. Frequency analysis 
For frequency analysis, the initial failure data of each piece of equipment are 

necessary. In this study, the failure data, including those for the storage tank and 

pipeline, were obtained from OGP 2010 (Oil and Gas Producers, 2010), as 

represented in Table 3-2. These data are used as initiating events in event tree 

analysis (ETA), which is a technique performed to identify and evaluate all the 

possible outcomes from an initiating event. The results of the ETA, represented 

in Figure 3-6, are structured on the basis of several conditions such as 

immediate or delayed ignition. Possible accidental outcomes for fuel storage 

tanks include jet fire, pool fire, flash fire, explosion, and other disasters, and 

that CO2 storage tanks and pipelines includes suffocation. 

The conditional probability of each scenario for a fuel tank is represented in 

Table 3-3, which was evaluated on the basis of the release rate (kg/s). There is 

no conditional probability of scenarios related to CO2 owing to material 

properties. The release rate was calculated by using DNV PHAST. v. 6.7 

through a discharge model and employing the following reasonable 

assumptions:  

- The ignition probabilities are determined from look-up correlations (EI, 

2006). 

- The probability of an immediate ignition is 0.5, and that of an explosion is 

0.12 for the whole scenario based on the release rate in this analysis (Lee 

et al., 2015).   
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3.4.3. Consequence analysis 
The main consequences of this study are CO2 concentration along with 

downwind distance by CO2 tank, CO2 pipeline failure, and radiation intensities 

of fire or explosion by fuel tank failure. The results are shown in Figure 3-7 and 

Figure 3-8. Figure 3-7 shows the result of 100 mm leak scenario on a CO2 

storage tank including four different weather scenario cases. These weather 

scenarios contain two wind speeds, 10.5 m/s and 2.8 m/s, as represented in 

Table 3-1, in addition to two Pasquill stability classes, stable (F) and unstable 

(A), which are factors relevant to the circulation of the atmosphere. In all 

scenarios, the overall topside plant is covered by vaporized CO2 because CO2 

is spread about 450–620 m from the leak point (Figure 3-7(a)). Moreover, the 

CO2 concentration surrounding the topside system is more than 20,000 ppm, 

which can cause headaches and fatigue (Figure 3-7(b)). This level is the 

minimum level affecting humans; a level greater than 20,000 ppm is even more 

dangerous and is therefore a concentration threshold (Table 3-4 and orange 

dashed line in Figure 3-7). Examples of other leak and CO2 pipeline scenarios 

were omitted because the results are similar to those in the 100 mm leak case; 

such cases differ only in terms of the magnitude of dispersion.  
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Figure 3-7. Results of consequence analysis on CO2 storage tank: (a) 
centerline concentration versus distance; (b) side view. 
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The results of the 100 mm leak scenario on a fuel storage tank with weather 

scenarios are represented in Figure 3-8. In this scenario, the two main types of 

fire are jet fire and pool fire; the effect graphs in the figure show radiation 

versus distance. Although the effect range of the jet fire is small, but the 

radiation is powerful near the fire point at ~5 m. Moreover, the effect range of 

the pool fire is relatively large, but the maximum radiative power is about 26 

kW/m2, which is smaller than jet fire value of 100 kW/m2. The difference 

between the jet fire and pool fire is related to their characteristics (Pedersen, 

2012). Similar to that with the CO2 storage tank scenarios, other scenarios were 

omitted because the tendencies are similar. One of the notable results is that no 

explosion cases occurred in all leak scenarios. There are two reasons for this 

result. First, the storage tank had a small quantity of fuel to cause an explosion, 

and had atmospheric pressure, which are not favorable conditions for an 

explosion. 
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Figure 3-8. Fuel storage tank: (a) radiation versus distance for jet fire; (b) 
radiation versus distance for pool fire. 
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To further analyze the consequence results, threshold analysis can be 

performed. In the case of the CO2 storage tank, the minimum CO2 concentration 

that causes harmful effects in humans is 20,000 ppm. However, the time of 

exposure, at several hours (Table 3-4), is longer than the leakage time of the 

CO2 storage tank, at minimum and maximum times of 55 s and 410 s, 

respectively. Moreover, the standard concentration for specifying a safe 

distance should be decided on the basis of threat to human life. Therefore, the 

threshold concentration can be conservatively specified as 100,000 ppm (10%), 

which is expressed as the red dashed line in Figure 3-7. As a result, the safe 

distance is about >50 m for the CO2 storage tank. In the case of the fuel storage 

tank, 10.4 kW/m2 can be a conservative threshold standard of heat radiation 

(Table 3-5). Thus, the safe distances are about >7 m for jet fire and >35 m for 

pool fire relative to fuel storage tanks.  

Apart from risk reduction, action should be taken to mitigate consequences. 

A leak detector or gas detector is recommended to identify leakages in facilities 

such as the CO2 storage tank, pipeline, and fuel storage tank. In addition, 

oxygen masks and first-aid equipment are also recommended to handle all 

incidents. 
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3.4.4. Risk analysis 
After the frequency and consequence analyses on the accident scenarios are 

conducted, risk analysis is performed. In this study, PHAST_RISK. v. 6.7 was 

used by QRA. The input data for risk assessment include the operating data of 

each equipment piece and the weather conditions specified in Section 4.3. The 

results of risk analysis are represented in Figure 3-9. Figure 3-9(a) shows an 

individual contour representing individual risk, and Figure 3-9(b) displays an 

F–N curve. In the individual contour, the differences in risk depend on location. 

Because the main risk source is the fuel storage tank, risk is higher near the tank 

than in other areas. This risk information can be used for locating lifeboats or 

setting an evacuation plan. In the case of the CO2 tank and pipeline, the 

situations appear to be dangerous according to the consequence analysis, 

although the effect to risk is almost zero. This occurred because accident 

scenario fatalities such as suffocation, which is an accident scenario of CO2, 

depends on the spent near the concentration. That is, CO2 concentration by 

dispersion is high, but the time that can affect a person is short. Thus, the risk 

from events related to CO2 is not influential for overall risk.   
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Figure 3-9. Result of conventional quantitative risk analysis: (a) Individual 
Contour, (b) expected frequency/number of casualties (F–N) curve. 
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On the contrary, the F–N curve includes three risk lines: upper-bound risk, 

process risk, and lower-bound risk. Upper- and lower-bound risk are the criteria 

of risk. The area between these bounds is known as the as low as reasonably 

practicable (ALARP) region, which is a region of tolerable risk. In this study, 

an HSE standard was used as the ALARP region criterion. In Figure 3-9(b), part 

of the blue line, which is the process risk line, extends past the upper bound; 

specifically, the process risk is higher than tolerable risk level. Detailed 

information of risk is represented in Table 3-6, which shows the elements of 

societal risk contained in terms of equipment, scenario, and outcome. There are 

two main equipment, three scenarios, and four main outcomes based on ETA. 

The total societal risk integral value was �QS$S 	 .$Cjkè��é, and a small leak 

scenario at fuel storage tank (b) had the highest risk integral value of bQ[�� 	
.$Cjkè��é� which accounted for 27.82% of the total societal risk. Additionally, 

continuous release with rainout delayed residual pool fire effects (CRDPO) 

accounted for the largest percentage of the total risk, at 65.07%. As a result, 

process risk had to be reduced to tolerable levels. Moreover, after consideration 

of seismic effects, the risk will be further increased. For this reason, the seismic 

effect should be considered in QRA. Therefore, seismic effects must be 

considered to calculate process risk prior to risk reduction. 
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3.4.5. Consideration of seismic effect using modified 
quantitative risk analysis 

For considering seismic effects as well as multi-hazard and domino effects, 

updated frequency should be applied, which is included in the modified QRA 

procedure described in Section 2.2, and Equation (3-8). In this study, ݅ contains 

three pieces of equipment such as a CO2 tank or pipeline, and	 ݆ contains two 

substances such as CO2 or fuel in ௜݂,௝, which are summarized in Table 3-7. ଴݂,௜,௝ 
is specified by historic data, as discussed in Section 4.1. ௦݂,௜,௝ is the leakage 

frequency rate by earthquake, which is expressed in Equation (3-11); AEP is 

the annual exceedance probability of the peak ground acceleration (PGA), 

which indicates the power of an earthquake; and ௉ܲீ஺ is the leak probability 

of the tank according to the PGA value. 

 ௦݂,௜,௝ = ܲܧܣ × ௉ܲீ஺ 	 	 	  (3-11) 

 

In this study, ௦݂,௜,௝ is calculated with AEP data (Rhee et al., 2012) and ௉ܲீ஺ 

data except for ௦݂,௣௜௣௘,௝ are specified with instrumental intensity (Wahid et al., 

2017). AEP based on PGA near the CO2 storage site is represented in Figure 

3-10. The PGA is set as 0.34, which is a possible value near the storage site. 

The ௉ܲீ஺ value is expressed as Equation (3-12), which is an error function of 

Y expressed as a probit function and decided by the PGA value. The probit 

equations for the Y values are expressed as Equations (3-13) and (3-14) 

following previous studies (Antonioni et al., 2007; Fabbrocino et al., 2005). 

Equation (3-13) is for pressurized storage, and Equation (3-14) is for 

atmospheric storage. In this study, the CO2 storage tank is used for pressurized 



 

storage, and the fuel storage tank is used for atmospheric storage. To summarize, 

the ZBEê  value reflects the probability of the specific equipment failure 

according to the PGA value.  

 ZBEê � [$ \. H U 2 []U 2 [] �éë `]U 2 []ab cd  (3-12) 

 ì � [Q.�� H $Q��� WX�Zí¢� ��é�îîïé~��ð ñ�îî�W� (3-13) 

 ì � PQ� H .Q�S WX�Zí¢�- �òó�ôîõö�é~÷ ñ�îî�W�  (3-14) 
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Figure 3-10. Annual exceedance probability for peak ground acceleration 
near the storage site (Rhee et al., 2012). 
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Further, ���+�� is the frequency from domino effects including multi-hazard 

effects. This frequency considers the effects of an event by the first initiated 

event to the second one. For example, other fuel tanks can explode if an 

explosion event occurs and that exploded tank is positioned near the other one. 

For calculating the domino effect term, ���+�� , BN theory is used. Prior to 

calculation, relevant events must be analyzed by fault tree analysis (FTA) for 

organizing the proper BN structure (Figure 3-11). One of the reasons that a CO2 

leak occurs is a pressure increase through temperature increase owing to 

vaporization. This case can be triggered by fire effects from accidental events 

of a fuel tank. This event is an additional cause of CO2 leak by domino effects. 

Similarly, a fuel tank can be affected from accidental events of other tanks, such 

as fire or explosion. Such an event is an additional cause of fuel tank leakage 

by domino effects. Therefore, domino effects should be considered if multiple 

tanks are used. Moreover, multi-hazard effects such as CO2 tank leaks and fuel 

tank leaks, which are simultaneous hazards through seismic effects, are 

included in BN (Figure 3-12). In Figure 3-12, the parent nodes, which indicate 

possible causes, include seismic effects and events of fuel tank (a), which is one 

of two fuel tanks. Outcomes from the events of fuel tank (a) include CO2 pipe 

events, CO2 tank events, and fuel tank (b) events based on the FTA in Figure 

3-10. Probabilities of events by seismic effects are specified by reference data, 

and those by fuel tank (a) events are determined on the basis of risk assessment 

results. In this analysis, the probabilities of propagation are specified in Table 

3-8. For organizing BN, the following assumptions are specified as well: 
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 The causes contain seismic effects and event from failure of fuel tank (a).  

 The consequences from seismic effects are failures of the CO2 pipeline, 

CO2 tank, and tank (a). 

 The consequences from failure of fuel tank (a) are failures of the CO2 

pipeline, CO2 tank, and tank (b).  

 Failure of the CO2 pipeline tank cannot affect any fuel tanks owing to 

limitations of the incident.  

 Fuel tank (a) can be changed to fuel tank (b). 

GeNIe Academic is used by organizing and calculating BNs. Additional 

information about GeNIe Academic has been reported elsewhere (BayesFusion, 

LLC, 2015) 
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A jet fire occurring from fuel tank (a) can affect other units such as the CO2 

storage tank, CO2 pipeline, and fuel storage tank. A jet fire generates enough 

radiation intensity to cause other units to leak; therefore, the probability of 

propagation caused by a jet fire is 0.9, which is a conservative value. Although 

the pool fire has a lower radiation intensity than the jet fire, the intensity is 

sufficient for causing failure in a CO2 storage tank and CO2 pipeline owing to 

susceptible states such as low temperature below zero and high pressure. 

However, the fuel storage tank is not susceptible; thus, the probability of 

propagation caused by jet fire is 0.3 according to the ratio of the radiation 

intensity of jet fire and pool fire. Moreover, because the flash fire is weaker 

than the pool fire (CCPS, 2010), the probabilities of propagation by the former 

are specified as lower values than those for the latter.  

The results of additional frequency rate related to seismic effects are shown 

in Table 3-9. The �o�+�� values, which represent the seismic effects on the leak 

frequency itself, were SQ.P� 	 .$CRkè��é  for �o�7K�p�àø� , bQP[ 	 .$C�3k
è��é  for �o�;+;6�àø� , and �Q�$� 	 .$CRkè��é  for �o�7K�p��86q . These values 

were calculated on the basis of PGA and AEP using reference data. The ���+�� 
values, which were calculated by BN, were �Q�$S 	 .$CRkè��é , .QS.P 	
.$CTkè��é , and �Q�$[ 	 .$Cùkè��é  for ���7K�p�àø� , ���;+;6�àø� , and 

���7K�p��86q, respectively. A comparison of �o and- �� revealed that the values 

of �� are similar to those of �o. This result means that the domino effects are 

important for the additional frequency rate.
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Finally, the modified frequency rates were applied to conventional QRA. 

Through this measure, the results of the modified QRA can be obtained, 

including seismic and domino effects. Figure 3-13 shows an F–N curve as the 

result of modified QRA (black line in the figure). Compared with the 

conventional QRA results, updated risk is increased through seismic effects; 

this result is also represented in Table 3-10. The risk integral of conventional 

QRA was �QS$S 	 .$Cjkè��é , and that for modified QRA was �Q��P 	
.$Cjkè��é . The risk increased about 3.9% by considering seismic effects 

including domino and multi-hazard effects. This value increase can cause 

general risk to go beyond the upper bounds of risk if the general risk is near the 

boundary. Moreover, stronger earthquakes are possible, the risk will increase 

even more. Therefore, this result shows the importance of considering seismic 

effects, including domino and multi-hazard effects, in QRA. After the modified 

QRA is completed, risk reduction should be applied to the process for 

mitigating the risk owing to unfavorable risk levels.  
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Table 3-10. Societal risk integral (general, modified quantitative risk analysis, 
risk reduction). 

Method Risk integral (/AvgYear) 

General QRA �QS$S 	 .$Cj 

Modified QRA �Q��P 	 .$Cj 

Risk reduction 
(Application of fire wall) �QS�$ 	 .$Cj 

 

  

120



 

3.4.6. Sensitivity analysis 
Prior to risk reduction, sensitivity analysis was performed to show the further 

risk increase according to the annual exceedance probability (AEP) value. The 

AEP value was chosen as a parameter of this analysis because it is changeable 

with case. That is, the sensitivity analysis depends on the AEP value because it 

is a probabilistic value rather than a specific value, as shown in Figure 3-10. In 

this study, the median value (.Q. 	 .$CT) was used as the AEP value for the 

purpose of representative case study. 

For sensitivity analysis, AEP values are specified from the values of 15th 

percentile to 85th percentile. By using the different AEP values, additional 

frequencies from seismic effects are calculated, as is the modified risk. The 

results of sensitivity analysis are shown in Figure 3-14. The overall risk 

increased from 1% (15th percentile) to 35% (85th percentile) depending on the 

AEP value. In the case of the CO2 injection system, the AEP value can be 

specified as more than the median because the earthquake occurrence is 

currently increasing at the injection site area. Similar to the sensitivity analysis 

results, if the AEP can be chosen as more than the median value, the modified 

risk can be increased to 35% higher than conventional risk. This significant risk 

increase shows the importance of considering seismic effects in QRA near the 

CO2 injection area. In short, the modified QRA approach considering seismic 

effects with the domino effect is a proper approach for assessing risk, 

particularly in earthquake hazard areas 
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 Risk reduction 
For risk reduction, the composition of the total risk must be checked because 

total risk is composed of separate risks arising from each scenario. Similar to 

conventional QRA, CRDRP accounts for almost all risks in this process. The 

risk proportions of the main outcomes in the modified QRA are similar to those 

in conventional QRA because only the frequency rate is revised in the modified 

QRA. Thus, the risk reduction method must be proposed by targeting mitigation 

of CRDRP.  

The two methods used for risk reduction include the consequence reduction 

approach and the frequency reduction approach, which are same as in risk 

assessment composition. The former approach is a method of reducing the 

effect of a specific event, and the latter approach is a way of reducing the 

probability related to the event. There are various methods in risk reduction on 

consequence effects (first approach). One of which is a fire protection wall for 

decreasing pool fire effect to the entire topside system, which can be installed 

near a fuel storage tank. Fire protection walls play a role in isolating fuel 

sources and ignition sources and for reducing fire effect despite the outbreak of 

fire outcome. Fire walls can be composed of several types of material such as 

concrete, and they can be installed at various thicknesses according to process 

design condition. In case of risk reduction on frequency rate (second approach), 

various methods are used to control the probability of events. If the probabilities 

are decreased, the total risk is reduced at the same time as a result of frequency 

reduction when the effects are constant. To lower the probability of specific 
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events, methods that can prevent conditions from causing accidental outcomes 

at each node in ETA should be applied. 

In this study, fire protection walls were used, which is a first approach 

method. The first approach was chosen on the basis of the risk assessment 

results. In case of this QRA, the impact of the consequence effect was more 

dominant than that of the frequency rate in total risk. Therefore, application of 

the first approach method is more effective for mitigation of risk. The fire 

protection walls were assumed to be composed of concrete with slightly higher 

height than that of the tanks to prevent such effects. However, the thicknesses 

could not be specified owing to the lack of simulators.  

The results of QRA after application of risk reduction methodologies are 

represented in Figure 3-12. The green line represents the F–N curve, which 

contains risk reduction effects by application of fire protection walls. After the 

fire protection walls were applied to the facility system, the F–N line of this 

process was moved to the ALARP region, indicating reasonable risk (Figure 

3-12). A comparison with societal risks is included in Table 3-10. The societal 

risk integral of QRA with the risk reduction method was �QS�$ 	 .$Cjkè��é, 
which is about 54.6% lower than the modified QRA result. The main reduction 

is attributed to CRDRP, which is one of the pool fire events. Pool fire is caused 

from pooling, which is an area of spilled liquid from leaking storage equipment. 

If a fire wall is installed around the storage equipment, the pool area created by 

spilled liquid is restricted by the wall. Therefore, the pool area becomes 
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narrower than that without the wall. This indicates that the range of influence 

is reduced because the pool area is smaller. Moreover, the pool fire effect is 

decreased in the surrounding area owing to the fire wall itself. Therefore, the 

overall risk is decreased to an acceptable level by using the risk reduction 

approach. 
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 Chapter conclusion 
In this chapter, QRA is implemented on a topside CO2 injection system for 

underground storage. First, conventional QRA methods including frequency 

and consequence analyses is applied. Next, a modified QRA method is 

suggested and applied for considering seismic effects with multi-hazard and 

domino effects. The modified method includes additional frequency caused by 

earthquakes and domino effects from initiating events. Domino and multi-

hazard effects are considered by a BN, which reveals a causal relationship. 

Moreover, risk reduction methods are applied to the CO2 injection system to 

mitigate the process risk based on risk element analysis to target the main 

contribution risk. After the method is applied, the process risk is mitigated and 

meet the standard criteria set by ALARP.  

As a result, the societal risk integral is �QS$S 	 .$Cjkè��é when applying 

the conventional QRA. After applying the modified QRA methods containing 

seismic effects with multi-hazard and domino effects, the societal risk integral 

increases to �Q��P 	 .$Cjkè��é by additional effects, which indicates a 3.9% 

increase from conventional. Moreover, the risk of the system increases by 35% 

according to annual exceedance probability (AEP). Therefore, additional 

effects including seismic effects are meaningful and should be considered, and 

it is necessary to calculate the risk assessment near areas prone to earthquakes. 

The total risk is higher than the standard criteria, according to the F–N curve 

result. Thus, the risk reduction method, which is an aspect of the consequence 

effect among two methodologies, is suggested on the basis of risk factors of this 
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process. Through risk reduction measures, the societal risk integral decreases 

to �QS�$ 	 .$Cjkè��é that meet the ALARP criteria in the F–N curve.  
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CHAPTER 4.  
Operation stage: Risk-based management with 

Risk-Based Patrol (RBP) for Natural Gas (NG) 

Pipeline  

 

 Introduction 

4.1.1. Risk-based management on operation stage 
Maintenance is a main issue on operation stage for management of a process. 

Among ways of maintenance, inspection is one of the important and effective 

methods to manage the process during operation. Although inspection is 

important, it’s impossible to inspect whole process every day in aspect of cost. 

So, the systematic method is necessary for inspection with considering the 

safety and the cost. With this background, risk-based inspection (RBI) has been 

studied and organized as guideline (American Petroleum Institute, 2016; Det 

Norske Veritas, 2010) 

Risk-based inspection (RBI) is a methodology that involves quantitative 

assessment with the probability of failure (PoF) and the consequence of failure 

(CoF) related with each equipment item in a particular process unit. RBI 

technique categorizes equipment items by their risks, prioritizes inspection plan, 

and provides guidance for risk mitigation efforts, such as changes in materials, 

changes in operating conditions, the addition of linings, etc. RBI method 

includes several contents: identification and assessment of risk for all 
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equipment, suggestion for effective risk management, reduction of risks 

associated with operating processing facilities. 

RBI methodology has been applied and studied in various research. Noori 

and Price (2006) and Gross et al (2012) studied the application of RBI to 

specific process units, boiler tube and spring-operated relief valves respectively. 

Vinod et al (2014) studied the RBI for H2S based process plant with devising 

the approach for handling the influence factor related to the quantity of H2S 

release. Tan et al (2011) Seo et al (2015) proposed a risk-based inspection 

method for subsea pipelines with time-variant corrosion model. Kamsu-

Foguem (2016) proposed a RBI methodology with organized analysis using 

knowledge sharing for the marine oil pipeline. Mancuso et al (2016) proposed 

a RBI method for optimizing the inspections of underground infrastructure 

networks with incomplete information. This methodology uses multi-attribute 

value theory and portfolio decision analysis to assess the risk and decide the 

optimal inspection. Likewise, the RBI methodology has been utilized and 

studied in various processes from a unit to chemical plant for inspection.  

Although the inspection has been studied with risk-based methodology, the 

patrol, which is also one of the mainly used maintenance ways like inspection, 

has been not studied in previous research. The goal of patrol is the observation 

of surface conditions on and adjacent to the transmission line right-of-way for 

indications of leaks, construction activity, and other factors affecting safety and 

operation. Among them, the main objective of the patrol manages the 
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unexpected excavation near pipeline. While the inspection controls the risk 

through precise safety diagnosis, patrols play a role in preventing dangerous 

elements around the area that the pipeline is buried. In general, patrol is 

regulated with a law, for example, patrol should be performed once a year in 

the United States. However, patrol plan is not regulated with a law as well as 

not studied in previous study. Also, the decision of minimum patrol period has 

been not studied. 
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4.1.2. Application: Natural gas (NG) of pipeline in South 
Korea 

4.1.2.1. Natural gas (NG) supply 
The Korea Gas Corporation (KOGAS) is in charge of the introduction and 

wholesale division in the LNG industry, and supplies high-pressure natural gas 

to each urban gas company through pipelines. In the retail sector, urban gas 

companies supply medium and low-pressure natural gas to users by region. And 

the safety of whole LNG supply chain is managed by Korea Gas Safety 

Corporation (KGS). The LNG supply chain is represented in Figure 4-1. 

In South Korea, domestic natural gas demand has grown a compound annual 

growth rate (CAGR) of 11.0% from 1.61 milion-tons in 1987 to 36.81milion 

tons in 2017. As the urban gas became popular in the 1990s, the demand of NG 

grew rapidly (Figure 4-2). It is a household fuel used by more than 18.6 million 

consumers nationwide by 2017, but also an industrial and power generation fuel, 

which is an important energy source for the national economy. In the case of 

urban gas, as of 2017, the total supply amount is 23,572 million m3 and the 

demand number is 18,567,000. Compared with 1990, this figure is about 2200% 

higher based on supply. From 1990s to 2008, supply and demand had increased 

sharply, but by 2017, demand number has slightly increased while supply 

amount has been fluctuating. The overall NG supply amount also has been 

fluctuated after the supply peaked in 2013 with rapid growth rate.  

The interpretation of graph represents that the growth of the NG industry is 

slowing down, and this situation has become a background for management of 
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existing facilities rather than construction of new ones. This aspect can also be 

confirmed through a supply plan. Table 4-1 is a summary of the supply plans 

of urban gas until the year 2021. Supply is planned to increase by 2021, but it 

can be seen that the supply in 2021 does not exceed the maximum supply in 

2013. That is, the growth of the NG (urban gas) industry is stagnant, which 

makes increase of interest in existing facilities. Due to this background, interest 

in the safety management of NG facilities is also increasing. 
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4.1.2.2. Safety management of natural gas pipeline (Lee 
et al., 2017) 
As explained, safety management of (existing) natural gas (NG) pipeline is 

being an important issue in the industry. The safety management of NG pipeline 

in South Korea was enforced by legal regulation right after big disasters 

occurred. One was a disaster occurred in Ahyeon, Seoul that made 12 persons 

died, and 101 seriously injured in 1994. The other was happened in Daegu 

(1995) with 303 casualties (Dead: 101, Injury: 202). Both accidents were 

caused from leakage of pipeline with wrong safety management. Because these 

accidents made big fatality and financial loss, it was enough to be reason that 

government strictly regulated the safety management on NG pipeline. 

However, the regulations make safety management inefficient these days. This 

is because, as described before, the network of pipelines has been increased and 

complex, but the regulation has still same basis that can’t follow this 

circumstance. Moreover, the regulation is blocking the introduction of 

advanced technologies such as auto-inspection although the technology has 

been developed. One of the problems of the safety regulation is safety 

management via patrol in South Korea. Currently, the patrol on pipeline should 

be performed once in a day by the regulation. It’s very stricter regulation than 

any other nations (once a year (US, Canada)), and inefficient because safety 

managers cannot focus on the safety management work with higher priority 

such as safety valve checking, excavation management. Further, this regulation 

has been maintained without any change during about 20 years. So, the 
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regulation and work of patrol should be updated. Thus, in this thesis, the risk-

based patrol (RBP) is proposed for safety management of NG gas pipeline. The 

RBP methodology is proposed with two goals that minimum patrol period, 

which is specified as once a day without any backgrounds, is decided with risk 

level, and patrol plan is specified with depending on risk value according to 

pipeline.   
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 Methodology 

4.2.1. Risk-based patrol (RBP) 
Risk-based patrol (RBP) is proposed to manage the pipeline with patrol 

based on the concept of risk. RBP is proposed as similar methodology with risk-

based inspection (RBI) for pipeline maintenance in overall framework. Risk in 

RBP is calculated from probability of failure (PoF), and consequence of failure 

(CoF) as equation (4-1). It is similar with QRA methodology that risk is 

calculated from frequency and consequence results, but RBP has additional 

factor called as ‘Risk Factor’ in PoF. Risk factor is added to reflect the effect of 

some factors that make risk of pipeline higher. Further explanation is 

represented in following sections.  

 
 �{V � Z_swxw�y�h)- s�- �x�yt_^ �Zs��

	 (s�{^vt^�u^ s� �x�yt_^ �(s�� (4-1) 

 

 

 

 

 

 

 

139



 

4.2.2. Probability of failure (PoF) 

4.2.2.1. Generic failure frequency (GFF) 
PoF is the frequency of the failure in pipeline. The PoF can be obtained from 

the product of risk factor and generic failure frequency (GFF) for specifically 

pipe. GFF for pipes (Dou et al., 2017) can be shown in Table 4-2. The GFF is 

specified by the diameter of pipe.  

 

- Z_swxw�y�h)- s� �x�yt_^ �Zs��
�  �{V �xuhs_ �(©�	 í^�^_�u �x�yt_^- �_^vt^�u) �í��� (4-2) 

 

4.2.2.2. Risk factor ( �) 
The risk factor is proposed to give weight to risk in risk-based patrol. So, 

these factors are associated with risks of NG pipeline that can be found in the 

midst of patrol. The factors that affect the risk are represented in Table 4-3. The 

factors, which are made with referring references (American Petroleum 

Institute, 2016; Det Norske Veritas, 2010), include excavation, population 

density, buried area, seismic area.  
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Table 4-2. Generic failure frequency (GFF) for pipe   

Diameter Rupture leak (/km year) 

n , b[ �� 

b[- �� | n , [$ �� 

[$- �� | n , .$$- �� 

.$$- �� | n , .[$- �� 

.[$- �� | n , S$$- �� 

n ¶ S$$ �� 

1E-3 

1E-3 

3E-4 

1.5E-4 

1E-4 

5E-5 
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i. Excavation factor (����) 

Excavation factor means how many excavation works are done near area of 

buried pipeline. If the ground is excavated and buried again, the state of ground 

can be changed, and the change can affect the buried NG pipeline. In addition, 

the completion of excavation work should be checked whether the work is 

finished well or not. Therefore, the number of excavation work should be 

considered as one of the risk factors that make the risk higher.  

The standard of state of excavation factor is an average of excavation work 

number (/K�. If more excavation work is taken place than average number, then 

the pipeline near the area has more risk and high priority to manage the pipeline 

with patrolling. The index of excavation factor according to the state is 

organized in Table 4-4. 
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Table 4-3. Risk factor (ࡾ࡯) 

Factor Contents 

Excavation (ܥோ,௘) 
Excavator work affects the ground and pipeline 

condition 

Population density (ܥோ,௣) Effect from consequence of pipeline can be 
changed according to population density  

Buried area (ܥோ,௕) 
Effect to ground of pipeline is different based on 

buried area 

Seismic area (ܥோ,௦) 
The pipeline in seismic zones should be 

managed more carefully. 
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  Table 4-4. Excavation factor (ࢋ,ࡾ࡯) 

Risk states 

௔ܧ < 1 × 2 Very High 3 

 ௔ High 1.5ܧ < 2

௔ܧ < 3 	 × 	 0.5 Medium 1 

௔ܧ 4 × 	 0.5 < Low 0.8 

 



 

ii. Population density factor (����) 

Population density is the population number per area. The necessity and risk 

are increased when the population density is increased because it can be 

interpreted that more people are in dangerous area. For example, the pipeline 

with 100 persons/m2 has higher risk and should be managed more frequently 

than one with 10 persons/m2. 

The state of population density is specified with average population density 

value (ZK). The index of the population density can be shown in Table 4-5. It 

has four index values based on the range of the population density.  
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  Table 4-5. Population density (࢖,ࡾ࡯) 

Risk states 

1 > ௔ܲ × 3 Very High 2 

2 > ௔ܲ × 2 High 1.5 

3 > 	 ௔ܲ Medium 1.2 

4 ௔ܲ < Low 0.9 

 



 

iii. Buried area (����) 

The risk of NG pipeline can be affected according to buried area. Based on 

buried area, the pipeline itself and the ground can be vulnerable to be damaged, 

destroyed. Also, some area should be paid more attention than other area.  

The index of the buried area with states can be shown in Table 4-6. It has three 

index values based on the buried area. First, school area is selected due to its 

distinctiveness. The NG pipeline buried in school area should be managed with 

higher priority than other pipeline because the area is the main area of minors. 

Second, driveway and railway area are specified as another special area. The 

ground and pipeline near these areas get more impact from cars, train. So, the 

driveway, railway areas are classified as one of the special buried areas. The 

agricultural area is also risky buried area due to the characteristics. This area is 

easily collapsed due to its geological characteristics.
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  Table 4-6. Buried area (࢈,ࡾ࡯) 

Risk states 

1 School area 2 

2 Driveway, railway area 1.8 

3 Agricultural area 1.5 

 



 

iv. Seismic area (����) 
The seismic area is also one of the risk factors that affect the risk of the ground 

or pipeline buried in this area. If earthquake frequently occurs, then the 

possibility of collapse/destroy of the ground and pipeline can be increased.  

The index of the seismic area with states is represented in Table 4-7. Risk 

states of seismic area are specified with the zone based on frequency of 

earthquake. Zone A means earthquakes has occurred 10 times with magnitude 

less than 5, or once with magnitude 5 or greater during a year. Zone B means 

earthquakes has occurred over 5 times with magnitude less than 5, and occurred 

less than 5 times in the case of zone C.  
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  Table 4-7. Seismic area (ࡾ࡯,࢙).  

Risk states 

1 Seismic are - zone A 2 

2 Seismic are - zone B 1.5 

3 Seismic are - zone C 1.2 

 



 

4.2.3. Consequence of failure (CoF)  
The CoF can be obtained with several bases such as impacted area, economic 

loss, the number of casualties. In this study, impacted area is used as parameter 

for consequence of CoF from pipeline failure. Impacted area can be calculated 

with potential impact radius (PIR) model. PIR model is simple, because this 

model only requires operating pressure (m) and diameter (z) for calculation of 

impact radius (_) (Equation (4-3)). A and B are the parameters specified from 

material of fluid. In the case of natural gas, A is 0.1017, B is 0.5 m (Stephens 

et al., 2002). 

 _ � ¢ * �m ú z��Ç - - ��� (4-3) 

After calculation of impact radius, impact area (��) can be calculated to 

specify the CoF. Based on the impact area, consequence category is specified 

to classify the danger from the consequence of failure (Dou et al., 2017).  
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4.2.4. Risk matrix, patrol plan 
After CoF and PoF are calculated, risk level can be specified with category 

of CoF and PoF. The both categories are divided into 5 classes. The category 

of PoF having category 1 to 5 can be classified with the value of PoF that the 

product of GFF and risk factor. The categories with the range can be shown in 

Table 4-8. Similarly, the CoF can be categorized like Table 4-9 which have 

category A to E. If the category of CoF and PoF are classified, the risk level is 

decided by using risk matrix (Figure 4-4). Depending on the risk level, 

minimum patrol period is decided to manage the pipeline with different manner. 

The higher risk level the pipeline has, then the shorter period should be applied 

to patrol for managing the pipeline. 

Moreover, risk value is also calculated from CoF and PoF with data. In this 

thesis, patrol plan is proposed to be decided with total risk value including 

current risk and potential risk about the future. In the concept of risk, the risk 

does not change with time in general. On the other hands, in the RBP 

methodology, the concept of potential risk is proposed that the risk of the 

pipeline and circumstance is increased with time if the patrol is not performed 

in the area that pipeline is buried. Because potential risk is increased with time, 

the total risk is increased continuously as well if patrol is not performed. This 

concept of total risk with potential risk is represented in Figure 4-5. The risk 

target can be decided based on the safety regulation, safety manager or 

company, the circumstance of pipeline, etc. Exponential function is 

recommended as the function of the potential risk because the closer the risk 
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get to the target, the risk should be increased rapidly for considering penalty 

that the patrol is not performed. Additionally, the patrol plan is recommended 

that the patrol is performed before the total risk go beyond ALARP (As Low 

As Reasonably Practicable) used in QRA methodology, which is defined as the 

region between ¼ and ¾ of the risk target in this methodology. So, the patrol 

should be performed to resolve the increased risk potentially (lower the risk), 

before the total risk value reach the maximum risk of ALARP region.
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   Table 4-8. Probability category   

Category GFF (year) 

1 

2 

3 

4 

5 

í�� , 1E-4 

1E-4 | í�� , 1E-3 

1E-3 | í�� , 1E-2 

1E-2 | í�� , 1E-1 

1E-1 | í�� , 1E-0 
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   Table 4-9. Consequence category   

Category Impacted area (IA) (m2) 

A 

B 

C 

D 

E 

áò , . 

. | áò , .$ 

.$ | áò , .$$ 

.$$ | áò , .$$$ 

áò ¶ .$$$ 
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Figure 4-4. Risk matrix. 
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 The application of RBP methodology 

4.3.1. NG pipeline in Ulsan 
The proposed risk-based patrol methodology is applied to the pipeline of 

natural gas in part of Ulsan. The pipeline is divided into sections to be managed 

by safety inspectors. The information of the pipeline according to section 

number can be shown in Table 4-10. Total twenty sections are arranged with 

the information including section number, material, diameter, operating 

pressure. As explained previous section, the diameter and pressure are used to 

calculate the CoF, and the length and diameter are used to obtain the PoF value.  
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4.3.2. Risk calculation 

4.3.2.1. Calculation of CoF and PoF 

Impacted radius is calculated from equation (4-3) with diameter, operating 

pressure. From the radius, impacted area is calculated to decide CoF value. 

Based on the value, the CoF category is decided as well. The results can be 

shown in Table 4-11. As a result of calculation of CoF, Category A and B have 

one section respectively, and Category C has 6 sections. Also, 7 section and 4 

section are positioned in Category D and E each.  

Next, PoF is calculated form GFF with risk factors. The results of PoF are 

arranged in Table 4-12. GFF are decided from the diameter based on Table 4-2. 

And risk factors including population density, excavation work, seismic area, 

buried area are decided from the data of pipeline based on the range of each 

factor. In the case of population density, an average value of the overall Ulsan 

city (0.006448/m2) is used as average value ( ௔ܲ). Likewise, an average value of 

excavation work (8.83E-06) per m2 in Ulsan city is used as the average value 

 ,in risk factor of excavation work. As a result, category 3 has two sections (௔ܧ)

and 14 sections, 4 sections are classified as category 4 and 5, respectively.  

 

 

 

 



 

 

 

 

 

Table 4-11. The results of CoF 

 Impact radius 
[m] 

Impact area 
[m2] 

CoF 
category 

Section 1 3.626 10.32 C 
Section 2 0.804 0.51 A 
Section 3 34.467 932.58 D 
Section 4 7.914 49.17 C 
Section 5 69.627 3805.65 E 
Section 6 9.737 74.42 C 
Section 7 189.893 28306.46 E 
Section 8 32.956 852.58 D 
Section 9 21.719 370.29 D 

Section 10 4.287 14.43 C 
Section 11 3.238 8.23 B 
Section 12 18.875 279.66 D 
Section 13 27.641 599.78 D 
Section 14 140.620 15522.63 E 
Section 15 4.826 18.29 C 
Section 16 16.280 208.05 D 
Section 17 16.216 206.43 D 
Section 18 9.364 68.84 C 
Section 19 40.700 1300.33 E 
Section 20 20.603 333.21 D 
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4.3.2.2. Risk matrix 
As a result of CoF, PoF calculation, the categories of probability and 

consequence are classified. Risk matrix are decided with the classification. The 

results of risk matrix are represented in Figure 4-6 and Table 4-14. The 

majority of pipeline sections have medium-high risk (70%), and others have 

high risk (25%), also only one section has medium risk (5%).  

Minimum patrol period is specified depending on risk level. When the risk 

is the smallest, the patrol is conducted once a year (low risk). On the other hand, 

the patrol is performed once a month when it is the largest (high risk). The 

period is decided from the reference (Lee et al., 2017) that the maximum period 

(once a month) is specified based on the result of the study that the patrol 

duration can be lowered by 99% from the current level (once a day), and the 

minimum period is decided from the overseas regulations (once a year). As a 

result, the patrol of NG pipeline can be performed with different cycle based on 

each risk level.  
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4.3.2.3. Patrol plan 

Patrol plan can be decided with the risk value (Table 4-13), and ALARP 

region. In this thesis, two sections in medium-high risk level are used to perform 

the case study of patrol plan. Section 8 and 12 are selected to be compared, 

because the sections have different risk value in same risk level.  

In the case study, exponential function with constant 0.02 (é~îû- ñ�Wï� 	
^3Q3�7) is used as function of potential risk. Also, risk target value is set as 2.0E-

2. As explained, the factor can be changed according to safety inspector, 

regulation of company, circumstance near pipeline, etc. The result of patrol plan 

is represented in Figure 4-7. Although minimum patrol period of both sections 

is once a six-month, the risk of both section considering potential risk increases 

by risk target value before the six months (180 days). The risk of section 8 is 

reached to the maximum value of ALARP region on the 41th day, while section 

12 reaches the value on the 148th day. Therefore, the pipeline in section 8 should 

be patrolled within 41 days, and within 148 days in the case of section 12. On 

the other hand, although both sections have same minimum period, the risk 

value of section 8 is higher than the one in section 12. So, the pipeline of section 

8 should be managed with patrol more frequently within the period.  
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 Chapter conclusion 
In this chapter, the methodology of risk-based patrol (RBP) is proposed to 

manage the NG pipeline for maintenance. The RBP methodology is 

reconstituted with using risk-based inspection (RBI) methodology for pipeline. 

The RBP methodology are based on the concept of risk that is the product of 

probability of failure (PoF) and consequence of failure (CoF). The CoF is 

calculated from the potential impact radius (PIR) model with simplicity. The 

PoF are obtained from the product of generic failure frequency (GFF) and risk 

factor. Risk factor is the factor that affect the risk of pipeline. Excavation factor, 

population density factor, seismic area factor, buried area factor are defined to 

modify the PoF to considering the factors. The risk matrix and risk value are 

decided with the results of PoF and CoF category. Furthermore, total risk is 

calculated with current risk value and potential risk. 

The methodology is applied to NG pipeline in Ulsan as case study. As a result, 

most sections of pipeline have medium-high risk level (70%) in risk matrix with 

once a six-month as patrol period. Moreover, the risk values are calculated from 

PoF and CoF as well, and patrol plan are decided with exponential function as 

potential risk based on the risk values. Two sections of pipeline are studied on 

the patrol plan with different risk values in same risk level to confirm the 

difference between them. 
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CHAPTER 5. Concluding Remarks  
 Conclusion 

In this thesis, risk-based design and management of chemical processes are 

studied according to stage of process life cycle. The risk-based methodologies 

are proposed and applied in conceptual design stage, basic design stage, 

maintenance stage to manage the safety considering process life cycle with 

process characteristics. Risk-based design is proposed and applied in the stage 

of conceptual design. Risk-based management with improved risk assessment 

considering further characteristic is proposed and applied in basic design stage. 

Also, risk-based patrol is proposed and applied to manage the safety of natural 

gas pipeline in operation stage. 

First, in conceptual design stage, the risk-based design methodology is 

proposed to consider safety/risk by using inherently safe design (ISD) 

methodology with quantitative risk assessment (QRA). The methodology is 

applied to organic Rankine cycle (ORC) design for utilizing liquefied natural 

gas (LNG) cold energy to consider the safety of ORC in conceptual design. 

Design parameters of the ORC are organized from the previous studies to 

decide main parameter to study in this thesis. Working fluid is selected as main 

parameter in the ORC design. Six working fluids including pure component, 

binary components, ternary components are used as candidate to find optimal 

working fluid and condition. Two aspects are considered that one is 

thermodynamic aspect mainly used in previous studies, and another is safety 

aspect. For considering both aspects simultaneously, multi-objectives 
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optimization (MOO) methodology is used to obtain optimal solutions. As a 

result, the optimal solutions using MOO with parameters for each aspect 

including exergy efficiency and risk distance are obtained according to each 

working fluid. With the result, safety and efficiency can be compared with 

quantitative value for ORC design. For example, the risk distance of ORC with 

C2 is about 25% lower than one with C3 when the exergy efficiency is same. 

Moreover, among the six working fluids, R14-C3H8 is decided as the optimal 

working fluid based on the results that the Pareto optimal solutions of R14-

C3H8 is safer and more efficient than other working fluids based on the results 

that the solutions, which have the ranges of exergy efficiency and risk distance 

of ORC with R14-C3H8 are 16.47–22.52 % and 19–63 m, are the closest with 

an ideal solution. Likewise, the ORC process with considering the risk value as 

well as thermodynamic efficiency can be designed and selected based on the 

risk-based design methodology in the stage of conceptual design.   

Secondly, in basic design stage, the risk-based management with improved 

risk assessment considering seismic effect are proposed to treat the risk of 

earthquake that some processes are susceptible. The general QRA are improved 

by adding the frequency of initiating event from seismic effect with additional 

effects including domino-effect, multi-hazard effect by using Bayesian network 

(BN). The improved QRA methodology is applied to CO2 injection system for 

geological storage on topside platform to be constructed in Pohang basin where 

the earthquake can occur consistently. The frequency analysis is performed with 

the information and data organized from references, also the consequence 
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analysis is performed to quantify the effect of events such as jet fire, pool fire 

and so on. After that, the additional frequency is analyzed and calculated to 

consider the effect of seismicity with using BN. The maximum value of 

additional frequency from seismic effect is �Q�$� 	 .$CR /Year, while 

.QS.P 	 .$CT/Year in the case of domino effect. As a result, the risk of CO2 

injection system is assessed by both methodologies (general, improved) to be 

compared to study additional risk from the seismic effect. Risk integral of 

improved QRA is �Q��P 	 .$Cjkì��é while the value of general QRA is 

�QS$S 	 .$Cj/Year, which the value is increased by about 4%. With further 

study of sensitivity analysis, by the seismic effect, the risk integral of the system 

is increased by up to 35 % with 85 percentile value of annual exceedance 

probability (AEP). The result can explain that the risk from seismic effect 

should be considered when the process risk is assessed quantitatively that have 

vulnerable characteristics to earthquake.  

Lastly, in the stage of operation, the risk-based patrol methodology to 

manage the risk of pipeline are proposed to consider the risk systematically and 

quantitatively for safety management. The risk-based patrol (RBP) 

methodology has similar structure of risk-based inspection (RBI) methodology, 

which calculate the risk with the probability of failure (PoF) and consequence 

of failure (CoF), but RBP consider the weight factor called by ‘risk factor’ that 

can affect the risk of the ground the pipeline buried or the pipeline itself. The 

RBP is applied to NG pipeline in Ulsan in South Korea for case study. As a 

result, the risk level of the pipeline is decided with the result of CoF and PoF 
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to apply the different minimum patrol period according to risk level. 

Specifically, most sections of pipeline, which is total 14 sections, are decided 

as medium-high risk level that the patrol should be performed once a quarter as 

regulation of patrol period. Also, patrol for risk management is planed based on 

the total risk value with the potential risk, which is the concept of risk increased 

with time if the patrol is not performed potentially. For example, section 8 and 

12 have same risk level (medium-high), but the patrol plans are decided 

differently with depending on total risk value including current risk value and 

potential risk. The current risk of section 8 is PQ[�. 	 .$Clkì��é, while the 

section 12 is PQ�b� 	 .$Cjkì��é, and the potential risk is calculated with the 

exponential function (é~îû- ñ�Wï� 	 ^3Q3�7). As a result, patrol plan is specified 

based on the ALARP region that the patrol should be performed within 41th day 

from now in the case of section 8, while the 148th day in the case of section 12. 

The results mean that the risk level specify the minimum patrol period, and the 

risk value decide the patrol plan. To sum up, the patrol can be managed and 

performed with the risk value by applying the RBP methodology in reasonable 

manner. 
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 Future works 
Composition of working fluid; The composition of working fluids can be 

specified as the decision variable of optimization problem for organic Rankine 

cycle (ORC) design. The compositions are specified from previous studies that 

analyze the exergy destruction in condenser for minimizing exergy loss in this 

thesis. When the exergy loss is minimized, the exergy efficiency can be 

maximized. This is the reason why the composition is used in this thesis. 

However, the risk distance is changed depending on the composition values, 

and the value of risk distance can be preferred even though the exergy 

efficiency cannot be maximized.    

Risk factor; Risk factor is proposed to give the weight based on the condition 

of pipeline that affect the risk. Although the factors are chosen with considering 

the circumstance of risk management in natural gas pipeline, the index 

according to risk states is newly specified by author. Therefore, the risk factors 

and the index should be validated by the data of patrol results, the pipeline 

inspector, the confirmation of experts. With the steps, the risk-based patrol 

(RBP) methodology can be robust and reliable to be utilized in the natural gas 

industry. 

Uncertainty; The RBP methodology can be improve with considering 

uncertainty. The uncertainty of RBP for risk-based pipeline management comes 

from the condition of ground and pipeline, also the circumstance of safety 

management according to subjective of management. Specifically, the 
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excavation factor has the uncertainty that the number of excavation works can 

be changed in this year unlike last year. Moreover, the function of potential risk 

can be improved with adding technique to consider the uncertainty. 
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Nomenclature 
 

Acronyms 

ALARP As low as reasonably practicable 

AEP Annual exceedance probability 

BN Bayesian network 

DAG Directed acyclic graph 

FTA Fault tree analysis 

PGA Peak ground acceleration 

ETA Event tree analysis 

HAZID Hazard identification 

IDLH Immediately dangerous to life or health 
concentrations 

PSA Probabilistic safety assessment 

QRA Quantitative risk analysis 

ISD Inherent Safety Design 

LINMAP Linear Programming Technique  
for Multidimensional Analysis of Preference 

LNG Liquefied Natural Gas 

MOO Multi-Objective Optimization 

ORC Organic Rankine Cycle 

TOPSIS Technique for Order Preference by Similarity to an 
Ideal Solution 

 
Variables ���-0   Mole flow rate of working fluid (kmol/s) Z��  Inlet turbine pressure of working fluid (bar) 

z+�,z+C  Distance from ideal/non-ideal solution 

��+�6Kq,���L�C+�6Kq Ideal/non-ideal solution in objective j �0 JK;L9  Gas discharge rate, choked flow (kg/s) �0 q+ 8+�  Liquid discharge rate (kg/s) 

�0 7L7Kq  Released mass due to continuous release (kg/s) 

#F  Liquid head (assume 0 m) 
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(£  Discharge coefficient (for liquid, gases 1) 

(ª  Fuel mole fraction concentration in a stoichiometric 
fuel air mixture (unitless) n!K�  Maximum diameter of fireball (m) 

n9+op  Risk distance (m) 

/9  Radiant flux at the receiver (kJ/m2 s) 

/0   exergy rate (kJ/s) 

���  View factor (dimensionless) �;  Point source view factor (m-2) 

1ªDª  Heat of combustion of TNT (4686 kJ/kg) 

1ÆL!:  Energy of combustion of the fuel (kJ/kg) 

Ë�qK!6  Length of the visible turbulent flame measured from 
break point (m) üK  Air molecular weight (kg/kmol) ü�  Fuel molecular weight (kg/kmol) 

ZK  Upstream absolute pressure (bar) Z�  Upstream gauge pressure (kPa) 

Z+  Probability of event i 

Q* Released mass due to instantaneous release (kg)  �  gases constant (8314 J/kg-mol/K) 

 LJ69Kqq  Individual risk (m/yr) 

4K  Air temperature (K) 

Êo  Path length distance (m) 

a,b,u+ UVCE constants for overpressure peak calculations 

z�  Diameter of the jet, physical diameter of the nozzle 
(m) %Æ  Gravitational constant (unitless) 

V�,- V� Probit constants depending of type of effect (unitless) 

hÇFÈÉÈ  Duration of fireball (s) 

h6  Time to exposure to concentration C (min) 

A Hole cross-sectional area (m2) 

C Air toxic concentration (ppm) 

Dose Dose received by a individual assuming total duration 
exposure 
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E Radiative emissive flux (kJ/m2 s) 

L Distance from incident to objective (m) 

M molecular weight (kg/kmol) 

P Probability (percent) 

R Radiative fraction of the heat of combustion (unitless) 

RH Relative humidity (percent) 

1  enthalpy (kJ) 

�  entropy (kJ/K) 

50   power (kJ/s) 

I0   heat transfer rate (kJ/s) 

V Causative variable (dose, thermal radiation, 
overpressure) 

W Equivalent mass of TNT (kg) 

Y Probit variable 

Z Scaled range TNT equivalency model (m/kg1/3) 

g Acceleration due to gravity 

k Specific heats relation 

n Material toxicity related constant (unitless) 

t Time of interest in instantaneous release (s) 

u Wind velocity (m/s) 

x Downwind direction (m) 

y Cross-wind direction (m) 

z Distance above the ground (m) 

�  Frequency rate considering seismic effect 

�3  Frequency rate from historic data 

�ä  Frequency rate from seismic effect including multi-
hazard and domino-effects �å�+��  Frequency rate of leak event from historic data �o�+��  Frequency rate from direct seismic effect 

���+��  Frequency rate from effect by domino-effects and by 
multi-hazard effects �+  Frequency of event I 

�D  Frequency of all events 
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i +  Individual risk by event I 

ã+ The number of fatalities resulting from event I ã;  The number of people Z�+  Probability of fatality by event I 

ZBEê  Leak probability of the tank according to PGA value 
 
Greek symbol ýþ  Empirical explosion efficiency (unitless) ýþ�þ���  exergy efficiency (unitless) 

ý�  Fraction of total energy converted to radiation 
(unitless) ·�  Dispersion coefficient in x direction (m) ·�  Dispersion coefficient in y direction (m) 

·M  Dispersion coefficient in z direction (m) 

ÔK  Atmospheric transmissivity (transmitted energy 
fraction: 0-1) 

 

196



 

Abstract in Korean ( ) 

197



 

198



 

�

�

: 

 : 2014-21587 

 

199


	Abstract
	Contents
	List of Figures
	List of Tables 
	CHAPTER 1. Introduction
	1.1. Research motivation
	1.2. Research objectives
	1.3. Outline of the thesis

	CHAPTER 2. Conceptual Design Stage: Risk-based Design of Organic Rankine Cycle (ORC) Considering Inherent Safety for LNG Cold Energy Utilization
	2.1. Introduction
	2.1.1. Safety in conceptual design stage
	2.1.2. Design of organic Rankine cycle (ORC) process for utilizing LNG cold energy

	2.2. Problem State
	2.2.1. Organic Rankine Cycle (ORC)
	2.2.2. Design parameters of ORC
	2.2.2.1. Selection of working fluids
	2.2.2.2. Parameter specification


	2.3. Methodology
	2.3.1. Multi-objective optimization (MOO) formulation
	2.3.1.1. Objective 1  Exergy efficiency
	2.3.1.2. Objective 2  Process risk from simplified QRA
	2.3.1.3. Definition of optimization problem with objectives

	2.3.2. Genetic Algorithm (GA)
	2.3.3. Decision-making method
	2.3.3.1. LINMAP (Linear Programming Technique for Multidimensional Analysis of Preference)
	2.3.3.2. TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution
	2.3.3.3. Normalization


	2.4. Results & Discussion
	2.4.1. Comparison in the same category
	2.4.2. Comparison between categories

	2.5. Chapter conclusion
	Appendix 2A

	CHAPTER 3. Basic Design Stage: Risk-based Management with Quantitative Risk Assessment Considering Seismic Effects for Offshore Carbon Dioxide Injection System
	3.1. Introduction
	3.1.1. Risk assessment in basic design stage
	3.1.2. Risk assessment considering seismic effect
	3.1.3. Application: Offshore topside CO2 injection system for underground storage

	3.2. Methodology
	3.2.1. Conventional QRA procedure
	3.2.2. Modified QRA
	3.2.2.1. Frequency update for seismic effect
	3.2.2.2. Bayesian network for multi-hazard and domino effects


	3.3. Description of CO2 injection process for underground storage
	3.4. Quantitative risk assessment: Application of topside CO2 injection system
	3.4.1. System definition and hazard identification
	3.4.2. Frequency analysis
	3.4.3. Consequence analysis
	3.4.4. Risk analysis
	3.4.5. Consideration of seismic effect using modified quantitative risk analysis
	3.4.6. Sensitivity analysis

	3.5. Risk reduction
	3.6. Chapter conclusion

	CHAPTER 4. Operation stage: Risk-based management with Risk-Based Patrol (RBP) for Natural Gas (NG) Pipeline
	4.1. Introduction
	4.1.1. Risk-based management on operation stage
	4.1.2. Application: Natural gas (NG) of pipeline in South Korea
	4.1.2.1. Natural gas (NG) supply
	4.1.2.2. Safety management of natural gas pipeline (Lee et al., 2017)


	4.2. Methodology
	4.2.1. Risk-based patrol (RBP)
	4.2.2. Probability of failure (PoF)
	4.2.2.1. Generic failure frequency (GFF)
	4.2.2.2. Risk factor (C_R)
	i. Excavation factor (C_(R,e))
	ii. Population density factor (C_(R,p))
	iii. Buried area (C_(R,b))
	iv. Seismic area (C_(R,s))


	4.2.3. Consequence of failure (CoF)
	4.2.4. Risk matrix, patrol plan

	4.3. The application of RBP methodology
	4.3.1. NG pipeline in Ulsan
	4.3.2. Risk calculation
	4.3.2.1. Calculation of CoF and PoF
	4.3.2.2. Risk matrix
	4.3.2.3. Patrol plan


	4.4. Chapter conclusion

	CHAPTER 5. Concluding Remarks
	5.1. Conclusion
	5.2. Future works

	References
	Nomenclature
	Abstract in Korean (국문초록)


<startpage>3
Abstract 1
Contents 4
List of Figures 8
List of Tables  10
CHAPTER 1. Introduction 12
 1.1. Research motivation 12
 1.2. Research objectives 15
 1.3. Outline of the thesis 16
CHAPTER 2. Conceptual Design Stage: Risk-based Design of Organic Rankine Cycle (ORC) Considering Inherent Safety for LNG Cold Energy Utilization 17
 2.1. Introduction 17
  2.1.1. Safety in conceptual design stage 17
  2.1.2. Design of organic Rankine cycle (ORC) process for utilizing LNG cold energy 22
 2.2. Problem State 25
  2.2.1. Organic Rankine Cycle (ORC) 25
  2.2.2. Design parameters of ORC 25
   2.2.2.1. Selection of working fluids 29
   2.2.2.2. Parameter specification 31
 2.3. Methodology 34
  2.3.1. Multi-objective optimization (MOO) formulation 36
   2.3.1.1. Objective 1  Exergy efficiency 37
   2.3.1.2. Objective 2  Process risk from simplified QRA 38
   2.3.1.3. Definition of optimization problem with objectives 49
  2.3.2. Genetic Algorithm (GA) 51
  2.3.3. Decision-making method 53
   2.3.3.1. LINMAP (Linear Programming Technique for Multidimensional Analysis of Preference) 53
   2.3.3.2. TOPSIS (Technique for Order Preference by Similarity to an Ideal Solution 54
   2.3.3.3. Normalization 54
 2.4. Results & Discussion 55
  2.4.1. Comparison in the same category 55
  2.4.2. Comparison between categories 59
 2.5. Chapter conclusion 63
 Appendix 2A 65
CHAPTER 3. Basic Design Stage: Risk-based Management with Quantitative Risk Assessment Considering Seismic Effects for Offshore Carbon Dioxide Injection System 69
 3.1. Introduction 69
  3.1.1. Risk assessment in basic design stage 69
  3.1.2. Risk assessment considering seismic effect 71
  3.1.3. Application: Offshore topside CO2 injection system for underground storage 73
 3.2. Methodology 77
  3.2.1. Conventional QRA procedure 77
  3.2.2. Modified QRA 81
   3.2.2.1. Frequency update for seismic effect 81
   3.2.2.2. Bayesian network for multi-hazard and domino effects 83
 3.3. Description of CO2 injection process for underground storage 86
 3.4. Quantitative risk assessment: Application of topside CO2 injection system 90
  3.4.1. System definition and hazard identification 90
  3.4.2. Frequency analysis 92
  3.4.3. Consequence analysis 96
  3.4.4. Risk analysis 103
  3.4.5. Consideration of seismic effect using modified quantitative risk analysis 107
  3.4.6. Sensitivity analysis 121
 3.5. Risk reduction 123
 3.6. Chapter conclusion 126
CHAPTER 4. Operation stage: Risk-based management with Risk-Based Patrol (RBP) for Natural Gas (NG) Pipeline 128
 4.1. Introduction 128
  4.1.1. Risk-based management on operation stage 128
  4.1.2. Application: Natural gas (NG) of pipeline in South Korea 131
   4.1.2.1. Natural gas (NG) supply 131
   4.1.2.2. Safety management of natural gas pipeline (Lee et al., 2017) 137
 4.2. Methodology 139
  4.2.1. Risk-based patrol (RBP) 139
  4.2.2. Probability of failure (PoF) 140
   4.2.2.1. Generic failure frequency (GFF) 140
   4.2.2.2. Risk factor (C_R) 140
    i. Excavation factor (C_(R,e)) 142
    ii. Population density factor (C_(R,p)) 145
    iii. Buried area (C_(R,b)) 147
    iv. Seismic area (C_(R,s)) 149
  4.2.3. Consequence of failure (CoF) 151
  4.2.4. Risk matrix, patrol plan 152
 4.3. The application of RBP methodology 158
  4.3.1. NG pipeline in Ulsan 158
  4.3.2. Risk calculation 160
   4.3.2.1. Calculation of CoF and PoF 160
   4.3.2.2. Risk matrix 164
   4.3.2.3. Patrol plan 167
 4.4. Chapter conclusion 169
CHAPTER 5. Concluding Remarks 170
 5.1. Conclusion 170
 5.2. Future works 174
References 176
Nomenclature 193
Abstract in Korean (국문초록) 197
</body>

