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Abstract 

 

A Study on Optimal Layout of 

On/Offshore Chemical Process 

Considering Domino Effects Based 

on Hierarchy Procedure and MILP 
 

 

Seungkyu Dan 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

This thesis presents optimal layout generation and its 

application considering the method of criteria application to prevent 

accident propagation and the structural stability in the offshore plant. 

In the chemical plant, fire and explosion accidents occur because of 

the harsh operation condition and hazardous materials. Sometimes 

these accidents can be expanded to disaster by damage to human or 

properties. Thus, the risks of the chemical plant have to be considered 
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from the design step. The developing location of the buried energy is 

also moving farther away from inland, and the offshore platform is 

spotlighted and studied more for exploitation and the corresponding 

safety improvement.  

The objective of this thesis is to propose a new method to 

determine the optimal layout preventing the chain reaction of 

accidents called domino effects and considering the stability of 

offshore platform. In this thesis, the methodology is suggested to 

improve the safety by proposing the mathematical programming-

based procedure using MILP model. Also, the hierarchy procedures 

including main factors to be considered, which can be applied to the 

on/offshore plants, are suggested.  

The proposed methodology is verified by applications to 

practical case studies, which are being used or will be adopted in the 

onshore and offshore industries, such as the ethylene oxide 

production process as an onshore process in the chemical industry, 

the top-side of CO2 carrier as a single-floor offshore plant to be used 

in the Korea, and the mixed refrigerant cycle of the LNG liquefaction 

system on the top-side of LNG-FPSO as multi-floor offshore process 

for gathering the energy. 

Before the determination of the optimal layout, the distance 

related to the risks in the process is calculated from quantitative risk 
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assessment to estimate the effects of possible accidents. In case of 

offshore platform, considering the structural constraints, overall 

weight balance is added to satisfy the proposed criteria for stability of 

the whole plant and it would be beneficial to select the proper 

distribution of equipment.  

The results of the case studies showed satisfying the proposed 

risk criteria for preventing the domino effects between the equipment 

under the given constraints. The suggested method in this thesis 

contributes to helping the systematic determination of sustainable 

layout of chemical processes by reducing the damage to equipment 

and increasing structural stability of the offshore platform. 

 

Keywords: Domino effects, Optimal layout, Offshore design, Quantitative 

risk assessment 

Student Number: 2011-30986 
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1 Introduction 

Recently, the shapes of chemical industries are becoming more 

compact and complex, such as industrial complex and offshore 

platform. These types of plant have serious hazards which can lead to 

accident called disaster in chemical plant. Also, chemical plants have 

some harsh conditions, for example operating condition, hazardous 

materials and integrated layout, etc., which can cause fire, explosion 

or toxic release. Because of these reasons, the accident does not end 

only one accident occurring secondary or higher order accident. The 

notable accidents are Mexico City (Mexico) in 1984, Bucheon (South 

Korea) in 1998 and Iwakuni (Japan) in 2012. From the LPG 

explosion accident at San Juan Ixhuatepec, near Mexico City, 500 

people died and 6400 people injured [1]. In South Korea, there was a 

huge LPG explosion in the LPG filling station. The result of this 

accident was 1 dead, 83 injuries and 13 million dollars of economic 

loss including compensation according to the damage [2]. Also, the 

chain reaction of accident which is called domino effects had 

occurred in Japan. After the first explosion occurred, the secondary 

explosion was followed before extinguishment of fire. There was 1 

death and 21 injuries, as a consequence of this explosion.  
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To prevent these disasters in the chemical plant, many 

considerations are existed from design step to operation stage, such 

as safety, control system, protective device and appropriate layout, 

etc. [3]. Among them, appropriate layout of plant would be one of the 

reasonable considerations to alleviate the damage to people and other 

equipment. In offshore platform, especially, preventing the domino 

effects is important since an accident can destroy whole plant because 

of confined space. 

Therefore proper confirmation and assessment of hazard in the 

process would be important step to minimize the damage of human 

and property. 
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1.1 Research scope 

The aim of this thesis is to suggest the method for 

determination of optimal layout of chemical plant in on/offshore 

considering prevention of domino effects and improving structural 

stability. This optimization modelling is conducted by using mixed 

integer linear programming (MILP) which is one of mathematical 

programming using linear equation and rectilinear distance. 

First of all, quantitative risk assessment (QRA) is conducted to 

prevent domino effects applying the results of consequence analysis. 

The safety criteria are distance of overpressure and thermal radiation 

effects from possible accident which is calculated from risk analysis 

model like jet fire, boiling liquid expanded vapor explosion (BLEVE), 

vapor cloud explosion (VCE) and physical explosion. These distances 

have to be satisfied to specific criteria that are set in this thesis 

according to the appropriate assumption. 

Secondary, the risks to person called individual risk (IR) are 

taken in to account between process equipment and working space or 

near the public area in the chemical plant. 

Then, suitable protective device is selected to reduce the effects 

of accidents. It could be avoided from the calculation of excessive 



 

4 

area for satisfaction of distance criteria and reduce the total cost 

related to increasing site area and connection cost. 

The last consideration is weight distribution to improve 

structural stability by setting the limit of weight in the space. This 

respect is only applied to offshore platform. In case of module type, 

weight balance is helpful to find or set the center of gravity for 

structural stability on the offshore environment. 

From these considerations, the layout of process equipment is 

optimized minimizing the total expanse including cost of land area, 

piping connection and protective device. Also, the risk criteria are 

satisfied by setting to suitable constraints of the domino effects, IR 

and weight balance. 

1.2 Thesis outline 

This section indicates the overall outline of this thesis. There 

are five parts which consist of background of models, suggestion of 

procedure, application of optimal layout to various chemical plant 

and conclusion. 

In chapter 2, basic background is briefly reviewed. The 

definition of domino effects and historical accidents are presented in 
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this chapter. Also, the assumptions of applying domino effects to set 

the distance are introduced. 

Chapter 3 addresses the safety issues in the offshore platform 

to guide the consideration in various stages. Many factors should be 

reflected to improve safety in the offshore environment because they 

have different circumstance compared to onshore plant. Some 

considerations in the design and layout stage are briefly represented 

and introduced for more exact information providing the list of 

guidelines and regulations. 

Proposed models for layout optimization are introduced in 

chapter 4 including hierarchy procedure, overall framework and 

mathematical models. From the concept of the models, optimal 

layout is determined. 

Chapter 5 presents the applicable case studies to confirm the 

proposed layout optimization model. In this thesis, case studies are 

three different situation including not only onshore plant but also 

offshore plant. 

In last chapter, major conclusions are discussed and 

contribution directions are proposed for exact results and safer layout. 
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2 Backgrounds 

This chapter explains backgrounds about the technical 

preliminaries of model and literature surveys of previous study. Brief 

overview of domino effects, risk assessment and layout optimization 

are introduced. 

2.1 Domino effects 

The accidents in the chemical industries give fatal damage to 

other process or equipment. Once the accident occurs, many fatalities 

and economical loss are followed including death, injuries, 

compensation, business loss and reconstruction of plant, etc. 

Especially, the domino effects which is chain reaction of 

accident can give catastrophic damages to person and surrounding 

facilities and environment. The domino effects is referred that 

possibility and damage of major accident may increase because of 

various circumstance such as location, closeness of establishments 

and dangerous substance in the article of Official Journal of the 

European Communities [4]. In other words, domino effects is closely 

related to the distance and location of each facility and equipment. 
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However there is no general definition of domino effects, many 

experts suggests the concept of it [5]. Among them, the most 

generalized definition is provided as “a cascade of events in which 

the consequences of a previous accident are increased by following 

one(s), as well spatially as temporally, leading to a major 

accident“ by Delvoslle [6]. Also, Delvoslle introduced the 

mathematical approach which can solve optimization problems of 

domino accident.  

The historical accidents show that the damage of domino 

effects gives very disastrous results. In 1966, the damage of a leakage 

of propane in the storage was 18 fatalities and 80 injuries including 

firefighters [7]. The initial accident was followed to higher order 

accident. At first, leaked propane was diffused to 150 m around the 

storage. Next, the primary fire occurred from the ignition of leaked 

propane around the storage tank and then the storage tank was heated 

by fire for ninety minutes. Finally, the BLEVE occurred in the 

storage and seven vessels or equipment around the propane storage 

was damaged. In addition to the mentioned accidents, large and small 

accidents are occurring in the various industries. 

2.2 Risk identification 
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Risk identification is required to find the risks in the process 

under the exact operation condition and procedure.  

In order to assess the hazard or risk, hazard identification is 

essential step. There are many methods to identify the hazard in 

chemical process, such as safety review, checklist analysis, relative 

ranking, what-if analysis, HAZOP study, etc. Among them, HAZOP 

study, which is one of widely used methods, is conducted to confirm 

the risks in target process using HazopNaviTM.  

2.2.1 Hazard and operability (HAZOP) study 

HAZOP study is a one of the method of qualitative risk 

assessment to reduce the risk by reviewing hazard and operability on 

the design drawings in the chemical plant.  

The terms during HAZOP study are as follows:  

(1) Intention: the desired operation condition by process 

designer 

(2) Parameter: the variables indicated to flow rate, pressure, 

temperature and the condition of process flow 

(3) Guide words: the brief word presenting the quantity or 

quality of parameter (see Table 2.1) 

(4) Deviation: the combination of guide words and parameter. 

Not matched to design intention 
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(5) Cause: the reason occurring deviation 

(6) Consequence: the results of caused deviation 

(7) Node: the parts of equipment section for reviewing HAZOP 

 

Reviewing sections are decided according to the complexity of 

process and the experience of reviewer. In addition, it is possible to 

divide section into the function of equipment and system complexity. 

When the set the reviewing section functionally, the following point 

should be considered. 

(1) Overall review follows one process as much as possible 

(2) Primary reviewing section is set the pipeline in the piping 

and instrument diagram (P&ID) 

(3) Reviewing section should be changed in case of following 

case: 

A. Changing the purpose of design 

B. Significant change of the process condition 

C. Existing main equipment connected to separated 

reviewing section 
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Table 2.1 Classification and definition of guide words 

Guide words Definition Example/Comment 

No 

Not or None 

The quite opposite status 

to design intent without 

any quantity of parameter 

In case of “No Flow”: 

The quantity of material 

is not existed or the 

status of stagnant in the 

review section 

High 

The status of increasing 

quantity of parameter 

compared to the design 

intention 

In case of “High Flow”: 

The quantity of material 

is higher than design 

spec 

Low 

The status of decreasing 

quantity of variables 

compared to the design 

intention 

The opposite status of 

“High” 

Reverse 

The status of occurred 

opposite phenomena 

compared to the design 

intention 

Commonly applied to 

the flow or reaction. In 

case of “Reverse Flow”: 

The material flows to 

opposite direction in the 

review section 

As well as 

Additional parameters 

other than the design 

intention 

Existence of additional 

state such as 

contamination, etc. 

Parts of 

Completely fulfilled status 

compared to the design 

intention 

Not matched to design 

intention such as the 

wrong composition ratio 

Other than 

Not matched with design 

intention or operation 

cannot maintained  

Incorrect material 

supply, failure of valve 

installation, etc. 
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2.2.2 HazopNaviTM 

HazopNaviTM can support HAZOP study by providing 

visualization of propagation and database of related deviation. This 

program is included to TechmasNaviTM and every work can proceed 

in one flow diagram called dynamic flow diagram (DFD). Also, the 

concept of this program is caused-based HAZOP which is focused on 

the failure equipment and propagation to next equipment.  

Main functions of HazopNaviTM are as follows [8]: 

(1) DFD enables visualization of flows by changing line 

thickness or color in P&ID or process flow diagram (PFD). 

(2) This tool can qualitatively simulate propagation of 

deviation from failure mode of failure equipment to other 

objects or equipment through DFD. Also, sensors and 

countermeasure, such as temperature, pressure and flow 

meter, etc., can be listed in the simulation engine. 

(3) The propagation way of deviation can be reused from 

stored model libraries like trigger equipment model, failure 

modes for equipment and propagation equipment model. 

These data is stored and defined by users. In this thesis, the 

basic information in HzaopNaviTM is used for selecting 

scenario and HAZOP study. 
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(4) HAZOP logging system as a user-interface system can be 

directly input for additional records or necessary actions to 

improve safety and operation by users. In this system, the 

database is included for the results and report. Also, guide 

phrases of database are consist of the sentences frequently 

used in HAZOP study. 

2.3 Quantitative risk assessment (QRA) in the 

chemical process 

Quantitative risk assessment (QRA) is a methodology for 

identification and quantification of risk by calculation of consequence 

and frequency under the appropriate and practical assumption in the 

chemical process.  

(1) Risk criteria 

Calculated risk from the QRA has to be assessed from adequate 

risk criteria. In case of flammable release, the results of fire and 

explosion model are presented to the potential hazards, such as 

thermal radiation and overpressure from the source model 

information [9]. The effects of thermal radiation and overpressure are 

classified according to the intensity (see Table 2.2 and Table 2.3).  



 

13 

In this thesis, the effect of thermal radiation and overpressure 

as risk criteria are selected to set the minimum distance zone between 

equipment. The thermal radiation of 37.5 kW/m2 is sufficient energy 

to damage the process equipment according to the Table 2.2. Also, 

Table 2.3 indicates that the explosion overpressure of 3 psi can distort 

the steel frame building and pull away from foundation. 

Since the most process equipment are manufactured of steel, 

the thermal radiation of 37.5 kW/m2 and overpressure of 3 psi give 

the serious damage to the process equipment. 

Also, the acceptance criteria of individual risk is applied to as 

low as reasonably practicable (ALARP) which is one of the most 

popular risk criteria for human. This criteria suggests acceptable 

criteria which is not absolute standard but reasonably practicable 

according to the situation. Figure 2.1 shows the ALARP criteria. 
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Table 2.2 Effects of thermal radiation [9] 

Radiation Intensity 
Observed effect 

[Btu/hr/ft2] [kW/m2] 

11900 37.5 Sufficient to cause damage to process equipment 

7900 35 
Minimum energy required to ignite wood at 

indefinitely long exposures (nonpiloted) 

4000 12.5 
Minimum energy required for piloted ignition of 

wood, melting of plastic tubing 

1500 4 

Sufficient to cause pain to personal if unable to 

reach cover within 20 s, however blistering of the 

skin (second degree burns) is likely; 0% lethality 

500 1.6 Will cause no discomfort for long exposure 
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Table 2.3 Effects of overpressure [9] 

Pressure 
Damage 

[kPa] [Psi] 

0.15 0.02 Annoying noise (137 dB if of low frequency 10-15 Hz) 

2.07 0.3 
“safe distance” some damage to house ceilings, 10% 

window glass broken 

3.4-6.9 
0.5-

1.0 

Large and small windows usually shattered; occasional 

damage to window frame 

6.9 1 Partial demolition of houses, made uninhabitable 

9 1.3 Steel frame of clad building slightly distorted 

13.8-20.7 2-3 
Concrete or cinder block walls, not reinforced, 

shattered 

20.7 3 
Steel frame building distorted and pulled away from 

foundations 

20.7-27.6 3-4 
Frameless, self-framing steel panel building 

demolished; rupture of oil storage tanks 

27.6 4 Cladding of light industrial buildings ruptured 

34.5-48.2 5-7 Nearly complete destruction of houses 

68.9 10 Probable total destruction of buildings 
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Figure 2.1 The criteria of as low as reasonably practicable (adapted 

from [10]) 
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(2) Individual risk (IR) 

The definition of individual risk is the risk to particular people 

including worker and residents at the specific location. If the worker 

or residents locate in the plant or near the plant, they will be related 

to a risk according to the hazard frequency. The expression of 

individual risk is usually presented by calculation of probability per 

year from undesired event [11].  

Some measures of individual risk are defined as below: 

- Geographical distribution: individual risk contours can be 

drawn from expected frequencies and consequences effect 

of an event at a specified location. Thus, contour maps of 

individual risk are generated by the calculated risk that 

subject to the exposure time per year. 

- Maximum individual risk: the maximum individual risk is 

the highest risk. This is often effect to worker or leaving 

person near the plant. The location of the maximum 

individual risk can be confirmed from the individual risk 

contours by seeking the highest value of risk. 

- Average individual risk: the meaning of average individual 

risk is classified into two kinds. One is average value of 

risk for exposed population in a specific area. Sometimes, it 

is underestimated to estimate the risk of exposed population 
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because of selection of too large area. Another is related to 

exposed time duration of activity. If workers spend 2 hour 

in the control room and 1 hour in near reactor, the 

calculated average individual risk have average value 

during the working time. 

Generally, individual risk calculated from combination of 

frequency per year and fatality rate from consequence analysis [12]. 

First of all, the frequency of fatality at interested area l (FoFl) is 

calculated by sum of multiplying the frequency of accident scenario 

m (   , ), probability of fatality (  , 
        

), weather (  , 
       ) and 

direction (  , 
         ). 

 

    =	    , 	× 	  , 
        

	× 	  , 
       	× 	  , 

         

 

 (2.1) 

 

Then, the total individual risk can be calculated by multiplying 

FoFl, the probability of presence of people who is in the interested 

location n (  , 
        ) and spending time fraction of group o (  ). 

Since the accident scenario should consider the worst case scenario to 

cover all of scenario, probability of weather, direction, presence of 

people and spending time fraction are assumed to 1 to set the worst 

case scenario in this equation,. Therefore, the total individual risk is 

estimated from below equation. 
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       =	  	× 	  , 
        	×      (2.2) 

 

(3) Jet fire 

Typically, the definition of jet fire is the combustion of 

flammable material released from a pressurized vessel or pipe. Since 

the gas jet generated from leakage is ignited, the combustion is 

continuously maintained. Usually, the effect models of jet fire include 

calculation of flame length, thermal radiation and horizontal distance, 

etc. from the flame to the interested point because jet fire usually has 

long and cylindrical shape. 

According to the procedure of calculation of radiation effects 

of jet fire (see Figure 2.2 [9]) discharge rate is estimated, firstly. 

 

 ̇ =     2   (  −   )(For	liquid) 
(2.3) 

 ̇

= 	      
2  		 

  		  

 

 − 1
  

  

  
 

 / 

−  
  

  
 

(   )/ 

 (For	gas) 

(2.4) 

 

The next step is calculation of flammable length. 
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=

5.3

  
 

  /  

  

   + (1 −   )
  

  

  (2.5) 

 

 

The point source view factor, transmissivity and radiant flux 

are calculated by follow equations. 

 

  =
1

4   
 (2.6) 

E =
    

     
       

 (2.7) 

  =       =	     ∆      (2.8) 

 

From the above equations, the thermal effects can be calculated. 

 

I = 	  
10    [( + 14.9)/2.56]

 
 

 / 

 (2.9) 
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Figure 2.2 The procedure of calculation of radiation effects of jet fire 
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(4) Boiling liquid expanding vapor explosion (BLEVE) 

BLEVE means the explosion of pressurized vessel affected 

from expanded gas in the vessel. First of all, a gas or liquid inside the 

vessel is expanded from external heat source such as fire [13]. Then 

the gas or liquid increase the pressure of vessel to endurable pressure. 

When the pressure inside pressurized vessel is higher than design 

specification, the rupture and explosion occurred at the same time 

[14]. In most case, released flammable gas is ignited from external 

fire or ignition. The shape of this fire is mushroom or ball. So this 

event calls fireball and the thermal radiation can be damaged to 

around the accident spot [15]. 

The thermal radiation of this event can be calculated from 

initial/maximum diameter, height of fireball and duration of fire. 

These are related to mass of leaked materials. The equations of 

calculating fireball size are as follows: 

 

    = 5.8  /  (2.10) 

      = 0.45	  / 		   	 < 30,000	   (2.11) 

      = 2.6	  / 			   	 > 30,000	   (2.12) 

      = 0.75	     (2.13) 
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        = 1.3     (2.14) 

 

Where,      is maximum fireball diameter (m),        is 

combustion duration (s),        is center height of fireball (m) and 

         is initial ground level hemisphere diameter (m). 

Also, thermal flux can be calculated to predict the effect from 

fireball to receptor.  

 

Path	Length = 	       
 +   −

    

2
 (2.15) 

  =        
 +    (2.16) 

  = 2.02(    )
  .   (2.17) 

  =
2.2      

 / 

4   
 

 (2.18) 

 

Where, path length is the distance from boundary of fireball to 

receptor,    is the distance from the center of fireball to receptor,    

is the transmissivity of the air and    is the received flux at the 

receptor.  

  



 

24 

 

 

 

 

 

 

 

Figure 2.3 Geometry of BLEVE thermal flux 
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(5) Vapor cloud explosion (VCE) 

When a massive flammable gas or vaporizing liquid is released 

rapidly from a storage tank, vessel or pipeline, the flammable 

materials are not dispersing to air but forming a vapor cloud. Then, 

the VCE occur if the flammability of formed vapor cloud is between 

range of inflammability and ignition exists around the vapor cloud. 

There are many models for estimating the effect of VCE such 

as TNT equivalency model, TNO multi-energy model and modified 

Baker model. Among them, the TNT equivalency model is popular 

model and applied for many QRAs of chemical plant. 

This model has the assumption based on the equivalence 

between the TNT and flammable material. The equivalent weight is 

calculated from following equation. 

 

W =
    

    
 (2.19) 

 

Where, W is the equivalent weight of TNT, η is an empirical 

explosion efficiency (most of the value is 0.01 ~ 0.1), M is the mass 

of flammable material,    is the heat of combustion of flammable 

material and      is the heat of combustion of TNT (4437-4965 

kJ/kg or 1943-2049 Btu/lb). 
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Then, the overpressure related to the distance is calculated 

using equivalent weight of TNT and scaled distance [16]. 

 

  =
 

    
 / 

 (2.20) 

logP = 0.2518(     )
 − 2.0225(     ) + 5.8095 (2.21) 

 

Where,    is scaled distance and P is overpressure from the 

explosion. 

 

(6) Physical explosion 

A physical explosion means catastrophic rupture of vessel 

filling pressurized gas. The reasons of physical explosion are failure 

of pressure relief, reducing thickness or strength of vessel, runaway 

reaction in the reactor or other impact of outside the vessel, etc. 

 The distance of physical explosion overpressure is calculated 

from following equations [17]. 

 

W =  1.39 × 10  
      	     

      
   

  

  
        

  

  
  (2.22) 

Z =
 

  / 
 (2.23) 
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        =    ( +        ) 

 

   

 (2.24) 

 

Also, the most important issue is effect of fragment called 

missile effect when the physical explosion occurs in the pressurized 

equipment. The actual range of fragment can be calculated from 

following equations [9]. 

 

  =  
    

 
 

 / 

 (2.25) 

  =
( −   ) 

    
  (2.26) 

  = εK   
(2.27) 

  =
   

4
 (2.28) 

  =
        

   
 (2.29) 

r =
    

      
 (2.30) 

 

Where,    is speed of sound of gas in vessel,   ̅ is scaled 

pressure,    is velocity of fragment,    is surface area of the 

fragment,    is scaled velocity and r is actual effect range of 

fragment. 
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2.4 Layout optimization – review of 

mathematical approach 

The method to find optimal layout is easier and more accurate 

after developing mathematical models [18]. There are so many 

proposed models for optimal layout considering from the cost of 

equipment to safety of process. These models are based on the mixed 

integer non-linear programming (MINLP) and mixed integer linear 

programming (MILP) [19], [20]. 

In former study, the MILP model for a continuous dimension 

space is developed to decide the optimal process layout. The 

objective function of this study was the connected piping cost 

between equipment [21]. A MINLP approach combined with a 

geographic information system (GIS) has proposed by Özyurt and 

Realff [22]. Also, decomposition of layout task about sequence of 

subproblems using MILP model was suggested including global 

optimization and a short path-algorithm [23].  

Also, some researchers are proposed including the 

consideration of safety. A MINLP considering piping, land, protection 

device cost and financial risk and a MILP approach considering 

connection cost, purchase and installation cost of protection device 

are proposed [20], [24]. Georgiadis et al. proposed a general approach 
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for plant layout using mathematical programming under the fixed 

safety distance [25]. Jung et al. developed a MILP models for facility 

layout considering fire, explosion and toxic release including 

validation using computational fluid dynamics (CFD) software [26], 

[27]. Medina-Herrera et al. have proposed a new MIMLP model 

considering a QRA. The objective function is the formulation 

integrated to economics and uncertain risk scenarios [28] 

In the previous work, the mathematical formulation was well 

presented for the multi-floor layout problem [17], [29], [30].  

Based on these former approaches, this study proposes the 

MILP model including consideration of economic, safety distance, 

protective device and weight balance (in case of the offshore plant). 
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3 Safety issues in the offshore 

plant 

3.1 Considerations in the design stage 

The floating plants of offshore plant have confined space and 

complex structure than onshore plant. Also, the considerations in 

terms of safety increase because of the operation of offshore 

environment. First of all, the structural safety is existed due to the 

wobble of ship. Therefore, it needs appropriate durability and 

flexibility. There are some considerations of material, thickness and 

tensile stress, etc. to make structures. And the corrosion systems to 

prevent the damage from sea breeze and sea water are essential 

factors.  

Also, the following loads of equipment should be considered in 

the design step [31].  

- Permanent load 

w mass of structure 

w mass of permanent ballast and equipment 

w External and internal hydrostatic pressure of a 

permanent nature etc. 
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- Variable functional load 

w Personnel 

w Stored materials, equipment, gas, fluids and fluid 

pressure 

w Crane operational loads 

w Loads from fendering 

w Loads associated with installation operations 

w Loads associated with drilling operations 

w Loads from variable ballast and equipment 

w Variable cargo inventory for storage vessels 

w Helicopters 

w Lifeboats 

Since the offshore plant is under the special operation situation 

on the offshore environment, more considerations are existed. 

- hydrodynamic loads induced by waves and current 

- inertia forces 

- wind 

- earthquake 

- tidal effects 

- marine growth 

- snow and ice 
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Therefore, structural safety should be ensured through the load 

effect analysis. More details can be seen in the published guidelines 

(see Table 3.1). 
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Table 3.1 The consideration factors and the list of guideline in the 

design step 

Factors Guideline 

Structural steel 

ISO/TC 67/SC 7 [32] 

NORSOK M-101 [33] 

NORSOK M-120 [34] 

DNV OS-B101 [35] 

DNV OS-C401 [36] 

BV NR 426 [37] 

BV NR 480 [38] 

ASTM G48 [39] 

Corrosion system 
DNV-OS-C101 [31] 

ASTM G48 

Loads of equipment 
ISO 19901-4: 2003 [40, p. 4] 

DNV-OS-C101 

Topsides structure ISO 19901-3: 2010 [41] 

Evacuation, emergency response 

HSE 1995 [42] 

HSE 2000 [43] 

HSE 2006 [44] 

OGP 2006 [45] 
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3.2 Considerations in the layout stage 

The layout of process equipment in the plant is very important 

issues since the probability and effects of accidents are remarkably 

reduced from appropriate layout. The process equipment should be 

determined for separation by classification according to function, 

location and size. To decide optimal layout, the followings should be 

considered in the layout step. 

- Minimization of the ignition probability 

- Separation between hazardous and non-hazardous area 

- Minimization of consequence of fire and explosion 

- Facilitate efficient emergency response 

- Escape and evacuation route  

- Repair and replacement area 

- Minimization of flare effect 

Also, satisfying the proper criteria is important to consider the 

individual risk for worker from inside module or other equipment. To 

prevent accidents, the results of exact risk assessment about fire and 

explosion should be reflected to the consequence criteria. 
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The one of the important issues in the offshore platform is 

weight of equipment for the stability of topside. Weight control is the 

method to determine the weight and conditions. Additionally, the 

balance for the layout in each module would be helpful consideration 

to determine stable layout by adjusting center of gravity.  

In case of multi-floor layout, the confirmation of layout is 

needed through three-dimensional result. This will be able to check 

the effects between equipment in the same floor and different floor. 

Therefore, optimal layout will be completed by correction according 

to the real situation after verifying the three-dimensional structure. 

The additional considerations are shown in Table 3.2. 
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Table 3.2 The consideration factors and the list of guideline in the 

layout step 

Factor Guideline 

Production and storage unit DNV-OSS-103 [46] 

Minimization of accident effect 

Various area 

Escape route 

NORSOK standard S-001 [47] 

DNV OTG-02 [48] 

Safety principle and arrangement DNV-OS-A101 [49] 

Hydrocarbon production plant DNV-OS-E201 [50] 

Fire protection DNV-OS-D301 [51] 

Risk criteria 

UKOOA 2003 [52] 

UKOOA 2006 [53], [54] 

DNV Technica 1999 [55] 
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4 Proposed layout optimization 

4.1 Hierarchy procedure for optimal layout 

In many of previous studies, the consideration factors are 

introduced. In this thesis, the basic element is classified and 

suggested according to the circumstance in the on/offshore site. 

First of all, site was separated according to the location of 

process such as onshore and offshore. In case of onshore plant, since 

the floor of chemical plant usually has single-floor, multi-floor is not 

considered in this thesis. If the boundary of plant is vacant land or not 

usable site, the considerations for plant layout are shape of site as 

economic factor and IR for worker in the working space of plant, 

distance for domino effects and protective device as safety factors. In 

contrast, if the boundary of plant is other plant or residential area, the 

IR for worker to other plant or IR for resident of outside the boundary 

of plant should be considered in addition [56]. 

Next, the consideration is separated between single-floor and 

multi-floor according to the floor in offshore plant. The common 

factor is weight balance for structural stability of floating plant. This 

factor, especially, would be helpful consideration when the center of 
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gravity of modules is decided [57]. In case of plant boundary, there 

are not facilities and residential area of outside the whole plant 

because of offshore platform. Therefore, IR factors are not considered. 

In contrast, since the other modules exist around the target plant, the 

IR factor for worker or evacuation route is included. Also, height of 

floor is important factor to reduce the cost in terms of flow from 

bottom to top. Other considerations for cost and safety are same with 

onshore plant including protective device. 

Figure 4.1 shows the hierarchy procedure for optimal layout in 

the on/offshore site described above. 
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Figure 4.1 Hierarchy procedure for optimal layout in the on/offshore 

site 
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4.2 Overall framework 

Overall framework of this thesis for safety and stability 

consists of three parts. In the risk analysis part, HAZOP study as risk 

identification is conducted by using HazopNaviTM in the 

TechmasNaviTM. The next step is quantifying the distance as 

preventing the domino effects and damage to person. The distance 

related to domino effects is estimated from consequence analysis 

including models of jet fire, BLEVE, VCE and physical explosion. 

And the distance related to IR is calculated from consequence 

analysis and fault tree analysis (FTA) as frequency analysis. These 

results will be adapted to set the safety distance in the layout 

optimization part. 

First step of layout optimization part is process analysis to 

confirm the equipment and nonoverlap condition. In the equipment 

confirmation step, the size of equipment and connection between 

equipment are established. Also, safety distance between equipment 

for preventing domino effect has to be defined in this step. Another 

step in this part is to set the nonoverlap of equipment. The factors of 

nonoverlap condition are definition of working area, location of 

workspace, boundary condition and setting weight balance. Last step 

of this section is formulation of layout model by combining data from 
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previous step. To find optimal layout, the MILP as mathematical 

model is used. 

Additionally, there are one optional layout part and additional 

information to satisfy the risk criteria and minimize the total cost by 

using boundary land uses and additional protection. Optional layout 

part can be used when the size of site is fixed or limited. The result of 

plant size from layout optimization would be applied to the main 

layout optimization part to set the maximum area without distance of 

domino effects. 

Figure 4.2 shows overall framework of this thesis and more 

detailed information of mathematical model are explained in the 

following section. 
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Figure 4.2 Overall frameworks for determination of optimal layout 
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4.3 Mathematical models 

4.3.1 Objective function 

The objective function of this layout optimization is 

minimization of total cost including cost of pipeline connection 

between equipment, protection cost, if it is necessary, and land area 

cost.  

 

min	     
        

    

    

+      ,   
          

  

+     (4.1) 

 

The estimation of cost of pipeline connection is calculated by 

the product of total length of pipeline which is distance between 

connected equipment and cost per unit. The connection between 

equipment is assumed to be rectilinear and parallel with the x and y 

axis including right angle.  

Next, the site is assumed to be square or rectangular and the 

land area cost is estimated by the product of total area and cost per 

unit. In case of the single floor offshore plant, the land area cost will 

be used to minimize the total area of site since the land area is fixed 

and cost of site is not significant value.  
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The last term of objective function is the sum of protection cost. 

The protective device is needed to meet the risk criteria and reduce 

the total size of site. The protective device consists of two types. One 

is to reducing the risk including frequency range for example 

interlocking and shutdown system as control system. Another is 

directly reducing thermal radiation or overpressure such as cooling 

water and relief device as protection system. The combination of 

appropriate device will be applied to equipment after the selection 

according to the optimization model and total protection cost is added 

to the objective function. 

4.3.2 Distance constraints 

The definition of distance between equipment is set as the 

difference between the coordinates [21]. 

 

   −    =   −    (4.2) 

   −    =   −    (4.3) 

    =    +    +    +     (4.4) 

∀	 = 1,… , − 1, 		∀	 =  + 1, 	 … ,    
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(1) Basic distance constraints 

The basic distance constraints are working area and boundary 

condition. The concept of basic distance constraints applied to this 

thesis has been introduced in the previous risk based layout 

optimization and the applied manners are same with concept of other 

study. Figure 4.3 shows the concept of working area and boundary 

condition. 

The first constraint is working area. It is necessary for 

operation or maintenance of equipment by workers. The working area 

is defined by adding space around the equipment. Since the layout 

optimization is conducted by using MILP model, working area is 

assumed to square or rectangular according to the type of equipment. 

The working area is constructed by the following equations. 

 

  =     +   (1 −   ) + 2    (4.5) 

  =   +   −   + 4    (4.6) 

 

Where,    and    mean the size of equipment including 

working area. 
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Figure 4.3 The concept of working area and boundary condition 
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The boundary conditions are described in Figure 4.3. 

Additionally, boundary factor is applied to set the size of site 

according to the use of outside plant. The distance of each boundary 

is selected to product the boundary factor in accordance with use 

such as industrial, vacant or residential area. 

 

  ≥        (4.7) 

  ≥        (4.8) 

  +       ≤     	 (4.9) 

  +       ≤     	 (4.10) 

 

Table 4.1 shows application of boundary factor in accordance 

with land use. 
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Table 4.1 Application of boundary factor in accordance with land use 

type [56]  

Land use type Boundary factor (BF) 

Residential 1 

Industrial 0.8 

Vacant 0.5 
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(2) Domino effects distance constraint 

The assumption of distance converted from domino effects is 

as follows:  

ü The possible accidents at each equipment are 

fire/explosion from lead flammable gas and physical 

explosion because of increasing inside pressure 

ü Secondary accident occur due to the effect from near 

equipment 

ü Distance between equipment is parallel to x-axis or y-

axis 

ü Secondary or more higher order accidents can be 

prevented by appropriate separation between 

equipment 

ü Domino effects is stopped by preventing secondary 

accident 

The concept of domino effects distance is set the minimum 

distance which does not affect between neighboring equipment. The 

domino effects distance is selected from the consequence analysis 

models including jet fire, BLEVE, VCE and physical explosion. 

Selected distance is applied by converted following basic equation to 

changed equation considering domino effects distance [21], [24]. 
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  −   +    1  +  2   ≥
  +   

2
 

∀	 = 1, … , − 1,  =  + 1,… ,   

(4.11) 

  −   +   1 −  1  +  2   ≥
  +   

2
 

∀	 = 1, … , − 1,  =  + 1,… ,   

(4.12) 

  −   +   1 +  1  −  2   ≥
  +   

2
 

∀	 = 1, … , − 1,  =  + 1,… ,   

(4.13) 

  −   +   2 −  1  −  2   ≥
  +   

2
 

∀	 = 1, … , − 1,  =  + 1,… ,   

(4.14) 

 

Where,  1   and  2   are binary variables to determine the 

activating equation. These equations are activated by eliminating big-

M constraint from selection of 0 or 1 of binary variables. 

The changed equation applying minimum separation distance 

is as follows: 

 

  −   +    1  +  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   ≥     

(4.15) 

  −   +    1  +  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   <     

(4.16) 
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  −   +   1 −  1  +  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   ≥     

(4.17) 

  −   +   1 −  1  +  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   <     

(4.18) 

  −   +   1 +  1  −  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   ≥     

(4.19) 

  −   +   1 +  1  −  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   <     

(4.20) 

  −   +   2 −  1  −  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   ≥     

(4.21) 

  −   +   2 −  1  −  2   ≥
  +   

2
+	    

∀	 = 1, … , − 1,  =  + 1, … , ,							   <     

(4.22) 

 

Where,     and      are the domino effects distance of any 

equipment. The minimum distance will be the sum of half of 

equipment size from the center and farther domino effects distance in 

accordance with the above equations. 
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4.3.3 Weight balance constraint 

The weight balance is important issue in the offshore platform 

because the foundation of site can be inclined to heavy side. 

Therefore, it is significant part to determine the layout in the design 

step for offshore platform.  

 

      ℎ  −      ℎ  
  

 < α 

∀ = 0 <   <
    

2
,								∀ = 	     /2 <   <      

(4.23) 

 

The basic concept of the weight balance has to be so located 

that the difference between the sum of equipment in compartmental 

area by the center line of x or y-axis is to be specific value. Figure 4.4 

shows the concept of weight balance constraint. If equipment locates 

on the centerline, the evaluation of the equipment will be excluded 

because it doesn’t need to consider the center of gravity in the layout. 

The specific value would be the average of all equipment 

weight because equipment used in the plant has very heavy weight. 

Since equation (4.23) is nonlinear formulation, it is converted to 

make linear equation for applying MILP model. 

The weight balance is constructed by following expressions. 
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2
−   	≤  ×    (4.24) 

  >  × (1 −   ) (4.25) 

  −
    

2
	≤  ×    (4.26) 

  <  × (1 −   ) (4.27) 

      ℎ  − 2     ℎ  ×   
  

 < α 

 2     ℎ  ×   −      ℎ  
  

 < α 

(4.28) 

 

Where, f, w and v are binary variables explaining whether or 

not to locate equipment i on the left or right side of site. 
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Figure 4.4 The concept of weight balance constraint 
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4.3.4 Protective device 

Protective device added to equipment can alleviate the risk 

from accident. Therefore, the domino effects distance and boundary 

distance will be reduced by multiplying attenuation factor (   ) of 

selected protective device. 

 

   =    
        1 −     ,    

 

  (4.29) 

   =    
        1 −     ,    

 

  (4.30) 

 

The protective device can be determined by selecting    ,  as 

the binary variable. This binary variable means whether the 

protective device p have to be installed on equipment i or not. 

 

4.3.5 Other constraints for multi-floor 

In case of multi-floor, some constraints are added to decide the 

floor of equipment and calculate the total pipeline distance. Thus, the 

following constraints are included to mathematical model [29]. 

The first equation is binary variable for the assignment that one 

unit has to be located on one floor. 
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= 1 (4.31) 

 

The next equation means that the same equipment has to be 

located under the same coordinate of the center with the different 

floor. 

 

  =    (4.32) 

  =	   

when,			 	   	 	are	same	equipment 
(4.33) 

Also, since non-overlapping constraints introduced in the 

above section active only when the equipment locates on the same 

floor, (4.11)-(4.14) have to be revised to following equations. 

 

  −   +   1 −    +  1  +  2   ≥
  +   

2
 (4.34) 

  −   +   2 −    −  1  +  2   ≥
  +   

2
 (4.35) 

  −   +   2 −    +  1  −  2   ≥
  +   

2
 (4.36) 

  −   +   3 −    −  1  −  2   ≥
  +   

2
 (4.37) 

∀	 = 1, … , − 1, ∀	 =  + 1,… ,    
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5 Case Studies 

5.1 Onshore plant – ethylene oxide plant 

The first target process is ethylene oxide (EO) production plant 

for determining the optimal layout as onshore plant. Ethylene oxide is 

used to synthesis other materials, such as ethylene glycol, surfactant, 

ethanol amine and glycol ether, which are substantially applicable in 

the various industrials [58]. The EO has the characteristic of colorless 

and ether-like odor. It is easy to be an explosive mixture combined 

with air and react with a small amount of strong acid, strong base and 

oxidizing agent. Also, since it has very wide explosive limit from 3 % 

lower explosive limit to 100 % upper explosive limit, the prevention 

of accident should be controlled strictly. 

The optimal layout studies of EO plant considering risk and 

safety have been performed during many years. Penteado and Ciric 

suggested the MINLP approach for optimal layout considering the 

risks including the financial risk [20] and Patsiatzis et al. proposed 

the MILP approach which determines the plant layout and the type of 

protective device to reduce the accident and risk [24]. In case of other 

thesis, So suggested the plant layout based on safety assessment 
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considering domino effect by applying the domino factor and 

parameter [5] and Han proposed the risk zone based optimal layout 

considering the IR to worker and boundary area [56]. Previous 

studies listed above are not taken into account the direct damage from 

the accident to other equipment. On the other hand, the proposed 

method in this study can minimize the effects to next equipment or 

outside area of boundary of plant. 

5.1.1 Process description 

The main equipment of EO plant is classified into process 

equipment and non-process equipment [20], [56]. The process 

equipment consists of a reactor, an EO absorber, a CO2 absorber, two 

heat exchangers, a flash drum and pump. And the non-process 

equipment is related to the worker such as control room, worker’s 

office and laboratory. Since the non-process equipment has not any 

hazardous condition which can lead to an accident, the QRA is 

carried out to the target of process equipment. 

The simplified EO plant diagram is described in Figure 5.1 and 

this diagram will be used to conduct risk identification using 

TechmasNaviTM. And the information of all equipment is listed in 

Table 5.1.  
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Figure 5.1 Process DFD of EO plant 
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Table 5.1 The information of all equipment in the EO plant 

ID Equipment 
Width 

[m] 

Depth 

[m] 

Working 

area 
Connection 

Connection 

cost  

[$/m] 

1 Reactor 5.22 5.22 4.2 (1,2) 346 

2 HX - 1 11.42 11.42 2.3 (2,3) 118 

3 
EO 

Absorber 
7.68 7.68 3.2 (3,4) 111 

4 HX – 2 8.48 8.48 2.3 (4,5) 85.3 

5 
CO2 

Absorber 
7.68 7.68 3.2 (5,1) 416.3 

6 Flash drum 2.6 2.6 3.2 (5,6) 86.3 

7 Pump 2.4 2.4 1 (6,7) 6.5 

8 
Control 

room 
10 10 - (7,5) 82.8 

9 Office 20 10 - 
  

10 Lab 20 10 - 
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5.1.2 Results of risk analysis 

(1) Risk identification 

The first step of risk analysis part is hazard identification to 

confirm the risks in the process. Some accidents of EO process 

occurred in USA and Belgium, etc. The results of the explosion were 

process interruption and business loss of approximately more than ten 

million U.S. dollars in each accident [59]. Based on these accidents 

and other process condition, HAZOP study is conducted by using 

HazopNaviTM. The results of HAZOP study are classified in Figure 

5.2 and Table 5.2. The detailed hazards which can lead to explosion 

or fire are as follows: 

- Reactor has potential possibilities of release, explosion 

or fire due to  

w more flow of ethylene from failure open of control 

valve-1 

w more flow of oxygen from failure open of control 

valve-2 

w high pressure from failure close of control valve-3 

- EO absorber has potential possibilities of release and 

explosion due to more flow of EO mixture from failure 

open of control valve-3 
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- CO2 absorber has potential possibilities of explosion 

due to more flow of mixture from EO absorber from 

failure open of control valve-3 

- Flash drum has potential possibilities of fire due to 

more flow of mixture from failure open of control 

valve-3 

- Heat exchanger 1 and 2 have potential possibilities of 

release and fire of tube side due to more flow of EO 

mixture from failure open of control valve-3 

- Pump has potential possibilities of release, fire or 

explosion due to overload from flash drum from failure 

open of control valve-3 

Since the aim of this step is confirm the direct hazard related to 

the fire or explosion of equipment, the results are simplified. Also, 

the process control and operational maintenance are omitted. 
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Figure 5.2 The graphical results of HAZOP study for EO plant 
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Table 5.2 The results of hazard identification of EO plant 

No Equip 
Tag 

Failure 
Mode Deviation Cause Consequence Recommendation 

1 CV-1 
failure 
close 

noF Flow stop of ethylene to reactor Reactor mal-reaction None 

2 CV-1 
failure 
open 

mrF Poor production 
Possibility of reactor explosion 

or fire 
Maintenance of valve 

Additional protection device 

3 CV-2 
failure 
close 

noF Flow stop of oxygen to reactor Reactor mal-reaction Maintenance of inlet Valve 

4 CV-2 
failure 
open 

mrF Unstable flame of reactor 
Possibility of reactor explosion 

or fire 
Additional protection device 

5 CV-3 
failure 
open 

mrF Overpressure in the EO absorber Possibility of explosion 
Set some protective device for 

prevention of explosion 

6 CV-3 
failure 
open 

mrF High pressure of CO2 absorber Damage of CO2 absorber 
Set some protective device for 

prevention of explosion 

7 CV-3 
failure 
open 

mrF Flash drum fills liquid Over flow of flash drum 
Confirm the consequence about the 

fire from overflowed liquid 

8 CV-3 
failure 
open 

mrF 
High pressure of tube side of 

HX-1 
Damage of tube side of HX-1 
Possibility of release of EO 

Confirm the consequence of fire and 
explosion from leaked product 

9 CV-3 
failure 
open 

mrF 
High pressure of tube side of 

HX-2 
Damage of tube side of HX-2 
Possibility of release of EO 

Confirm the consequence of fire and 
explosion from leaked product 

10 CV-3 
failure 
open 

mrF Overload of pump Possibility leakage 
Consequence of fire or explosion 

from leakage product 

11 CV-3 
failure 
close 

noF High pressure of Reactor Possibility of explosion 
Set some protective device for 

prevention of explosion 

12 Pump 
failure 
stop 

noF Flash drum fills liquid Over flow of flash drum 
Confirm the consequence about the 

fire from overflowed liquid 
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(2) Minimum separation distance 

The second step of risk analysis part is calculation of minimum 

separation distance from consequence and frequency analysis. The 

possible accidents of equipment are fire and explosion resulted from 

leakage or rupture of abnormal equipment. In this case study, the 

possible accidents are VCE and jet fire from release to determine the 

domino effects distance. Also, the results of distance related to IR are 

applied from previous study [56]. 

The criteria of the minimum separation distance related to the 

domino effects are overpressure of 3 psi for VCE and thermal 

radiation of 37 kW/m2 for jet fire. Between the results of distance, the 

longer distance will be applied to prevent the direct damage from 

near equipment. In case of IR criteria, IR limit of 10-3/year is adapted 

for workers in the working space and industrial area of outside the 

boundary. Also, IR limit of 10-4/year is adapted for residents of 

outside the boundary. Table 5.3 and Table 5.4 show the minimum 

separation distance for equipment to prevent domino effects and for 

person to meet the IR criteria. 
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Table 5.3 The minimum separation distance for equipment of EO 

plant 

Equipment 
Explosion [m] Jet fire [m] 

3 psi 37.5 kW/m2 

Reactor 22.8 13.4 

HX - 1 12.5 8.2 

EO absorber 22.9 10.8 

HX - 2 12.5 8.2 

CO2 absorber 14.8 7.3 

Flash drum 15.9 10.6 

Pump 3.3 1.2 

Table 5.4 The minimum separation distance for person of EO plant 

Equipment 
For worker For resident 

WD [m] IR [10-3/year] BD [m] IR [10-4/year] 

Reactor 37 0.862 51 0.847 

HX - 1 1 0.756 16 0.981 

EO absorber 19 0.933 42 0.985 

HX - 2 1 0.934 17 0.996 

CO2 absorber 18 0.931 38 0.902 

Flash drum 15 0.65 22 0.991 

Pump 4 0.0162 4 0.162 
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5.1.3 Results of layout optimization 

(1) Optimal layout considering domino effects 

The result of optimal layout considering domino effects is 

described in Figure 5.3 and Table 5.5. Each number in the box means 

the ID of equipment which can be found in Table 5.1. 

Since the consideration of direct damage to near equipment is 

included, optimal layout is determined by keeping a certain distance. 

The dotted lines around equipment are minimum separation distance 

for preventing domino effects of accidents in the right figure of 

Figure 5.3. 

This optimal layout is more expansive results than that the 

domino effects are not considered in the previous optimal layout of 

EO plant, because the site has very wide area. For more realistic 

results, protective devices are applied and the optimal layout is 

determined again. 
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Figure 5.3 The optimal layout of EO plant considering domino effects 

  



 

69 

 

 

 

 

 

 

Table 5.5 Layout results of EO plant considering domino effects 

Cost [$] 

Connection Land Total 

51,562 308,560 360,122 

Land area 

Width [m] Length [m] Area [m2] 

80 150 11,600 
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(2) Optimal layout considering domino effects with protection 

To find more reliable layout in terms of site area, protective 

devices are applied at reactor, EO absorber and CO2 absorber. The list 

of each protective device and the combination of protective device 

for reactor and absorber are adapted from previous layout 

optimization study (see Table 5.6 - Table 5.8) [24], [56]. 

In the results, total cost considering domino effects with 

protection is reduced to 288,546. These values are 20% lower than 

the result without protective device. Also, selected protective devices 

reduce the total area of site under the same risk criteria. Among the 

combination of protective device for reactor, R4 is installed to meet 

the criteria. In case of EO absorber, A4 is selected to reduce the effect 

distance of accident. However, the protective device for CO2 

absorber has more alleviated selection of level than other equipment 

as A2. Figure 5.4 shows the optimal layout of EO plant considering 

domino effects with protective device including the range of accident 

effect and the numerical results of layout is indicated in Table 5.9. 
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Table 5.6 Information of protective device for EO plant 

Type of protection Reduction factor Cost [$] 

1. Cooling water 0.1 5,000 

2. Overpressure relief devices 0.24 20,000 

3. Fire relief devices 0.25 15,000 

4. Second skin on reactor 0.6 65,000 

5. Explosion protection system on 

reactor 
0.2 20,000 

6. Duplicate control system with 

interlocking flow on reactor 
0.32 20,000 

7. Duplicate control shutdown system 

on absorption tower 
0.46 30,000 
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Table 5.7 The combination of protective devices for reactor 

Device list Combination Cost [$] Reduction factor 

R1 - 0 0 

R2 1 5,000 0.1 

R3 3 15,000 0.25 

R4 1, 3, 6 40,000 0.541 

R5 1, 3, 5, 6 60,000 0.367 

R6 1, 3, 4, 5, 6 125,000 0.853 

 

 

Table 5.8 The combination of protective devices for absorber 

Device list Combination Cost [$] Reduction factor 

A1 - 0 0 

A2 1 5,000 0.1 

A3 2 20,000 0.24 

A4 1, 2 25,000 0.316 

A5 1, 7 35,000 0.514 

A6 1, 2, 3, 7 7,000 0.723 
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Figure 5.4 The optimal layout of EO plant considering domino effects 

with protection 
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Table 5.9 Layout results of EO plant considering domino effects with 

protection 

Cost [$] 

Connection Land Protection Total 

42,986 177,560 70,000 288,546 

Land area 

Width [m] Length [m] Area [m2] 

60 110 6,600 
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(3) Optional layout results (set area of site) 

To prevent the excessive site area from the suggested 

methodology, the determination of optional layout was conducted 

under the limitation of area according to the framework in this thesis. 

The graphical and numerical results are presented in Figure 5.5 and 

Table 5.10, respectively. The total cost is 345,368 that value is 16.5 % 

higher than unlimited optimal layout of this thesis due to the severe 

selection of protective device for satisfying the criteria. The selected 

protective devices are R5 for reactor, A6 for EO absorber and A6 for 

CO2 absorber.  

Comparing this solution with the suggested optimal solution of 

EO plant of previous study [56], the site has a same area and total 

cost is 50 % higher than the solution of previous study because of the 

selection of protective device. 
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Figure 5.5 The optimal layout of EO plant considering domino effects 

with protection (set area of site) 
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Table 5.10 Layout results of EO plant considering domino effects 

with protection (set area of site) 

Cost [$] 

Connection Land Protection Total 

49,018 126,350 170,000 345,368 

Land area 

Width [m] Length [m] Area [m2] 

50 95 4,750 
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5.1.4 Summary and discussion 

The mathematical approach is suggested to determine the 

optimal solution considering direct damage for onshore site. Among 

onshore chemical plants, the target process is ethylene oxide 

production process as one of important process in the chemical 

industry. There are three conditions which are the proposed 

methodologies without protective device, with protective device and 

in the fixed area. The results under the each condition satisfy the 

proposed risk criteria by setting the risk constraints. 

In terms of total cost, the result of preventing domino effects 

with protective device was confirmed to be the lowest cost. However 

the site still has excessive area to determine the real layout 

circumstance. Thus, one constraint is added to find the optimal layout 

under the given area which is taken from previous proposed study. 

Table 5.11 and Figure 5.6 describe the numerical summary of the 

results and comparison of cost and land area from suggested optimal 

layout, respectively. When an accident occurs and leads to series of 

reaction as domino effects, equipment in the process will be 

destroyed. Since total equipment cost is very expensive (544,800), 

determination of layout for preventing domino effects would be more 

cost effective selection compared to the other results which has the 

same area of site.  
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Table 5.11 Summary of the optimal solution for EO plant  

 Domino effect 
Domino effect 

with protection 

Set area of 

site 

Connection cost [$] 51,562 42,986 49,018 

Protection cost [$] - 70,000 170,000 

Land cost [$] 308,560 175,560 126,350 

Total cost [$] 360,122 288,546 345,368 

Width [m] 80 60 50 

Length [m] 145 110 95 

Area [m2] 11,600 6,600 4,750 

 

 

Figure 5.6 Comparison of the cost and land area for EO plant 
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5.2 Offshore plant – CO2 liquefaction process 

on CO2 carrier 

Emission of greenhouse gas has been increasing rapidly due to 

the active uses of fossil fuel. Among the greenhouse gases, carbon 

dioxide is one of the most affecting the global warming. The trends of 

emission of CO2 are increasing steadily (see Figure 5.7) [60]. 

According to the International Energy Agency (IEA), the total 

emitted CO2 has to be reduced to 14 gigatonnes by 2050. To reduce 

the emission of CO2 into the air, methods for carbon capture and 

storage (CCS) are being researched and implemented in many 

countries. In Korea, especially, CCS system is in preparation that the 

emitted CO2 in the various industries has to be captured and stored 

into a basin located in East Sea [61]. There are two transportation 

methods. One is the technique of pipeline which uses underground in 

land or under the submarine and another is the technique of using 

ship called CO2 carrier. Since using CO2 carrier is more flexible uses 

and has an advantage of long-distance than pipeline, there are many 

efforts to develop the CO2 carrier for CCS in some countries. In 

Korea, the technique of using ship for CCS is developing for practical 

use aiming to complete the design by 2015, because the existing 

transportation ship of CO2 is small and other uses for beverage. 
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Figure 5.7 Trends in CO2 emissions per countries [billion tonnes of 

CO2] 
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5.2.1 Process description 

The conceptual procedure of CO2 transportation is described in 

Figure 5.8. Captured CO2 from large source like power plant or steel 

companies is loaded to CO2 carrier after pretreatment and stored to 

CO2 tank liquefied in the carrier. CO2 carrier is supposed to conduct 

liquefaction, storing and injection as a series of CO2 treatment in one 

vessel [62].  

The CCS based feasibility study on CO2 carrier is carried-out 

to verify the validity in previous research. There is much process 

equipment in the CO2 carrier because the object of CO2 carrier is not 

only transportation but also liquefaction process, such as liquefaction 

process, gas conditioning unit, intermediate storage and unloading 

process, etc. 

After treating CO2 gas received from terminal, CO2 is stored in 

bi-lobe tank which capacity of storage is 50,000 m3. Figure 5.9 shows 

process flow diagram of CO2 carrier which consists of eight main 

process units. The main process units are a receiver tank, two CO2 

purifiers, a CO2 condenser, two liquid CO2 drums and two storage 

tanks. Among them, storage tanks are excluded when the optimal 

layout is decided because the tanks are fixed in the hull side. Table 

5.12 and Table 5.13 show design specification and device information 

of each unit, respectively. 
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Since this system is currently under development and has 

insufficient information, the information of CO2 carrier is taken from 

pilot system and contains some assumptions. The first assumption is 

that the operation conditions of equipment are equivalent with design 

specification. It is related to estimate the effect distance for minimum 

distance. The second assumption is that the weight of equipment is 

the value obtained by multiplying the volume and 10. The third 

assumption is that the connection cost is $ 1 per meter and working 

area is 1 m for maintenance of equipment. And the last assumption is 

that the uses of outside boundary are vacant area and the space for 

worker locates in the hull side. 

Also, this system has to be considered by balancing weight for 

stability of whole ship including top-side process. The factor for 

weight balance is the average weight of all equipment which value is 

5 tonne. In other words, the difference of sum of equipment of each 

side has to be less than 5 tonne. 
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Figure 5.8 Conceptual procedure from source to unloading 
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Figure 5.9 Process flow diagram of CO2 carrier 
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Table 5.12 The design specification of each unit in the CO2 carrier 

ID Equipment Pressure [barg] Temperature [℃] 

1 CO2 Purifier 1 23 30 

2 CO2 Purifier 2 23 30 

3 CO2 Condenser 23 -25 

4 LCO2 Buffer drum 23 -25 

5 LCO2 Flash drum 23 -25 

6 Receiver tank 23 30 

 

 

Table 5.13 The information of all equipment in the CO2 carrier 

ID Equipment 
Width 

[m] 

Depth 

[m] 

Weight 

[ton] 

1 CO2 Purifier 1 4 4 5 

2 CO2 Purifier 2 4 4 5 

3 CO2 Condenser 2.5 25 5 

4 LCO2 Buffer drum 4 4 1 

5 LCO2 Flash drum 9 9 10 

6 Receiver tank 4 4 5 
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5.2.2 Results of risk analysis 

(1) Risk identification 

The first step of risk analysis part is risk identification. To 

confirm the risks in the CO2 carrier, HAZOP study is conducted by 

using TechmasNaviTM. Since the CO2 is not flammable gas, the fire 

or explosion from gas leakage is not expected. The results of risk 

identification are as follows: 

- Receiver tank has potential possibilities of physical 

explosion due to more pressure in the tank from failure 

close of PCV 1 

- CO2 purifier 1 and 2 have potential possibilities of 

physical explosion due to 

w more flow of CO2 from failure open of PCV 1 

w overpressure of CO2 purifier 1 from failure close 

of PSV 1 

w overpressure of CO2 purifier 2 from failure close 

of PSV 2 

- LCO2 buffer drum has potential possibilities of rupture 

due to more pressure in the drum from failure close of 

PV 1 or PSV 3 
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- LCO2 flash drum has potential possibilities of rupture 

due to more pressure in the drum from failure close of 

PV 2 or PSV 4 

- CO2 condenser can lead to process interruption due to 

failure of temperature control from stop of cooling 

water. 

The graphical and datasheet results of HAZOP study are 

presented in Figure 5.10 and Table 5.14, respectively. 
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Figure 5.10 The graphical results of HAZOP study for CO2 carrier 
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Table 5.14 The results of hazard identification of topside of CO2 carrier 

No Equip 
Tag 

Failure 
Mode Deviation Cause Consequence Recommendation 

1 PCV 1 
Failure 

Close 
mrP 

 More level and high 

pressure of Receiver tank 

Overflow of receiver tank and 

possibility of physical explosion 

 Install pressure indicator and  

 alarm on Receiver tank 

2 PCV 1 
Failure 

Open 
mrP 

 More flow of CO2 in 

CO2 Purifier 1 and 2 

Overpressure of CO2 purifier 1 

and 2 

 Install the pressure alarm on 

 CO2 purifier 1 and 2 

3 PV 1 
Failure 

close 
mrP 

 More pressure of LCO2 

buffer drum 
Potential possibility of rupture 

Need maintenance of the PV 1 and install 

the pressure indicator on buffer drum 

4 PV 2 
Failure 

close 
mrP 

 More pressure of LCO2 

flash drum 
Potential possibility of rupture 

Need maintenance of the PV 2 install the 

pressure indicator on flash drum 

5 PSV 1 
Failure 

close 
mrP 

Overpressure of CO2 

purifier 1 

Potential damage to CO2 purifier 

1 
 Need maintenance of the PSV 1 

6 PSV 2 
Failure 

close 
mrP 

Overpressure of CO2 

purifier 2 

Potential damage to CO2 purifier 

2 
 Need maintenance of the PSV 2 

7 PSV 3 
Failure 

close 
mrP 

More pressure of LCO2 

buffer drum 

Potential damage to LCO2 

buffer drum 
Need maintenance of the PSV 3 

8 PSV 4 
Failure 

close 
mrP 

 More pressure of LCO2 

flash drum 

Potential damage to LCO2 flash 

drum 
 Need maintenance of the PSV 4 

9 
CO2 

condenser 

Cooling 

water stop 
mrT More temperature V-210 

Possibility of process 

interruption 

Need a detail study and temperature 

indicator on CO2 condenser 
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(2) Minimum separation distance 

The second step of risk analysis part is calculation of minimum 

separation distance from consequence and frequency analysis. The 

possible accidents of equipment are physical explosion due to high 

pressures in the equipment.  

In this case, possible accident is assumed that physical 

explosion only occurs because of not flammable gas. The criteria of 

the minimum separation distance related to the domino effects are 

overpressure of 3 psi for explosion and the maximum distance 

affected by fragments. Between the results of distance, the longer 

distance will be applied to prevent the direct damage from near 

equipment. Table 5.15 and Figure 5.11 show the minimum separation 

distance from calculating overpressure related to the distance. 

However, the minimum distance affected by fragment is more 

important factor when the physical explosion occurs because the 

effect of fragment to other equipment is larger than overpressure. 

Therefore, minimum separation distance will be applied from the 

results of the maximum distance by fragments (see Table 5.16). 

Also, the minimum separation distance related to the IR is not 

applied because of the fourth assumption. 
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Table 5.15 The minimum separation distance for equipment of CO2 

carrier 

ID Equipment 
Explosion [m] 

3 psi 

1 CO2 Purifier 1 2 

2 CO2 Purifier 2 2 

3 CO2 Condenser 2 

4 LCO2 Buffer drum 1.5 

5 LCO2 Flash drum 2.5 

6 Receiver tank 2 

 

 

Figure 5.11 The overpressure of physical explosion related to the 

distance for CO2 carrier 
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Table 5.16 The results of maximum distance by fragments 

ID Equipment Maximum range [m] 

1 CO2 Purifier 1 11.15 

2 CO2 Purifier 2 11.15 

3 CO2 Condenser 14.27 

4 LCO2 Buffer drum 12.27 

5 LCO2 Flash drum 12.45 

6 Receiver tank 11.15 
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5.2.3 Results of layout optimization 

(1) Optimal layout considering domino effects 

The result of layout considering only domino effects for square 

site is described in Figure 5.12 and Table 5.17. This layout satisfies 

the risk criteria for preventing domino effects reflected by giving 

minimum separation distance. As a result, total cost is 112,587 which 

include 202 connection cost and 112,385 land cost. However, this 

layout is not optimal for offshore platform since the weight is not 

balanced. The sum of equipment on the left side of centerline of x-

axis is much heavier than right side. Thus, it needs to consider the 

weight balance during determination of layout.  

Likewise, the result of layout for rectangular site is presented 

in Figure 5.13Table 5.18. It satisfies the risk criteria, too. And total 

cost is 95,312 which include 217 connection cost and 95,095 land 

cost. In this case, total cost is lower than that of square site because of 

small land area. The weights on left and above side of centerline of x 

and y-axis are much heavier than opposite side, respectively. 

Therefore, optimal layout considering weight balance is needed for 

offshore platform. 
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Figure 5.12 The optimal layout of CO2 carrier considering domino 

effects (Square site) 
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Table 5.17 Layout results of CO2 carrier considering domino effects 

(Square site) 

Cost [$] 

Connection Land Total 

202 112,385 112,587 

Land area 

Width [m] Length [m] Area [m2] 

65 65 4,225 

Weight [tonne] 

Left Right Above Below 

20 11 16 15 
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Figure 5.13 The optimal layout of CO2 carrier considering domino 

effects (Rectangular site) 
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Table 5.18 Layout results of CO2 carrier considering domino effects 

(Rectangular site) 

Cost [$] 

Connection Land Total 

217 95,095 95,312 

Land area 

Width [m] Length [m] Area [m2] 

55 65 3,575 

Weight [tonne] 

Left Right Above Below 

11 20 21 10 
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(2) Optimal layout considering domino effects and weight 

balance 

To improve the layout in the previous chapter, the optimal 

layout including weight balance is determined. First of all, the result 

of optimal layout for square site is almost same with the layout which 

is not considering weight balance. But this layout satisfies the criteria 

of weight balance with a little arrangement. The graphical and 

numerical result of optimal layout is introduced in Figure 5.14 and 

Table 5.19, respectively. The total cost is 112,587 which include 202 

connection cost and 112,385 land cost. This cost is same value with 

the layout considering domino effects only. 

Likewise, the optimal layout of CO2 carrier for rectangular site 

satisfies the criteria of risk and weight balance, too. Figure 5.15 and 

Table 5.20 show graphical and numerical results of optimal layout for 

rectangular site. In this case, total cost is 95,323.5 that cost is 15 % 

lower than the cost for square site. Thus, rectangular site has better 

efficiency under the same criteria than square site in terms of cost. 
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Figure 5.14 The optimal layout of CO2 carrier considering domino 

effects and weight balance (Square site)  
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Table 5.19 Layout results of CO2 carrier considering domino effects 

and weight balance (Square site) 

Cost [$] 

Connection Land Total 

202 112,385 112,587 

Land area 

Width [m] Length [m] Area [m2] 

65 65 4,225 

Weight [tonne] 

Left Right Above Below 

15 16 16 15 
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Figure 5.15 The optimal layout of CO2 carrier considering domino 

effects and weight balance (Rectangular site) 
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Table 5.20 Layout results of CO2 carrier considering domino effects 

and weight balance (Rectangular site) 

Cost [$] 

Connection Land Total 

228.5 95,095 95,323.5 

Land area 

Width [m] Length [m] Area [m2] 

55 65 3,757 

Weight [tonne] 

Left Right Above Below 

15 16 15 15 
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5.2.4 Summary and discussion 

Layout optimization is conducted to determine the optimal 

solution targeting offshore platform. The first case of offshore 

platform is CO2 carrier which is single floor process of top-side on a 

ship. The objective function of this case is cost minimization and 

some constraints are included. To meet the risk criteria, the 

overpressure from physical explosion and the effect distance of 

fragment as missile effect are reflected by giving minimum 

separation distance. 

First of all, determination of layout is conducted by applying 

only domino effects distance in the two shape of site. These results 

satisfy the risk criteria but the weight balance is not complied with 

proposed criteria in this thesis. In the second case, determined 

optimal solution is satisfied to the criteria of risk and weight balance 

in the same land area.  

Also, total cost for rectangular site is lower than square site 

because of cost of land area. Thus optimal solution of CO2 carrier is 

rectangular site of second case which satisfies the criteria of risk and 

weight balance and has lower total cost than square site (see Table 

5.21).  

Since the reliable costs of connection and equipment are not 

reflected in this case study, the results do not have high reliability in 



 

105 

terms of cost. However, the methodology proposed in this thesis 

would be helpful to determine the baseline of optimal layout in the 

conceptual design step for offshore platform. 
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Table 5.21 Summary of the optimal solution for CO2 carrier 

 Domino effects 
Domino effects and 

weight balance 

Site Square Rectangular Square Rectangular 

Connection 

cost [$] 
202 217 202 228.5 

Land cost 

[$] 
112,385 95,095 112,385 95,095 

Total cost 

[$] 
112,587 95,312 112,587 95,323.5 

Width [m] 65 55 65 55 

Length [m] 65 65 65 65 

Area [m2] 4,225 3,575 4,225 3,575 

 

Figure 5.16 Comparison of the cost for CO2 carrier   
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5.3 Offshore plant – LNG-liquefaction system 

in the LNG-FPSO (multi-floor) 

Since the buried locations of natural gas are moving farther 

from inland area, off-shore floating production systems to gather the 

energy resources came to be needed in many parts of industries [63]. 

One of the actively developing technologies is a Floating 

Production, Storage and Offloading (FPSO) vessel that can function 

as equipment including all possible procedures related to getting 

energies from off-shore drilling, pretreatment to transportation [64]. 

Especially, LNG-FPSO will play a leading role to satisfy the global 

demands and gather the natural gas in the near future. LNG-FPSO 

system is designed to deal with all of the LNG-producing processes 

near the gas field. These types of facilities can handle natural gas to 

make LNG or LPG and so on [65].  

Typically, LNG plant for on-ship is used in almost similar to 

the LNG plant for onshore structure. But there is difference related to 

requirements of safety levels. In addition, the determination of layout 

is very important issues to prevent the propagation of accidents or 

minimization of damage, since this system has space limitation and 

compactness compared with LNG plant in land. Historically, there 

were some accidents related to the LNG plant in many countries. In 
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2004, an explosion occurred at a steam boiler in an LNG plant in 

Algeria. The results were not only process destruction but also the 

effects to outside of boundaries [66]. Also, the liquefaction system in 

the top-side of LNG-FPSO is the most cost-intensive part. It is almost 

70 % of the cost of top-side and 32 % of the cost of total LNG-FPSO 

[67]. Therefore, it is very important to prevent accidents and 

propagation by considering appropriate design and layout [68]. 

5.3.1 Process description 

The target process of this case study is LNG liquefaction 

system in the top-side of LNG-FPSO. This system is the dual mixed 

refrigerant (DMR) cycle which consists of two precooled mixed 

refrigerant (PMP) and a mixed refrigerant (MR) module [69]. Among 

these modules, the determination of optimal layout for MR module is 

conducted in this case study. Figure 5.17 shows the process flow 

diagram of MR module targeting a part of liquefaction system. The 

MR module consists of 10 units, such as MR separator, main 

cryogenic heater exchanger (MCHE), MR compressor suction drum, 

compressor for MR and cooler, two sea water coolers, overhead crane 

and two Joule-Thomson valves. Table 5.22 shows the information of 

units in the MR cycle [70]. These units have to be placed in the multi-

floor module. The assumption of the floor is that the module has five-
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floor and the floor is 8 m, since the number of floor and height is not 

fixed. Thus, the equipment has to be divided more than 1 floor when 

the height of equipment is over 8 m. The divided equipment will be 

considered as an each unit. Table 5.23 shows the information of 

equipment for multi-floor layout including weight information. In 

case of the weight, total weight of divided equipment is only applied 

at the unit’s bottom floor. The criteria of weight balance are set from 

the average weight of total equipment that value is 323 tonne in this 

case. 
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Figure 5.17 The process flow diagram of MR module 
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Table 5.22 The information of all equipment in the MR module 

Equipment 
Width 

[m] 

Depth 

[m] 

Height 

[m] 

MR separator 4.24 4.24 12.25 

MCHE 5.37 5.37 39.58 

MR compressor suction drum 5.18 5.18 8.48 

MR compressor 16.30 5.65 5.65 

Cooler for compressor 2.83 1.88 2.83 

Overhead crane 21.67 15.08 5.65 

Sea water cooler 4 3.77 2.36 2.83 

Sea water cooler 5 3.77 2.36 2.83 

Joule-Thomson Valve 4 1.41 1.41 1.41 

Joule-Thomson Valve 5 1.41 1.41 1.41 
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Table 5.23 The information of equipment for multi-floor 

ID Equipment 
Width 

[m] 

Depth 

[m] 

Height 

[m] 

Weight 

[tonne] 

1 MR separator B 4.24 4.24 8.00 220 

2 MR separator T 4.24 4.24 4.25  

3 MCHE 1 5.37 5.37 8.00 1,141 

4 MCHE 2 5.37 5.37 8.00  

5 MCHE 3 5.37 5.37 8.00  

6 MCHE 4 5.37 5.37 8.00  

7 MCHE 5 5.37 5.37 7.58  

8 
MR comp. suction 

drum B 
5.18 5.18 8.00 228 

9 
MR comp. suction 

drum T 
5.18 5.18 0.48  

10 MR compressor 16.30 5.65 5.65 520 

11 Cooler for comp. 2.83 1.88 2.83 15 

12 Overhead crane 21.67 15.08 5.65 1,046 

13 Sea water cooler 4 3.77 2.36 2.83 25 

14 Sea water cooler 5 3.77 2.36 2.83 25 

15 J-T valve 4 1.41 1.41 1.41 3 

16 J-T valve 5 1.41 1.41 1.41 3 
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Applicable protective devices are introduced in the previous 

study about the mitigation of effect. There are three types of 

protective device which can reduce the damage of fire and explosion. 

One is water spray another is water curtain with vertical type. And 

the other is water curtain with impinging type. Table 5.24 shows the 

list of protective device which is combination of 3 types to apply 

equipment[71]–[74]. The cost of protective device is assumed 

according to the reduction factor. 
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Table 5.24 The combination of protective for preventing domino 

effects 

No Protective device 
Reduction 

factor 
1-RF Cost [$] 

1 None 0 1 0 

2 Water spray 0.33 0.67 3,300 

3 Water curtain (vertical) 0.46 0.54 4,600 

4 
Water spray + 

Water curtain (vertical) 
0.638 0.362 7,900 

5 Water curtain (impinging) 0.9 0.1 9,000 

6 
Water spray + 

Water curtain (impinging) 
0.933 0.067 12,300 

7 
Water curtain 

(vertical + impinging) 
0.946 0.054 13,600 

8 

Water spray + 

Water curtain (vertical + 

impinging) 

0.964 0.036 16,900 
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5.3.2 Results of risk analysis 

To determine the minimum separation distance, risk analysis 

was conducted. Since treated materials are flammable gas including 

refrigerant, all equipment except overhead crane has hazard causing 

gas fire and explosion. Thus, risk identification step is skipped in this 

case. 

In this case, possible accidents are jet fire as fire and VCE as 

explosion. In the same way as shown in previous case study, the 

criteria of the minimum separation distance related to the domino 

effects are overpressure of 3 psi for VCE and thermal radiation of 37 

kW/m2 for jet fire. Table 5.25 shows the minimum separation 

distance for preventing domino effects. In addition, because the other 

modules locate outside the boundary, the land area is decided by 

applying boundary factors to workers around the module. The IRs for 

worker are taken from Han’s thesis like Table 5.26 [56]. 
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Table 5.25 Minimum separation distance for equipment of DMR 

cycle 

Equipment 
Explosion [m] Jet fire [m] 

3 psi 37.5 kW/m2 

MR separator 3 8.5 

MCHE 5 10.6 

MR comp. suction drum 5.5 12.1 

MR comp. 7 12.3 

Cooler for comp. 5.8 13.2 

SW cooler 4 6.1 13.5 

SW cooler 5 6.1 13.5 

Joule-Thomson valve 4 6.5 15 

Joule-Thomson valve 5 6.5 15 
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Table 5.26 The minimum distance to boundary of module 

Equipment 
For worker 

Distance [m] IR [10-3/year] 

MR separator 13 0.56 

MCHE 12 0.21 

MR comp. suction drum 13 0.56 

MR comp. 12 0.21 

Cooler for comp. 5 0.67 

SW cooler 4 5 0.67 

SW cooler 5 5 0.67 

Joule-Thomson valve 4 5 0.79 

Joule-Thomson valve 5 4 0.72 
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5.3.3 Results of layout optimization 

(1) Optimal layout without risk constraints 

The result of layout without considering any risks is described 

in Figure 5.18 and Figure 5.20. Since the effects of accidents are 

damaged to other equipment as shown in Figure 5.19, the risk 

constraints have to be included to determine the optimal layout. Also, 

the sum of weight at each side in the module is not balanced related 

to proposed criteria as shown in Table 5.27. The sum of weight on the 

left side is 1,834 tonne that value is 442 tonne heavier than the sum 

of weight on the right side. Also, the sum of weight on the above side 

is 1,946 tonne that value is 675 tonne heavier than the sum of weight 

on the below side. Because these differences may tilt toward the 

heavier side, it has to be less than 323 tonne which is proposed 

criteria in this case. 
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Figure 5.18 The layout of MR without risk constraints 
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Figure 5.19 The effects range of the layout of MR without risk constraints 
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Figure 5.20 The results of 3-D structure of MR without risk constraints 
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Table 5.27 Layout results of MR without risk constraints 

Cost [$] 

Connection Land Total 

583.6 28,089.6 28,673.2 

Land area 

Width [m] Length [m] Area [m2] 

44 24 5,280 

Weight [tonne] 

Left Right Above Below 

1,834 1,392 1,949 1,274 
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(2) Optimal layout considering domino effects and weight 

balance 

The second results of layout optimization are presented in 

Figure 5.21 and Figure 5.22. These results are reflected in 

consideration of domino effects and weight balance. The effects of 

accident are not damaged to near the equipment by spacing the 

minimum separation distance. In other words, the values of 

overpressure from VCE and thermal radiation from jet fire are less 

than the proposed risk criteria at all equipment. Also, the weight is 

balanced in the whole floors of module through the weight constraint 

as shown in Table 5.28. The sum of weight on the left side is 1,372 

which is 41 tonne heavier than on the right side. And the sum of 

weight on the above and below side is zero since the center of 

equipment locates on the centerline of y-axis. 

However, this result is too wide area to determine the optimal 

layout. Thus, the solution would be better to be determined again by 

applying the protective device. 
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Figure 5.21 The optimal layout of MR considering domino effects and weight balance 
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Figure 5.22 The results of 3-D structure of MR considering domino effects and weight balance 
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Table 5.28 Layout results of MR considering domino effects and 

weight balance 

Cost [$] 

Connection Land Total 

1,247.8 85,013 86,260.8 

Land area 

Width [m] Length [m] Area [m2] 

94 34 15,980 

Weight [tonne] 

Left Right Above Below 

1,372 1,331 0 0 
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(3) Optimal layout considering domino effects and weight 

balance with protective balance 

To find more reliable layout in terms of site area, protective 

devices are applied to required equipment. Figure 5.23 and Figure 

5.24 show the graphical layout of MR cycle considering domino 

effects and weight balance with protective device. The total cost of 

this solution is 72,757.4 including 1,231.8 connection cost, 66,925.6 

land cost and 4,600 protective device cost as shown in Table 5.29. 

Also, the sum of weight on the left side is 1,277 tonne which is 149 

tonne lighter than on the right side. And the sum of weight on the 

above side is 1,144 tonne which is 122 tonne lighter than on the 

below side. These differences satisfy the proposed weight criteria in 

this practical example. 
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Figure 5.23 The optimal layout of MR considering domino effects and weight balance with protection 
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Figure 5.24 The results of 3-D structure of MR considering domino effects and weight balance with protection 
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Table 5.29 Layout results of MR considering domino effects and 

weight balance with protection 

Cost [$] 

Connection Land Protection Total 

1,231.8 66,925.6 4,600 72,757.4 

Land area 

Width [m] Length [m] Area [m2] 

74 34 12,580 

Weight [tonne] 

Left Right Above Below 

1,277 1,426 1,144 1,266 
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5.3.4 Summary and discussion 

Layout optimization is conducted to determine the optimal 

solution targeting offshore platform. The second case of offshore 

platform is MR module of LNG-FPSO which is multi-floor process 

of top-side on a ship. The objective function of this case is cost 

minimization and some constraints are included. To meet the risk 

criteria, the overpressure from VCE and the thermal radiation of jet 

fire are reflected by giving minimum separation distance. 

First of all, determination of layout is conducted without any 

risk consideration for comparison to the effects of accident. From the 

results, the direct damage to near equipment and unbalanced weight 

are confirmed. The second solution is the layout considering domino 

effects and weight balance. The results of this case satisfy the 

proposed risk and weight criteria. The third solution is the layout 

considering domino effects, weight balance and protective device. 

From the results of this case, the total cost and land area are reduced 

under the same condition of case 2. Thus, the optimal layout solution 

is case 3 in this practical example as shown in Table 5.30. 

The actual layout method of LNG-liquefaction system consists 

of second stage. The first step is determination of the layout without 

any consideration like case 1 of this example. And the second step is 

selection of protective device to meet the risk criteria without 
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considering cost. This method can guarantee the safety, but it needs 

more work by conducting two steps and the total cost is 19,115.8 

(26.3 %) more expansive cost than proposed method in this thesis. 
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Table 5.30 Summary of the optimal solution for MR module 

Land area Length [m] Width [m] Area [m2] 

Without 44 24 5,280 

With DE & WB 94 34 15,980 

With DE & WB & Prot. 74 34 12,580 

Cost [$] Connect Land Prot. total 

Without 583.6 28,089.6 - 28,673.2 

With DE & WB 1,247.8 85,013 - 86,260.8 

With DE & WB & Prot. 1,231.8 66,925.6 4,600 72,757.4 

Weight [tonne] Left Right Above Below 

Without 1,834 1,392 1,949 1,274 

With DE & WB 1,372 1,331 0 0 

With DE & WB & Prot. 1,277 1,426 1,144 1,266 
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6 Conclusion 

The chemical processes have various risks because most of 

treated material is very hazardous and operation condition is easy to 

cause accident such as toxic release, fire and explosion. Thus, the 

methods of preventing accident and minimization of damage are very 

important issues. There are many methodologies for prevention from 

the design step to operation stage including layout, QRA, education, 

training, etc. Among them, the minimization of risks through the 

determination of optimal layout is one of important stage in the 

design step.  

In this thesis, the optimal layout procedure using MILP as a 

mathematical programming is suggested to minimize risk and cost for 

onshore and offshore process. Also, the selection of factors for 

optimal layout is introduced by suggesting hierarchy procedure 

according to the target process and site. Adapted risk minimization 

would prevent domino effects from unsuspected event considering 

direct damage of accident to near equipment. In case of offshore 

process, since the balance of weight has to be considered for stability 

of whole vessel, the constraints for weight balance as an important 

factor is added. 
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Three case studies were carried out to confirm the proposed 

methodology. The first one was ethylene oxide production plant for 

onshore process. As results, the optimal layout could be decided 

under the satisfaction of risk criteria. And the second case was the 

top-side process of CO2 carrier as a single-floor offshore plant 

including liquefaction system to store the CO2 in the tank. The results 

of this case show that the weight constraints can be applied for the 

optimal layout. The last case was the multi-floor layout determination 

for MR module of LNG liquefaction system on the LNG-FPSO. The 

prevention of domino effects and weight balance of whole module 

can be satisfied from the determination of optimal layout. 

The overall cost of the optimal layout suggested in this thesis 

has more expensive than excluding domino effects, but it is more 

efficient determination when considering the potential cost like 

reconstruction of process after destruction of whole equipment from 

accident. 

 

The contributions of this thesis including proposed hierarchy 

and methodology are as follows: 

- The suggested hierarchy for layout optimization will 

help the selection of safety factor to minimize the risks 

in the onshore and offshore environment. 
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- The fundamental safety issues in the offshore 

environment are introduced for prevention in design 

and layout stage. 

- The minimization of direct damage can be possible by 

applying the criteria of minimum separation distance. 

- For the structural stability, the method to balance the 

weight in the offshore platform will help to selection 

of distribution in the module for center of gravity or on 

ship. 

 

The suggested methodology can be improved when two points 

are applied. The first one is the risk identification. The process 

management tool to find the hazard used in this thesis will be more 

powerful when the P&ID is based on the CAD system which can be 

compatible with existing diagram. Next, the results of this thesis have 

to be revised since the applied data for offshore plant is not exact due 

to the lack of real information. Thus, the actual data is required for 

more reliable results. The last one is the calculation of risk. The 

minimum separation distances are calculated from simple equation 

related to estimate the effect. However, the minimum separation 

distance would have more exact value when the risk calculation is 

conducted by using CFD based program. 
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Nomenclatures 

ALARP As low as reasonably practicable 

BLEVE Boiling liquid expanding vapor explosion 

CFD Computational fluid dynamics 

DFD Dynamic flow diagram 

DMR Dual mixed refrigerant 

EO Ethylene oxide 

FPSO Floating production, storage and offloading 

FTA Fault tree analysis 

GIS Geographic information system 

IR Individual risk 

LNG Liquefied natural gas 

MCHE Main cryogenic heater exchanger 

MILP Mixed integer linear programming 

MINLP Mixed integer non-linear programming 

MR Mixed refrigerant 

P&ID Piping and instrument diagram 

PFD Process flow diagram 

QRA Quantitative risk assessment (or analysis) 

VCE Vapor cloud explosion 
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계 구조 차  MILP  

도미노효과를 고 는 상과 

해상에  공  에  

연구 

 

본 논  공장에  사고 를   

 용 법  해상 경에  구조  안  고 는 

  법과 용에  연구이다. 공장에 는 

운  조건과 다루는 질  험  인해 독 질  

가연  가스  출 또는 그  인  재  폭 이 번 게 

생 고 있다. 이러  사고는 작  사건  끝나는 경우도 

있지만 많  인명 해  재산 해를 생시키는 경향  

보인다. 또  근에는 나 가스 등 에 지를 채취  

해 해상에  운   있는 공장  개 이 히 

진행 고 있는데, 해양 경에  운 는 공장 역시 

사고  험 이 크고  번 생 면 공장 체에 해를 

  있는 가능 이 크  에  과 해 



 

 

축소를  연구가 지속  요구 고 있다. 본 

연구에 는 도미노 효과  불리는 사고  연쇄  과 

해양 시 에  구조  안  고 는 안  장  

를 찾는 것  목  다. 

우  장   인  안  향상   본 인 

이   풀이 법  소개 고, 이를 용   있는 

법   실  공장  해양 시 에 용 여 그 

결과를 인 다.  

공   를 찾 에 앞  안  보  험 

소 를 용  여 량  험  평가 모델  통해 

공  장  간  생   있는 사고에 여 인 고 

해가 미 는 거리에 여 산 다. 해양시  경우 

구조  조건  추가 여 장  에 른  

게  균  맞출  있도  다. 공  장 를 

는 것  용  소 는 목  행 었는데, 

고  사항  용  추산  부지  면 과 장  간에 

연결 는 이 라인  이, 주  다른 장  향  

이   보 장 이다. 이러  사항  고 여 상과 

해상  공장에  경 과 안 , 구조  안  

모  보   있는  를 찾는 법에 여 

안 다.  



 

 

안   법  상공 인 산 에틸  

조공 에 용 여 사고 생 시 복구 용   30 % 

감   있는 것  인 고, 해상공 인 이산 탄소 

송   다  구  부 식 액 천연가스 생산, 장, 

역시 에 용 여 안 는 법  타당  인  

각각 15 %, 21 % 감  용    있는 안  

시 다. 

본 논 에  안  법  공간이  

공장에 용 여 계 단계에   를 통해 

사고 해를 소 고, 구조  안  향상시킬  있는 

결과를 인함 써 사고   해를 소    

있는 를 결 는데 여   있  것 다. 

 

주요어: 도미노 효과,  , 해양 랜트 계, 량  

험  평가. 

  번: 2011-30986 
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