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The �oating storage regasi�cation unit (FSRU) process has been designed & constructed as modules to achieve the fast-
est delivery and the easiest installation of an o�shore lique�ed natural gas (LNG) project. Project e�ciencies, including 
the cost of handling materials, minimization of project delays, and avoidance of bottlenecks require the use of an appro-
priate module layout in the engineering phase. We present a new framework for the module layout optimization prob-
lem in the FSRU process, considering the risk, operation, and maintenance of the process module in a limited area. The 
developed model aims to minimize the cost of the piping connected between the modules considering both the safety 
and economy of the process against �re and explosion scenarios. In addition, a quantitative risk assessment (QRA) study 
was conducted using individual risk indices for determining the risk-avoiding safety distance between the module and 
the control bridge to evaluate the risk associated with the LNG regasi�cation process. Moreover, a case study was con-
ducted on the conceptual design layout to illustrate the applicability of the proposed model on an FSRU that can process 
1,000 million standard cubic feet per day. Overall, the developed model suggested safety guidelines for the operation 
and maintenance of the optimal module layout in case of �re & explosion accident.

Introduction

Floating storage regasi�cation unit (FSRU) has emerged 
as the best strategy for succeeding in the lique�ed natural 
gas (LNG) market. �e rapidly expanding �eets of FSRUs 
have equipped the LNG industry with a technically-en-
hanced set of vessels which has helped FSRUs to penetrate 
a wide range of gas markets. In particular, a FSRU can 
deliver regasi�ed LNG to end-user at �ow rates ranging 
from 50 million standard cubic feet per day (MMSCFD) to 
750 MMSCFD in highly �exible and cost-e�ective means 
as compared to shore-based LNG terminals (Maksym and 
Wood, 2018). Moreover, the production availability can be 
satis�ed with a more e�cient arrangement using 4×33% 
trains (1000 MMSFCD) that provides greater availability 
and an improved turn-down �exibility in the market (Son-
ghurst, 2017).

A FSRU is a special type of ship for LNG transfer that 
essentially use the same technology as onshore LNG termi-
nals, except that the equipment is marinized to be suitable 
for shipyard construction and marine operation. �e FSRU 

holds several advantages over conventional LNG terminals: 
(1) cost-e�ectiveness, (2) time-e�cient implementation, (3) 
environmentally benign as it requires less land and is reus-
able for linkage with old LNG carriers, and (4) safe. Because 
o�-shore installation usually increases the distance from 
populated areas.

FSRUs are mainly membrane-type custom-built vessels 
incorporating an onboard regasi�cation system that vapor-
izes LNG to deliver high-pressure natural gas (Figure 1).

Assuming no under incidents occur during project imple-
mentation, the total project schedule of a FSRU should not 
exceed 30 months (Figure 2) including the engineering, 
constructions and operation tests (Park et al., 2019).
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Fig. 1　Schematics of an FSRU (Park et al., 2019)
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�e LNG process has been designed and constructed 
as modules that include unmodi�able elements for plan-
ning and realization of assemblies to implement the fast-
est delivery and the easiest installation of a FSRU project 
(Kobayashi, 2019). �is module comprises necessary equip-
ment that guarantee the performance of the process. Simi-
larly, the layout optimization of the FSRU process module 
can considering safety and maintenance achieve economical 
design without any project delay.

Several studies have used mathematical modeling to sug-
gest the optimal layout of a chemical process. Papageorgiou 
and Rotstein (1998) presented mathematical programming 
models to obtain the optimal process plant layout assuming 
rectangular equipment footprints of arbitrary dimensions. 
Georgiadis et al. (1999) developed a multi-�oor layout op-
timization model that includes equipment penetrating more 
than one �oor. Similarly, Patsiatzis et al. (2004) proposed a 
multi-�oor chemical plant layout optimization model con-
sidering possible accidents and evaluated its �nancial risk 
using the Dow Fire and Explosion Index system. Ejeh et al. 
(2019) presented an optimal multi-�oor process layout for 
a LNG plant considering its cost of construction ease of op-
eration and expansion, general safety levels within the plant 
and its neighboring environment, and operational costs.

Moreover, several scholars have tried to solve the optimal 
layout problem in the o�-shore industry. Ku et al. (2014) 
suggested the optimal equipment layout on a multi-floor 
LNG liquefaction module for �oating lique�ed natural gas 
(FLNG). Furthermore, Jeong et al. (2015) proposed an op-
timal layout solving approach for �oating production and 
storage o�oading (FPSO), considering the piping & instal-
lation cost of the module and the weight balance.

However, these approaches have limitations to apply di-
rectly on layout optimization problems for FSRUs, because 
they do not consider the modular characteristic of FSRUs 
and the safety guidelines for the operation and maintenance 
of an LNG liquefaction process on an o�shore structure.

�e process modules of FSRUs, including separation, 
compression, and regasi�cation, are sparsely located on the 
top-side of the FSRUs, whereas that of a typical FLNG in-
clude compact structures of several chemical processing 
units for separation of gas from oil, gas liquefaction, LNG 
storage, o�oading, and so forth (Park et al., 2018b). How-
ever, the FPSO has a similar process con�guration to FLNG, 

except for cryogenic and liquefaction processes. �us, previ-
ous studies of layout optimization of o�shore industry on 
FPSOs or FLNGs have focused on minimizing the piping 
between the process equipment without overlapping and vi-
olating safety regulations. �erefore, the FSRU optimization 
should focus on minimizing the cost of connecting pipelines 
between the modules following the safety regulations.

FSRU vessels classi�ed as either ships or o�shore installa-
tions are under the regulation of international marine safety 
standards, particularly the LNG trading operation (Song-
hurst, 2017). International marine safety standards dictate 
that a ship intended to operate for re-gasi�cation must 
undergo a �re and explosion risk assessment at the design 
phase (No, 2014). In addition, decisions regarding the plant 
layout should consider the economic and safety aspects of 
the operation as well as management of the target process 
(Xu and Papageorgiou, 2009). However, there is a limited 
number of studies on layout optimization that consider sys-
tematic �re and explosion risk assessment for process mod-
ules and maintenance.

�us, this study evaluated the risk associated with the 
LNG regasi�cation process of the FSRU modules by con-
ducting a quantitative risk assessment (QRA) using the 
event-tree analysis to identify all the potential accident sce-
narios and sequences in a complex system. In addition, an 
individual risk (IR) approach based on the QRA study was 
applied to obtain risk-avoiding safety distance between pro-
cess modules and the control bridge.

Moreover, the current study considered both the safety 
and economic aspects of the layout optimization problem 
to provide a comprehensive method for the optimal layout 
design of a FSRU in terms of operation and maintenance. 
Furthermore, several case studies were conducted to evalu-
ate the layout of process modules on the upper deck and the 
required cost of piping the modules under various process 
con�gurations (Table S1). �is research makes three main 
contributions:
(1) �e proposed model provides a comprehensive strategy 

for the layout of a FSRU by considering the safety and 
maintenance of the process module in a limited area.

(2) �e QRA study of FSRU based on the individual risk this 
approach provides information on the safety distance 
that can mitigate �re and explosion risks between pro-
cess module and working area.

(3) �e suggested case studies investigate the module_module  
integration e�ect on the re-gasi�cation process of FSRUs.

1.　Methodology of FSRU Layout Optimization

�e layout optimization procedure (Figure 3) for a FSRU 
incorporates: (1) a module section, in which we determined 
its actual size; (2) a safety section, in which safety distances 
were suggested by considering the results of QRA and noise 
calculation; (3) an operation and maintenance section, in 
which the additional constraints were con�gured to satisfy 
the rules and requirements of operation and maintenance 
related to the module placement in a limited area; (4) the 

Fig. 2　FSRU project schedule (Park et al., 2019)
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model formulation, in which the optimal layout results were 
selected based on the developed mathematical model.

1.1　System analysis
In this study, the layout scope of the FSRU includes the 

process modules related to the LNG regasi�cation opera-
tion. LNG is received through a low pressure (LP) manifold 
and cooled to approximately −160°C at atmospheric pres-
sure and stored in the membrane tanks (Figure 4) (Giar-
dina and Morale, 2015). �e cooled LNG is directed to the 
suction drum from storage tanks through LP pumps (~6 
barg) to come in contact with the boil-o� gas (BOG) from 
the cargo compressor. �e pressurized BOG (~5 barg, 45°C) 
is re-condensed and mixed with LNG before entering the 
high-pressure (HP) booster pumps (90–130 barg). �ere-
a�er, the LNG is vaporized at the vaporization train and 
exported through the export pipeline of the HP (High Pres-
sure) manifold (Songhurst, 2017).

1.2　Module section
�e process module and the control bridge of FSRU are 

located on the upper deck. Moreover, the equipment for 
each process is built as a separate module (Table S2) and 

retro�tted onto the tanker to reduce the time required for 
building a new FSRU. However, this module arrangement 
is limited by the hull connection and separation distance. 
�us, the layout optimization of this study considered the 
process modules installed in the upper deck. In addition, the 
con�guration and size (Table S3) of the module in the FSRU 
were selected to conform the construction track record.

1.3　Safety section
1.3.1　Quantitative risk assessment　�e risk involved 

in the FSRU operation was quanti�ed by conducting the 
QRA to evaluate the probabilities of the identi�ed hazard-
ous events and their consequences based on historical data 
or frequency-modeling techniques. �e QRA consists of (1) 
system de�nition, (2) hazard identi�cation, (3) frequency 
and consequence analysis, and (4) individual risk analysis 
(Spouge, 1999).
(1) System de�nition

As discussed earlier, the QRA considered the process 
modules installed in the upper deck. �e process module 
and the control bridge of FSRU are located on the upper 
deck. �e power generation engine and utility system are on 
the hull deck. In this study, the module con�guration of the 
hull deck was simply compared to the upper deck module, 
and thus excluded from QRA analysis.
(2) Hazard identi�cation

�is process involved identifying the dangerous compo-
nents of the FSRU that could cause accidents and potentially 
escalate to a�ect the entire facility. �e most probable ac-
cidents in the FSRU result from leakages (Paltrinieri et al., 
2015). LNG or NG can leak from pipes, �anges, valves, and 
process equipment of FSRU modules. In general, leakage 
scenarios can be established in two steps.

First, the isolatable sections should be de�ned; these are 
bounded by process shutdown valves (PSDVs) and are fur-
ther divided into sub-isolatable sections based on di�erent 

Fig. 3　Procedure for FSRU module layout optimization

Fig. 4　Typical process �ow scheme of FSRU
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compositions, phases, locations, and operating conditions 
(Table S4). Subsequently, all the identi�ed hazards were 
categorized according to the leakage characteristic. In this 
study, four leakage scenarios were considered: small LNG 
leaks, medium LNG leaks, large LNG leaks, and LNG leaks 
caused by line rupture.
- Small leak (diameter D≤10 mm)
- Medium leak (10 mm<D≤50 mm)
- Large leak (50 mm<D≤150 mm)
- Line rupture (150 mm<D)

�e identi�ed hazards were used in the frequency analysis 
and consequence analysis to evaluate the probable accidents 
and the potential amount of damage they can cause.

In this study, �re and explosion scenarios were consid-
ered as outcomes of the LNG/NG leaks. �e International 
Code for the construction and Equipment of Ships Carry-
ing Lique�ed Gases in Bulk (IGC Code) requires �re and 
explosion risk assessment at the design phase when a ship 
is operated at a �xed location in a re-gasi�cation and gas-
discharge mode or a gas receiving, processing, liquefaction, 
and storage mode for a period (No, 2014). In contrast, other 
events caused by LNG/LG leaks such as cryogenic damage 
and asphyxiation, can be avoided and mitigated by design 
improvement (low-temperature design, ventilation) (Bain 
et al., 2006).
(3) Frequency analysis

�e frequency of accidents can be calculated from his-
torical data using a multiple-accidents modeling approach. 
In this study, the event-tree analysis (ETA) was applied to 
identify all the potential accident scenarios and sequences in 
the complex FSRU system (Figure S1). ETA is an inductive 
procedure that illustrates all the possible outcomes of an ini-
tiating event, considering the probability of ignition and the 
installed safety barriers are functioning appropriately.
(4) Consequence analysis

In parallel with the frequency analysis, consequence anal-
ysis was used to evaluate the consequences of the accidents. 
�e consequence likelihood of a particular event can be es-
timated using several modeling approaches such as physical 
and phenomenal models and computational �uid dynamics 
(CFD) models (Spouge, 1999). In general, the most probable 
case of accident in LNG processes are �ash �re, pool �re, jet 
�re, boiling liquid expanding vapor explosion, and vapor 
cloud explosion (Martins et al., 2016).

In this study, the consequences of accidents were evalu-
ated using known empirical models that can determine the 
quantity of thermal radiation or overpressure resulting from 
an accident (Freeman, 1990). In addition, several empirical 
models can be used for consequence analysis for each type 
of accident such as vapor cloud explosion (VCE), �reball, 
�ash �re, or boiling liquid expanding vapor explosion. Fur-
thermore, the probit analysis expressed in Eq. (1) was ap-
plied to obtain the probability P of fatality in Eq. (2). 

1 2 lnPr k k V= +   (1)

  − −
  −   

5 | 550 1 | 5 2
Pr Pr |P erfPr |= +   (2)

P can be determined by evaluation of Pr on a probit trans-
formation chart, where k1 and k2 are the probit constants 
and V is the product of intensity or the concentration of the 
hazardous agent received to a component (Hewlett, 1972).
(5) Individual risk

�e estimated frequencies and consequences of each 
modeled event have been estimated, they can be combined 
to form measures of the overall risk. Individual risk (IR) is 
the risk to a person who is near the hazard.

IR considers the nature, likelihood, and the time of a pos-
sible injury to an individual. One of the methods to obtain 
IR from the frequency and consequence analysis was sug-
gested by the State of Sao Paulo Environmental Company, 
and the P4.261 standard establishes guidelines for estimat-
ing the risk and specifying the tolerability criteria (Martins 
et al., 2016).

Here, a simpli�ed expression of IR calculation is pre-
sented as Eq. (3), which assumes the weather and wind 
direction-independent e�ects of an accident. �erefore IR is 
the product of the frequency of the possible event (e.g., �re 
and explosion) and the probability of fatality by the event 
(Han et al., 2013). 

, , ,
fat

u v eo v u v
i

IR f p=   (3)

�e IR limit suggests the acceptable criterion, which is 
not an absolute standard but reasonably practicable accord-
ing to the situation (Dan et al., 2015). �e newly-introduced 
FSRU requires high pressure and cryogenic operating condi-
tions; in such as environment, the IR should be maintained 
at <10−6 per year (Martins et al., 2016) (Table S5).

In addition, IRs were a�ected by the distances from the 
centers of the process equipment. For this case study, the 
criteria of IR were tightened to <10−6 (Table 1).

1.3.2　Noise　�e noise constraints are intended to pre-
vent the occurrence of potentially hazardous noise levels on 
board ships and provide standards for an acceptable envi-
ronment for the crew. �ese standards were developed to 
address passenger and cargo ships. In this study, the permis-
sible noise level in the control room and the maximum per-
mitted noise level in each module were applied (IMO, 2012).

�e intensity from a point source of sound obeys the 
inverse-square law when re�ections or reverberation are 

Table 1　Safety distance required as per IR estimation

Section Safety distance 
(IR<10−6/y) Remark

HP Vent Mast 2
LNG Vent Mast 5
Suction Drum 7 Case 3, 4
ReGAS 51
Cargo Comp 4
Liquid Dome 17
Gas Dome 0
HP Manifold 18
LP Manifold 17
MSO Comp 4 Case 2, 4
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absent. �e inverse square law can be expressed as Eqs. (4), 
(5) (Nave, 2000). 

−2 1p pdL L L=   (4)

 
 
 

2
2

1
10 log Rd L R= =   (5)

�e required safety distances were calculated by de�ning 
the noise criteria for each module to satisfy the noise re-
quirements (Table 2).

1.4　Operation and maintenance section
1.4.1　Visibility for vessel operation　�e risk of a col-

lision has always accompanied marine transport. Despite 
improved navigation equipment, collision risk is currently 
greater because of the growing number of big fast-moving 
vessels. �us, LNG vessels with the keel laid on or com-
missioned a�er 1 July 1998 must ful�ll strict requirements 
regarding the visibility from the navigation bridge (Cairns, 
2011) (Figure 5). As su�cient visibility must be maintained 
for the ship operation, the height of each module is restrict-
ed for visibility.

1.4.2　Crane for maintenance　In FSRUs, a crane is re-
quired to re-install and repair individual equipment in the 
module. �us, the distance from the process module should 

be within the distance available to the crane hook (Figure 6).

2.　Model Formulation

2.1　Mathematical approach for layout optimization
�e mathematical model of the FSRU layout optimiza-

tion will be presented as mixed-integer linear programming 
(MILP) and solved in general algebraic modeling system 
(GAMS) with the CPLEX solver to minimize the total pipe-
line cost of the FSRU. 

min total pipeline connection cost

Dimension and orientation 

of equipment

Area limiation constraints

Non-overlapping of 

equipment constraints
( , ) 0

s.t. Process boundary constraints
( , ) 0

Safet

obj 

h y Y
g y Y




 

=

=

y distance constraints

Crane movement constraints

Hull arrangement limits

Noise limits

Visibility constraints

, {0,1}y Y





















 

 

Where y and Y are vectors of continuous and binary vari-
ables, respectively.

�e objective function of the FSRU layout optimization 
problem is to minimize the total pipeline cost between the 
modules in FSRU, as expressed in Eq. (6). 

pipemin ijij
i j i

C TD
≠

   (6)

�e pipeline connection cost is the unit cost of the pipe-
line multiplied by the rectilinear distance between the con-
nected equipment (Xu and Papageorgiou, 2009). �e recti-
linear distance maintains the linearity of the problem and 
represents the actual pipeline connections in the process 
industry. Each type of pipe has a speci�c cost per unit length 
(Table S6).

Table 2　Safety distance required as per noise estimation

Module Noise limit  
[dBA]

Safety distance  
[m]

Cargo compressor room 110 90 (dBA) : 10
85 (dBA) : 18
75 (dBA) : 56

ReGAS (Regasi�cation) 90 85 (dBA) : 1.8
MSO compressor 75 (dBA) : 5.6
HP vent mast 85 75 (dBA) : 3.2
LNG vent mast 1/2/3/4
Liquid dome 1/2/3/4
Gas dome 1/2/3/4
Suction drum
HP manifold
LP manifold 1/2
Crane
Control bridge 75 —

Fig. 5　FSRU view line
Fig. 6　Crane movement
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2.2　Dimension and orientation of equipment
�is analysis considered the area occupied by the equip-

ment and the spacing between the equipment. �e rectan-
gular equipment was located either horizontally or vertically, 
as expressed in Eqs. (7), (8) with the binary variable Oi. 

(1 )i i i i il a O b O i− ∀= +   (7)

i i i id a b l i− ∀= +   (8)

�e distance between each equipment can be de�ned 
using binary variables Wij

x and Wij
y. Eqs. (11)–(14) express 

that the equipment cannot be placed both on the right and 
le� or above and below of other equipment. 

− − ∀ − ∀ 1 1, 1,ij ij i jR L x x i N j i N= = = +   (9)

− = − ∀ − ∀ + 1 1, 1,ij ij i jA B y y i N j i N= =   (10)

≤ ∀ − ∀ 1 1, 1,x
ij ijR MW i N j i N= = +   (11)

(1 ) 1 1, 1,x
ij ijL M W i N j i N≤ − ∀ − ∀= = +    (12)

≤ ∀ − ∀ 1 1, 1,y
ij ijA MW i N j i N= = +   (13)

≤ − ∀ − ∀ (1 ) 1 1, 1,y
ij ijB M W i N j i N= = +   (14)

1, , 1, 1, ,
ij ij ij ij ijTD R L A B

i N j i NA  

= + + +

= = + 
 
 (15)

In case an equipment i is on the right-hand side of j, 
the horizontal distance between their centers in a two-
dimensional plane is Rij. When i is on the le� of j, the dis-
tance is Lij. Similarly, the vertical distances were de�ned as 
Aij (above) or Bij (below). �e total distance is expressed in 
Eq. (15).

2.3　Dimension and orientation of equipment
Modules and equipment cannot be placed in the “fore pe-

ripheral” or “a�er peripheral” areas of the FSRU (Figure 7).
�e module placement must be con�gured in the length 

between peripherals (LBP). �e width and LBP of the FSRU 
were modeled under the modular placement limit in Eqs. 
(16), (17). 

⋅ − ∀max(1 )i iLBP O WD O x i+ =   (16)

− − max maxLBP WD x y=   (17)

2.4　Non-overlapping constrains
�e basic non-overlapping constraints using big-M are as 

follows in Eqs. (18)–(21) (Park et al., 2018a). 

− ≥( 1 2 ) 2
i j

i j ij ij
l l

x x M E E
+

+ +   (18)

+
− − + ≥(1 1 2 ) 2

i j
j i ij ij

l l
x x M E E+   (19)

− − ≥(1 1 2 ) 2
i j

i j ij ij
d d

y y M E E
+

+ +   (20)

− − − ≥

∀ − ∀

(2 1 2 ) 2
1,..., 1, 1,...,

i j
j i ij ij

d d
y y M E E

i N j i N

+
+

= = +
 
 (21)

E1ij and E2ij are binary variables that control the appli-
cation of Eqs. (18)–(21) along with an appropriately large 
number M. In addition, Eq. (18) is active when E1ij and 
E2ij are both zero, otherwise it is redundant. Similarly, Eq. 
(19) is active only if E1ij=1 and E2ij 0, Eq. (20) is active 
only if E1ij=0 and E2ij=1, and Eq. (21) is active only if 
E1ij=E2ij=1. �ese constraints cause the distance between 
the two equipment to be greater than or equal to the sum of 
half of the length of their sides on both axes.

2.5　Process boundary constrains
�e process equipment should be placed within a con-

strained area, and the restriction at the center of the equip-
ment within the boundary can be modi�ed to model this 
zone. �e basic boundary conditions are as follows in Eqs. 
(22)–(25). 

2
i

i
lx i≥ ∀   (22)

2
i

i
dy i≥ ∀   (23)

max
2
i

i
lx x i≤ ∀+   (24)

max
2
i

i
dy y i≤ ∀+   (25)

�e minimum distance from the boundary of the FSRU 
was maintained by adding BD and l (d) in Eqs. (26), (27).

2
i

i i
lx BD i≥ ∀+   (26)

2
i

i i
dy BD i≥ ∀+   (27)

�e manifold should be installed at the boundary of 
FSRU to facilitate the connection with LNG carrier or on-
shore terminal, and other modules should be separated from 
the vessel boundary (Table 3).

2.6　Safety distance constrains
�e safety distance calculated from the results of the QRA 

IR di�ered among the modules. At least one of the horizontal 
or vertical distances between the control room and equipment 
should be greater than or equal to the sum of the spacing for Fig. 7　Ship Dimensions (Schematic)
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workers and half the length of their sides in Eqs. (28)–(30). 

≥ − ⋅

∀ ≠ ∀

12 2
ctrl room, ctrl room

ji
ij ij j i

llR L SD M Swv

i j

+ + +

=
 

 (28)

≥ − ⋅

∀ ≠ ∀

22 2
ctrl room, ctrl room

ji
ij ij j i

ddA B SD M Swv

i j

+ + +

=
 
 (29)

1 2 1

ctrl room, ctrl room
i iSwv Swv

i j
≤

∀ ≠ ∀

+

=
 
 (30)

2.7　Crane movement constrains
�e crane moves the equipment inside the cargo com-

pressor room and equipment from the process module to 
enable maintenance of the FSRU equipment. �e distance 
from the process module must be less than the maximum 
range CMSi

max of the crane hook because the cranes must be 
located within the range within which the equipment can be 
moved in the module. Moreover, cranes cover a minimum 
distance CMD i

min to reach each module (Figure 6). 

≤ −

∀ ∉ ∈

max(1 1 )
{crane}, {crane}

ij ij ij ij ij jR L A B M Cwv CMD
i j
+ + + +

 
 (31)

≥ ⋅

∀ ∉ ∈

max1
{crane}, {crane}

ij ij ij ij ij jR L A B M Cwv CMD
i j
+ + + +

 
 (32)

− ≤ −

∀ ∉ ∈

min ( ) (1 2 )
{crane}, {crane}
j ij ij ij ij ijCMD R L A B M Cwv

i j
+ + +

 
 (33)

− − ≤ ⋅

∀ ∉ ∈

min 2
{crane}, {crane}

ij ij ij ij j ijR L A B CMD M Cwv
i j
+ + +

 
 (34)

− ≤ ≤

∀ ∉ ∈

1 2
1 2 1 2
{crane}, {crane}

ij ij
ij ij ij

Cwv Cwv
Cwv Cwv Cwv

i j

+
+

 
 (35)

∈

≥ ∀ ∉
crane

1 {crane}ij
j

Cwv i   (36)

2.8　Hull arrangement limit for LNG tank
�e LNG tank process module was connected to the sub-

merged LNG pump of the hull deck. �e layout of the LNG 
tank gas/liquid dome and LP vent mast was not free outside 
the tank area. To comply with the arrangement limit of LNG 
tanks, an appropriate distance is required between the gas/
liquid domes following the inequality constraints in Eqs. 
(37), (38) (Table S7). 

≥

∀ ∉

∈

2 2
gas, liquid dome, lng vent mast,

gas, liquid dome, lng vent mast

ji
ij ij ij

llR L HSD

i
j

+ + +

 

 (37)

≥

∀ ∉

∈

2 2
gas, liquid dome, lng vent mast,

gas, liquid dome, lng vent mast

ji
ij ij ij

ddA B HSD

i
j

+ + +

 

 (38)

2.9　Module spacing limit
�e manifold modules for unloading and loading must be 

located at a minimum distance from the module to provide 
a certain clearance during installation between the modules. 
�erefore, an appropriate equipment spacing is required as an 
inequality constraint. �at can be constructed by simply add-
ing it is constructed simply by adding the spacing to the con-
ventional ‘dimension and orientation’ constraints (Table S8). 

2 2
ji

ij ij i j
llR L MSD MSD i j≥ ∀ ∀+ + + +   (39)

2 2
ji

ij ij i j
ddA B MSD MSD i j≥ ∀ ∀+ + + +   (40)

2.10　Noise level limit constraints
�e separation distance satisfying the noise standard be-

tween modules is de�ned in Eqs. (41)–(43). 
11 1 ,2 2
ji

ij ij j ijR L SND M Nwv i j≥ − ⋅ ∀ ∀+ + +   (41)

2 ,2 2
ji

ij ij j ij
ddA B SND M Nwv i j≥ − ⋅ ∀ ∀+ + +   (42)

1 2 1 ,ij ijNwv Nwv i j≤ ∀ ∀+   (43)

2.11　Visibility constraints
Adequate visibility must be available for the operation of 

the ship (Figure 5). �e layout of each module is restricted 
under visibility, and tall modules must be located under the 
view line. In addition, each module must be placed within 
an unobtrusive range of view line the height γi of i should 
not exceed the view line and that is assumed to be a linear 
function of xi in Eq. (44). 

≤ − ⋅ ∀ ≠1 2 Ctrl Bridgei iγ V x V i+   (44)

3.　Case Study

Four con�gurations of FSRU were examined to evaluate 
the in�uence of separating modules and the inclusion of 

Table 3　Boundary distances according to the module types

Module type Boundary  
distance [m]

Control room 2
Engine casing 2
Process module 2
Cargo tank module (Liquid dome, Gas dome) 2
Vent mast 2
LP/HP manifold 0
Crane 2
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additional modules (Table 4) (Figures S2–S5). �e process 
con�guration of FSRU could be in�uenced by the minimum 
send-out capacity and the regasi�cation module design.

�e minimum send-out capacity of the FSRU was deter-
mined using the minimum booster pump capacity, which 
was assumed as 50 MMSCFD in this study. If the onshore 
terminal requires a small amount (~5 t/h) of send out that 
is less than the minimum capacity of the booster pump, 
then an additional minimum send-out (MSO) compressor 
with low capacity (5 t/h) and high pressure (~100 barg) is 
required for Case 2 and Case 4.

A suction drum was typically included in the regasi�-
cation module of the FSRU. �e size and weight of the 
regasi�cation module was reduced for easy installation by 
considering suction drums that were manufactured as sepa-
rate modules for Case 3 and Case 4. In all the cases, the LNG 
tank and the LP/HP manifold were installed in common.

4.　Results and Discussion

Four case studies were conducted to determine in�uence 
of module separation (Table 5). �e piping cost increased 
with the number of modules in the FSRU.

A majority of the modules were connected to the LP 
manifold, and the connected piping costs accounted for 
46–48% of the total piping cost (Figure 8). �e LP manifold 
was placed mainly in the middle section of the vessel; thus, 
the position of the LP manifold remained unchanged for 
Cases 1–4.

Each set of liquid dome and gas dome should be installed 
on the top of the LNG tank and connected with the corre-
sponding LNG tank using multiple piping. �e total piping 
cost of each set of the liquid, gas dome and LP manifold was 
minimized by assuming that the single coordinate of the 
liquid/gas dome, and LP manifold module were identical on 
the upper deck. In addition, the LNG vent mast was placed 
to avert overpressure accumulation inside the Liquid Dome 
and satisfy the minimum separation distance (2 m) for all 

cases (Figure 9).
�e separation e�ect of the regasi�cation module was 

further investigated. As compared with Case 1 and Case 2, 
the regasi�cation module in Case 3 and Case 4 assumed to 
be separated with the suction drum module. �e case stud-
ies demonstrated that the piping cost for the regasi�cation 
module increased by ~USD 60,000 in Cases 3 and 4, where-
as the other piping costs decreased (Figure 8).

Regardless of the separation of regasi�cation modules, the 
piping for connecting with the regasi�cation module is ex-
pensive (US$ 1000/m), so the HP manifold should be placed 
close to the regasi�cation module in all the cases.

�e MSO compressor tends to be placed near the cargo 
compressor room in both Cases 2 and 4, because the suc-
tion piping cost (US$ 350/m) associated with the cargo 
compressor room is higher than the discharge piping cost 
(US$ 170/m) associated with the HP manifold. Although 

Table 4　FSRU process con�gurations of upper deck module

Case FSRU process con�guration

1 Base model
2 MSO compressor is installed if minimum NG send-out 

capacity is ~5 t/h
3 �e suction drum is separately installed to reduce regasi�-

cation module weight and complexity
4 Adding an MSO compressor+separating a suction drum

Table 5　Pipeline cost estimation by layout optimization

Case Num. of  
modules FSRU module con�guration Total pipe length 

[m]
Total cost  

[106$]
Cost compared  

to Case 1

1 23 Regasi�cation+cargo comp. 4,290 3.052
2 24 Regasi�cation+cargo comp.+MSO comp. 4,634 3.110 101.9%
3 24 Suction drum+regasi�cation+cargo comp. 4,408 3.081 101.0%
4 25 Suction drum +regasi�cation+cargo comp.+MSO comp. 4,620 3.113 102.0%

Fig. 8　�e pipe connection cost ratio for Case 1–4

Fig. 9　FSRU 2D layout (Case 1–4)
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the MSO Compressor is located in vicinity of the cargo 
compressor room, the distance between the two modules is 
about 10 m. Moreover, the MSO compressor must be placed 
10 m away from the cargo compressor room (125 dBA) to 
satisfy the noise criteria (90 dBA).

�ree number of modules were connected to the MSO 
compressor (cargo compressor room, HP manifold, HP vent 
mast). �erefore, the proportion of the piping cost related to 
MSO compressor accounts to only 1.3% and does not sig-
ni�cantly a�ect the overall piping cost (Figure 8).

Moreover, IR contour was suggested to estimate the �re 
and explosion risk toward the control bridge. In addition, 
the control bridge was placed on the corner of the upper 
deck to secure a safety distance from the process modules 
(Cases 1–4) (Figure 10).

Furthermore, we compared the cases to check the di�er-
ences in the separation of regasi�cation modules. �e posi-
tion of the regasi�cation module in cases 3 and 4 was shi�ed 
to the farthest point from the control bridge as compared to 
that in Cases 1 and 2 (Figure 10).

Although the regasi�cation module was separated, the 
safety distance (51 m) requirement was still constant as this 
module exhibited the highest individual risk owing to its 
high pressure (100 barg) operating condition and large ca-
pacity (750 MMSCFD).

Although the MSO Compressor and HP Manifold are 
generally operated at high pressures, their risk contours are 
smaller than that of the regasi�cation module (Figure 10). 
As the operation capacity of a MSO compressor is extremely 
small (5 t/h), the e�ect of explosion is not large, and the pip-
ing con�guration of the HP manifold is simple, so the leak-
age frequency is very low.

In addition, the cranes were uniformly placed on the 
upper deck for maintenance, and the module was not placed 
in the inoperable area of the crane. An inspection of the 
ranges of crane operation determined that the number of 
cranes was adequate for maintenance. Moreover, the optimal 
positioning of the cranes for equipment installation and 
maintenance functions was secured inside the entire mod-
ule (Figures S6–S9). �e four cranes installed in the FSRU 
could be used for maintenance of modules on board and 

load/unload equipment from ship to ship or ship to shore 
(Cases 1–4).

�e placement of the crane module was constrained by 
the location of a module closest to the minimum and maxi-
mum operating radii of the crane. Moreover, and analysis 
of the operation range of the crane demonstrated that its 
location was a�ected by the module closest to the minimum 
operation range in all cases. In particular, the gas dome and 
the LNG vent mast in�uenced the crane positioning.

In all the cases, the view line of the FSRU was set to 
not interfere with the sailing of the FSRU vessel (Figures 
S10–S13).

Furthermore, an integrated optimization model was de-
veloped for the layout design of a FSRU system to obtain the 
expected total piping cost. At the design stage, this method 
could estimate the initial cost of the pipeline installed in the 
upper deck. �us, the total piping cost was only around 2% 
under various process con�gurations discussed in the case 
studies (Table 5). �e selection of piping cost at ~102% of 
the initial estimate will provide �exibility to respond toward 
unanticipated scenarios.

�e layout observed in the case studies could be used 
as an initial FSRU module layout to improve the design. 
�erefore, the use of optimization models for layout may 
be considered as a tool to help the engineer for selecting 
among a large number of possibilities (Guirardello and 
Swaney, 2005). �e optimality of the layout design can be 
increased with the following directions recommended for 
further studies.
(1) A cost trade-o� analysis should be conducted to deter-

mine the economically optimal layout option, consider-
ing piping cost and module internal piping/construction 
cost.

(2) An optimization study should be conducted using ad-
vanced numerical formulation to de�ne the minimum 
number of cranes and the corresponding cost.

(3) A 3D layout optimization technique is required with ad-
ditional constraints to prevent the interference of pipe 
path and module positions.

(4) Unnecessary or overlapping piping connections can be 
minimized using layout optimization for all node posi-
tions.

Conclusions

�is research developed a new framework of module 
layout optimization using a quantitative assessment of indi-
vidual risk for process modules and operation and mainte-
nance management. We presented the layout optimization 
problem for FSRU design, considering risk, operation, and 
maintenance. In addition, the process module was mod-
eled using distance constraints and design rules. �e pro-
posed layout suggested guidelines to design the layout of 
FSRU considering various distance measures, including 
module_module distance, control room-module distance 
and module_boundary distance.

�e case studies demonstrated that the proposed method 

Fig. 10　FSRU layout with risk contour (Case 1–4)
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was e�ective in obtaining an optimized FSRU layout along 
with the required piping cost under various process con�gu-
rations. �e required number of cranes for maintenance and 
crane operating range veri�cation was inspected from the 
layout results for each case. Moreover, the case studies pre-
sented the risk contour and safety distance requirement for 
each process module by considering the results of �re and 
explosion risk assessment.

�e proposed approach could be improved in certain 
ways such as using multi-objective optimization for the 
modules, piping and crane cost, three-dimensional numeri-
cal modeling for detailed pipe routing con�guration, and 
including the pipe and module weight. �ese issues will be 
addressed in future research.

Supplementary Information

Supplementary Information is available at  
http://www.scej.org/publication/jcej/suppl/
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