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Abstract: In many countries, a number of industrial estates have been established to support the
growth of the industrial sector, which is an essential strategy to drive economic growth. Planning
for the location of industrial factories within an industrial estate, however, becomes complex, given
the various types of industrial plants and the requirements of utilities to support operations within
an industrial park. In this research, we model and analyze bi-objective optimization for locating
plants within an industrial estate by considering economic- and risk-based cost objectives. Whereas
economic objectives are associated with utility distances between plant locations, risk-based cost is a
surrogate criterion derived from safety considerations. Next, risk-based data are further generated
from Areal Locations of Hazardous Atmospheres (ALOHA), the hazard modeling program, and
solutions to the bi-objective model are obtained from the Epsilon-constraint algorithm. Finally, the
model is applied to a regional case study in a Thailand industrial estate, and the Pareto frontier is
evaluated to demonstrate the trade-off between objectives.

Keywords: industrial plant location; bi-objective optimization; Epsilon-constraint algorithm; ALOHA
simulation; industrial estate

1. Introduction

Recently, a number of countries have adopted various policies and expanded econom-
ical systems to support growth and globalization; these include technology promotion [1],
tourism management [2], innovation expansion [3,4], and manufacturing technology [5].
One of the strategies to promote industrial expansion is the establishment of special
economic zones to support the expansion of technological growth, facilitate industrial
investment, and to attract foreign investment. The term “special economic zone” is used
interchangeably with “industrial estate” and “industrial park” in the literature [6]. Ac-
cording to the United Nations Conference on Trade and Development (UNCTAD)’s 2019
World Investment Report [7], the recent trend of increasing industrial estates has been
continuously reported across the globe. In particular, there were approximately 79 in-
dustrial estates in 1975, and since then the number of industrial estates has increased
immensely; in 2018, there were a total of 5400 industrial estates. In particular, the expansion
of industrial estates in special economic zones resulted in the total investment of more
than 1200 billion dollars in the global economy in 2018. In Asia, particularly, industrial
estates have been established in many regional areas with diverse aims; regions include
China, India, Singapore, Malaysia, Cambodia, Vietnam, and Thailand [7–9]. In Thailand,
in particular, there are industrial estates located currently in 16 provinces, and, since 2018,
the Thai government has reported economic development plans to promote investment in
10 more provinces [9–12].

In this study, we develop a bi-objective, mixed-integer linear programming (MILP)
model to analyze the location decisions of industrial factories within industrial estates.
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Initially, the cost to establish each industrial factory based on the installed piping system
within the industrial estate layout is evaluated. Next, the safety surrogate is evaluated using
the risk-based cost of the potential aftermath of an emergency event. The risk probability, in
particular, is simulated from the chemical leakage scenario to estimate the diffusion radius
of the explosion using Areal Locations of Hazardous Atmospheres (ALOHA), the hazard
modeling program [13]. Thus, rather than merely implementing a mathematical modeling
technique, the simulation technique is applied and integrated with the mathematical
model [14–16]. Next, solutions to the bi-objective model are obtained from the Epsilon-
constraint algorithm in which the trade-off between objectives is evaluated using the Pareto
frontier. Finally, the model is applied to a regional case study within a Thailand industrial
estate to verify the model functionalities.

This article consists of the following sections: Sections 1 and 2 are the introduction
and literature review, respectively; Section 3 presents the mathematical model; Section 4
discusses the case study and the results; a managerial insight is described in Section 5; and
conclusions and directions for future research are provided in Section 6.

2. Literature Review

Production planning and control for factories has been gaining interest from various
researchers for decades. Studies relevant to production planning typically focus on the
development of models that assist in the planning of departments in a single production
factory in which a single criterion of cost or distance consideration is employed. For
example, researchers (e.g., [17–19]) have similarly proposed studies that aim to minimize
the cost criterion in designing the industrial production process of a particular factory. The
cost for minimizing piping distances for transporting raw materials and steam among
departments in a factory is evaluated in these studies. In particular, the utility system is
designed such that the shortest distance is ensured to optimize construction costs.

Another line of research involves considering the risk criterion in designing the
production processes of a factory to improve safety conditions (e.g., [20–22]). For example,
Yuan et al. [20] evaluated the industrial production process by taking into account the
diffusion of toxic gas in determining the layout of different areas in a factory. The authors
proposed a model for a layout assignment that could counter the impact of chemical spills.
In addition, Medina-Herrera et al. [21] proposed a model for quantitative risk assessment
of the factory layout to determine the position of the equipment and production processes,
with an aim to reduce the cost from the risks associated with operators and equipment. In
addition, Flores et al. [22] utilized the ALOHA software to assess the impact of fire and the
explosion of flammable chemical storage and distribution vessels in chemical plants.

Additionally, both cost and risk criteria have been evaluated in a number of studies
related to factory planning. For example, Rahman et al. [23] investigated the plant layout
problem for an ammonia production plant by considering both the cost of production and
the safety factor. In their study, the authors simulated the direction and spread of toxic
gasses that could emanate from an explosion caused by excessive pressure in the main
production process. Patsiatzis et al. [24] also analyzed the process layout of chemical plants
to reduce the probability of accidents and optimize the installation cost. Furthermore,
Jung et al. [25], Han et al. [26], and Ahumada et al. [27] similarly analyzed cost models
associated with accidents using quantitative risk analysis and the cost of the production
process in their study.

Few studies have examined the locational planning decisions for industrial estates [28–31].
The growth in industrial estates around the globe suggests that the planning and design of
such estates based on strategic-level decision-making is required [28]. Recent researchers
have thus proposed various strategic models for industrial estate planning. For example,
Wang et al. [29] developed a model to optimize the layout of the industrial zone with the
aim of minimizing cost and risk objectives using an experimental layout. The total cost was
computed based on expenses incurred from the installation of the piping system, whereas
the risk profile was determined based on the possibility of an explosion. According
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to the authors, proper arrangement of the industrial layout could reduce the cost of
installing the piping system, as well as the impact of an accident. Moreover, Wattanasaeng
and Ransikarbum [31] analyzed the relative locational efficiency of industrial estates to
determine a candidate for special economic zones using a case study of Thailand provinces
close to the country’s border. However, studies that aim to evaluate plant locational
assignment for a particular industrial estate remain scarce. In addition, existing studies
do not consider actual industrial estates featuring various types of industrial factories and
lack trade-off analyses between conflicting criteria of interest.

In multiple objective programming, evaluated problems are concerned with mathemat-
ical optimization involving more than one objective function in which the objectives need
to be optimized simultaneously or sequentially. In particular, in the literature, the Pareto or
efficient frontier function has been used to illustrate the trade-offs among conflicts between
multiple objectives [32]. Various techniques concerning exact and heuristic procedures have
been proposed to analyze the trade-offs among these conflicting objectives, one of which is
Epsilon-constraint programming [33]. The advantages of Epsilon-constraint programming
include being able to obtain exact Pareto solutions, instead of approximated solutions,
using a series of single-objective subproblems in which all but one objective is transformed
into constraints. A number of researchers have applied the Epsilon-constraint algorithm in
their studies. For example, Toro et al. [34] investigated the routing problem of transporting
capacitors from a distribution center to high-demand areas. Epsilon-constraint program-
ming was used to assess the trade-offs between cost and environmental objectives in the
study. In addition, Abounacer et al. [35] proposed a model to aid humanitarian logistics
operations in the aftermath of a disaster. The three objectives of minimum operation time,
staff resources, and unsatisfied demand were analyzed using the Epsilon-constraint method
and the Pareto frontier. Yu and Solvang [36] also used Epsilon-constraint programming to
analyze the trade-offs between cost and risk objectives for waste management problems.

One of the most complex decisions in planning for industrial estates is designing the
location of industrial factories in an industrial estate. This problem is further complicated
by the various types of industrial plants and requirements of utilities needed to support the
operations in industrial parks. Despite studies in this area being limited, existing studies
were analyzed on the basis of planning for a particular factory or considering only a single
objective. In particular, we highlight gaps in the existing literature and provide highlights
for this study as follows:

• Plant location decision in industrial estate planning involves various stakeholders
with often conflicting requirements. Thus, we develop the bi-objective, mixed-integer
linear programming model based on economic and risk criteria to analyze the location
decision of industrial factories in the industrial estate in this study.

• Given the conflicting nature of bi-objective programming, the Epsilon-constraint
method approach is further applied to analyze decision-makers’ preferences and to
obtain the Pareto frontier in our analysis.

• In this study, both the bi-objective optimization technique and simulation procedure
are used as an integrated tool in which the simulated risk profile obtained from the
ALOHA program is used as an input for the developed optimization model in an
integrated manner.

• Existing studies focus on developing the optimization model to design the production
process of a single plant. In this study, our aim shifts to an analysis of the plant location
problem comprising diverse factory classifications in the planned industrial estate.

• The actual case study of the industrial estate located in Thailand is illustrated with
actual data in this study. In addition, rather than applying the data to a general plant,
we illustrate the model with diverse factory types in this study.

3. Methodology

We next discuss the proposed bi-objective mathematical optimization model for the
plant location problem of a particular industrial estate. The developed model considers
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two objective functions based on the cost of assigning a plant location in an industrial estate
and risk cost computed from the event of an emergency. In particular, the methodology is
illustrated in Figure 1.
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Figure 1. Schematic diagram for the proposed methodology.

As its research scope, this paper presents a case study of an industrial estate located in
the eastern region of Thailand. To illustrate how various plant types in the industrial estate
affect the modeling complexity, we classify plant types into four subgroups. The first group
is a hazardous-material factory working with highly flammable chemical substances; the
second group is a warehouse-type building for storing raw materials and/or finished goods;
the third group is a typical industrial factory without harmful substances; and the last
group is a central office with supporting functions. Next, two objective functions reflecting
the economic and safety criteria are evaluated, which are initially solved separately as
a single-objective mathematical model to verify the model functionality and the layout
planning. The economic criterion is then determined from the cost to establish plants in
an industrial factory based on various distances between plant locations, and the safety
criterion is evaluated with the ALOHA program using a risk profile based on an emergency.
The risk probability is simulated based on a chemical leakage scenario to estimate the
diffusion radius of the chemical explosion. The proposed model is then solved to achieve
the optimal solution using A Mathematical Programming Language (AMPL) program, in
which the Epsilon-constraint method is further used for the Pareto trade-off analysis, and
to visualize how an improvement in one objective function jeopardizes the other objective
function and vice versa.

3.1. Integrated Mathematical and Simulation Modeling

We next present the integrated mathematical model and simulation procedure im-
plemented in this study. The general multi-objective problem modeled with the Epsilon-
constraint method is illustrated in Equations (1)–(3). In particular, the multi-objective
solution can be obtained from the Epsilon-constraint method by optimizing one particu-
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lar objective of interest and transforming other objectives into a constraint set. Figure 2
illustrates the Epsilon-constraint procedure.

Minimize/Maximize Z: fi(x) (1)

Subject to: x ∈ X (2)

fi(x) ≤ ε j ; ∀i ∈ {1, . . . . . . , k} \ {j} (3)
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In addition, the hazard modeling program called ALOHA is used in this study. This
program is capable of simulating the airborne spread of chemicals arising from an explo-
sion. In this work, the ALOHA simulation program is used to simulate the spread of the
hydrogen sulfide (H2S) hypothetically used in the high-risk factories located in the indus-
trial estate. Given the simulated results from the ALOHA program, the probability of risk
associated with a chemical explosion that could affect diverse areas in the industrial estate
is computed based on Equation (4) [29]. Then, the risk probability is used as input data for
the proposed mathematical model. Figure 3 illustrates the explosion profile obtained from
the ALOHA program.

Y = −15.6 + 1.93 In ρo (4)
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3.2. Assumptions

• The cost of the piping system is approximated based only on the distances between
pairs of industrial plants. We assume that the same types of materials are transmitted
through the industrial estate with no significant differences.

• The cost from risk is approximated based on an emergency situation that could
hypothetically occur in the illustrated industrial estate; this cost is computed using
the construction costs of buildings of various sizes. Thus, the cost from risk depends
on the size of the area assigned to the industrial plant.

• The hazardous damage considered in this analysis is based on H2S gas approximated
via the ALOHA program; this damage hypothetically occurs in the location of the
chemical transmission of the pipe system. Although a toxic threat, flammable threat,
and overpressure threat were analyzed, only the overpressure threat is used in the
analysis of damage in this study.

• Requirements related to the distance data between different plants were obtained
from governmental regulations, as well as suggestions from concerned stakeholders
of the presented industrial estate.
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• The various building types in this study were classified into four categories: hazardous-
material factory, warehouse-type building, typical industrial factory, and central office.
Thus, the model complexity will depend on the number of building categories used in
the analysis.

3.3. Mathematical Notation

Sets

G: Set of grids in an industrial estate, indexed by k
P: Set of all plants or buildings to be located, indexed by i
PTX : Set of hazardous-material plants to be located PTX

PWH : Set of warehouse-type buildings to be located ⊆ P
PID: Set of typical industrial plants to be located ⊆ P
PSZ: Set of central offices to be located ⊆ P

Parameters
Grid-related parameters

dx
k : The X coordinate of the kth grid from an office center (meter) k ∈ G

dy
k : The Y coordinate of the kth grid from an office center (meter) k ∈ G

rk: Risk probability for each kth grid k ∈ G
rrd: Rectilinear distance of the kth grid from an office center (meter) k ∈ G

c f c
k : Facility cost for each kth grid (Baht)

cup
i : Unit piping cost of the ith plant (Baht/meter) i ∈ P

Model-conversion parameters

m: An arbitrary number for a fixed upper bound of distance for located plants

Minimum-separation parameters

di,j: Minimum separation distance between plants i and j, i, j ∈ D

dTX_SZ
i,j : Minimum separation distance between a hazardous-material plant i ∈ PTX and

a central office j ∈ PSZ

dTX_ID
i,j : Minimum separation distance between a hazardous-material plant i ∈ PTX and

a typical industrial plant j ∈ PID

dTX_WH
i,j : Minimum separation distance between a hazardous-material plant i ∈ PTX and

a warehouse-type building j ∈ PWH

dWH_SZ
i,j : Minimum separation distance between a warehouse-type building i ∈ PWH

and a central office j ∈ PSZ

dWH_ID
i,j : Minimum separation distance between a warehouse-type building i ∈ PWH

and a typical industrial plant i ∈ PID

dID_SZ
i,j : Minimum separation distance between a typical industrial plant i ∈ PID and a

central office j ∈ PSZ

Maximum-separation parameters

mTX_SZ_1, 2, 3, 4
i,j : Maximum separation distance between a hazardous-material plant i ∈ PTX

and a central office j ∈ PSZ with four respective parameters
mTX_WH_1, 2,3,4

i,j : Maximum separation distance between a hazardous-material plant i ∈ PTX

and a warehouse-type building j ∈ PWH with four respective parameters
mTX_ID_1,2,3,4

i,j : Maximum separation distance between a hazardous-material plant i ∈ PTX

and a typical industrial plant j ∈ PID with four respective parameters
mWH_SZ_1,2,3,4

i,j : Maximum separation distance between a warehouse-type building i ∈ PWH

and a central office j ∈ PSZ with four respective parameters
mWH_ID_1,2,3,4

i,j : Maximum separation distance between a warehouse-type building i ∈ PWH

and a typical industrial plant j ∈ PID with four respective parameters



Computation 2021, 9, 46 8 of 22

mID_SZ_1,2,3,4
i,j : Maximum separation distance between a typical industrial plant i ∈ PID

and a central office j ∈ PSZ with four respective parameters

Decision variables

Bi,k: A variable to assign a plant i ∈ P to grid k ∈ G, binary {0, 1}
Xi: The X coordinate of located plant i ∈ P
Yi: The Y coordinate of located plant i ∈ P

Auxiliary variables

SEPTX_SZ_1,2,3,4
i,j : Supporting variable for minimum separation distance between a hazardous-

material plant i ∈ PTX and a central office j ∈ PSZ with four respective variables,
binary {0, 1}
SEPTX_WH_1,2,3,4

i,j : Supporting variable for minimum separation distance between a hazardous-

material plant i ∈ PTX and a warehouse-type building j ∈ PWH with four respective
variables, binary {0, 1}
SEPTX_ID_1,2,3,4

i,j : Supporting variable for minimum separation distance between a hazardous-

material plant i ∈ PTX and a typical industrial plant j ∈ PID with four respective
variables, binary {0, 1}
SEPWH_SZ_1,2,3,4

i,j : Supporting variable for minimum separation distance between a warehouse-

type building i ∈ PWH and a central office j ∈ PSZ with four respective variables,
binary {0, 1}
SEPWH_ID_1,2,3,4

i,j : Supporting variable for minimum separation distance between a warehouse-

type building i ∈ PWH and a typical industrial plant j ∈ PID with four respective
variables, binary {0, 1}
SEPID_SZ_1,2,3,4

i,j : Supporting variable for minimum separation distance between a typical

industrial plant i ∈ PID and a central office j ∈ PSZ with four respective variables,
binary {0, 1}

3.4. Objective Functions

The objective functions are provided based on two different perspectives for the
developed bi-objective optimization model. In particular, the first objective function
represents the economic criterion, in which the total piping cost associated with the installed
pipeline system between all pairs of buildings in the industrial estate can be computed as
shown in Equation (5). The rrd parameter, in particular, is the rectilinear distance computed
from the distances between the X and Y coordinates of any assigned plants and an office
center. In addition, the Bi,k variable represents the assignment of the plant.

Minimize Z1 : ∑
i∈ P

∑
k∈ K

{
cup

i rrd

}
Bi,k (5)

Next, the second objective function represents the safety consideration in which the
associated risk probability (rk) from an emergency situation that hypothetically occurs
at the industrial estate is to be minimized. That is, the total risk cost (c f c

k ), derived from
the ALOHA software, is computed from the risk probability assigned to each area of the
industrial estate. Equation (6), in particular, presents the formula of this objective function.

Minimize Z2 : ∑
i∈ P

∑
k∈ K

{
rkc f c

k

}
Bi,k (6)

3.5. Constraint Sets

We next discuss the requirements associated with regulations and constraints for as-
signing different factory types in various locations in an illustrated industrial estate. In par-
ticular, the relevant constraints sets for non-overlapping restriction, distance computation,
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minimum separation requirement, maximum separation requirement, and house-keeping
are illustrated below.

3.5.1. Non-Overlapping Constraint Set

Initially, the non-overlapping constraint sets in Equations (7) and (8) are used to
ensure that established plants in the industrial estate do not overlap, where the Bi,k variable
represents the assignment of the plant on a grid. In particular, whereas each assigned plant
must be located in the industrial estate layout (Equation (7)), each grid in the industrial
estate is not necessarily required to have a plant assigned (Equation (8)).

∑
k∈K

Bi,k = 1 ; ∀i ∈ P (7)

∑
i∈P

Bi,k ≤ 1 ; ∀k ∈ G (8)

3.5.2. Distance-Related Constraint Set

In addition, the distance between any grids of the industrial estate’s layout can be
rectilinearly computed, as presented in Equations (9)–(12). That is, given the assigned
plants on respective grids, the distance along the X and Y axes to the location of the assigned
plants can be computed as illustrated below, where dx

k and dy
k are the X and Y coordinates

of the kth grid from an office center, respectively.

−m(1− Bi,k) ≤ (dx
k − Xi) ; ∀i ∈ P, ∀k ∈ G (9)

(dx
k − Xi) ≤ m (1− Bi,k) ; ∀i ∈ P, ∀k ∈ G (10)

−m(1− Bi,k) ≤ (dx
k − Xi) ; ∀i ∈ P, ∀k ∈ G (11)(

dy
k − Yi

)
≤ m (1− Bi,k) ; ∀i ∈ P, ∀k ∈ G (12)

3.5.3. Separation-Distance Constraint Set for the Minimum Condition

We next discuss the minimum separation requirement. That is, the following sets of
constraints are to ensure the least distance for any pairs of assigned plants in the industrial
estate, which implies associated safety requirements to reduce damage in the event of an
emergency [25]. Although the absolute value in Equation (13) to compute the distance
between any pairs of industrial plants (di,j) is in non-linear form, this equation can be
subsequently transformed to a linear form.∣∣Xi − Xj

∣∣+ ∣∣Yi −Yj
∣∣ ≥ di,j (13)

In particular, we illustrate respective linear constraint sets between a hazardous-
material plant and a central office, as shown in Equations (14)–(18):(

Xi − Xj
)
+
(
Yi −Yj

)
≥ dTX_SZ

i,j ∗ SEPTX_SZ_1
i,j −

(
m ∗

(
1− SEPTX_SZ_1

i,j

))
; ∀i ∈ PTX , ∀j ∈ PSZ (14)

(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dTX_SZ

i,j ∗ SEPTX_SZ_2
i,j −

(
m ∗

(
1− SEPTX_SZ_2

i,j

))
; ∀i ∈ PTX , ∀j ∈ PSZ (15)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_SZ

i,j ∗ SEPTX_SZ_3
i,j −

(
m ∗

(
1− SEPTX_SZ_3

i,j

))
; ∀i ∈ PTX , ∀j ∈ PSZ (16)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_SZ

i,j ∗ SEPTX_SZ_4
i,j −

(
m ∗

(
1− SEPTX_SZ_4

i,j

))
; ∀i ∈ PTX , ∀j ∈ PSZ (17)

SEPTX_SZ_1 + SEPTX_SZ_2 + SEPTX_SZ_3 + SEPTX_SZ_4 ≥ 1 (18)

The sets of constraints for the minimum-distance separation between the pair of a
hazardous-material plant and a warehouse-type building are shown in Equations (19)–(23):



Computation 2021, 9, 46 10 of 22

(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_WH

i,j ∗ SEPTX_WH_1
i,j −

(
m ∗

(
1− SEPTX_WH_1

i,j

))
; ∀i ∈ PTX , ∀j ∈ PWH (19)

(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dTX_WH

i,j ∗ SEPTX_WH_2
i,j −

(
m ∗

(
1− SEPTX_WH_2

i,j

))
; ∀i ∈ PTX , ∀j ∈ PWH (20)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_WH

i,j ∗ SEPTX_WH_3
i,j −

(
m ∗

(
1− SEPTX_WH_3

i,j

))
; ∀i ∈ PTX , ∀j ∈ PWH (21)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_WH

i,j ∗ SEPTX_WH_4
i,j −

(
m ∗

(
1− SEPTX_WH_4

i,j

))
; ∀i ∈ PTX , ∀j ∈ PWH (22)

SEPTX_WH_1 + SEPTX_WH_2 + SEPTX_WH_3 + SEPTX_WH_4 ≥ 1 (23)

The sets of constraints for the minimum-distance separation for the pair of a hazardous-
material plant and a typical industrial plant are shown in Equations (24)–(28):(

Xi − Xj
)
+
(
Yi −Yj

)
≥ dTX_ID

i,j ∗ SEPTX_ID_1
i,j −

(
m ∗

(
1− SEPTX_ID_1

i,j

))
; ∀i ∈ PTX , ∀j ∈ PID (24)

(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dTX_ID

i,j ∗ SEPTX_ID_2
i,j −

(
m ∗

(
1− SEPTX_ID_2

i,j

))
; ∀i ∈ PTX , ∀j ∈ PID (25)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_ID

i,j ∗ SEPTX_ID_3
i,j −

(
m ∗

(
1− SEPTX_ID_3

i,j

))
; ∀i ∈ PTX , ∀j ∈ PID (26)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dTX_ID

i,j ∗ SEPTX_ID_4
i,j −

(
m ∗

(
1− SEPTX_ID_4

i,j

))
; ∀i ∈ PTX , ∀j ∈ PID (27)

SEPTX_ID_1 + SEPTX_ID_2 + SEPTX_ID_3 + SEPTX_ID_4 ≥ 1 (28)

The sets of constraints for the minimum-distance separation for the pair of a warehouse-
type building and a typical industrial plant are shown in Equations (29)–(33):(

Xi − Xj
)
+
(
Yi −Yj

)
≥ dWH_ID

i,j ∗ SEPWH_ID_1
i,j −

(
m ∗

(
1− SEPWH_ID_1

i,j

))
; ∀i ∈ PWH , ∀j ∈ PID (29)

(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dWH_ID

i,j ∗ SEPWH_ID_2
i,j −

(
m ∗

(
1− SEPWH_ID_2

i,j

))
; ∀i ∈ PWH , ∀j ∈ PID (30)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dWH_ID

i,j ∗ SEPWH_ID_3
i,j −

(
m ∗

(
1− SEPWH_ID_3

i,j

))
; ∀i ∈ PWH , ∀j ∈ PID (31)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dWH_ID

i,j ∗ SEPWH_ID_4
i,j −

(
m ∗

(
1− SEPWH_ID_4

i,j

))
; ∀i ∈ PWH , ∀j ∈ PID (32)

SEPWH_ID_1 + SEPWH_ID_2 + SEPWH_ID_3 + SEPWH_ID_4 ≥ 1 (33)

The sets of constraints for the minimum-distance separation for the pair of a warehouse-
type building and a central office are shown in Equations (34)–(38):(

Xi − Xj
)
+
(
Yi −Yj

)
≥ dWH_SZ

i,j ∗ SEPWH_SZ_1
i,j −

(
m ∗

(
1− SEPWH_SZ_1

i,j

))
; ∀i ∈ PWH , ∀j ∈ PSZ (34)

(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dWH_SZ

i,j ∗ SEPWH_SZ_2
i,j −

(
m ∗

(
1− SEPWH_SZ_2

i,j

))
; ∀i ∈ PWH , ∀j ∈ PSZ (35)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dWH_SZ

i,j ∗ SEPWH_SZ_3
i,j −

(
m ∗

(
1− SEPWH_SZ_3

i,j

))
; ∀i ∈ PWH , ∀j ∈ PSZ (36)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dWH_SZ

i,j ∗ SEPWH_SZ_4
i,j −

(
m ∗

(
1− SEPWH_SZ_4

i,j

))
; ∀i ∈ PWH , ∀j ∈ PSZ (37)

SEPWH_SZ_1 + SEPWH_SZ_2 + SEPWH_SZ_3 + SEPWH_SZ_4 ≥ 1 (38)

Finally, the sets of constraints for the minimum-distance separation for the pair of a
typical industrial plant and a central office are shown in Equations (39)–(43):(

Xi − Xj
)
+
(
Yi −Yj

)
≥ dID_SZ

i,j ∗ SEPID_SZ_1
i,j −

(
m ∗

(
1− SEPID_SZ_1

i,j

))
; ∀i ∈ PID, ∀j ∈ PSZ (39)
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(
Xi − Xj

)
−
(
Yi −Yj

)
≥ dID_SZ

i,j ∗ SEPID_SZ_2
i,j −

(
m ∗

(
1− SEPID_SZ_2

i,j

))
; ∀i ∈ PID, ∀j ∈ PSZ (40)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dID_SZ

i,j ∗ SEPID_SZ_3
i,j −

(
m ∗

(
1− SEPID_SZ_3

i,j

))
; ∀i ∈ PID, ∀j ∈ PSZ (41)

−
(
Xi − Xj

)
+
(
Yi −Yj

)
≥ dID_SZ

i,j ∗ SEPID_SZ_4
i,j −

(
m ∗

(
1− SEPID_SZ_4

i,j

))
; ∀i ∈ PID, ∀j ∈ PSZ (42)

SEPID_SZ_1 + SEPID_SZ_2 + SEPID_SZ_3 + SEPID_SZ_4 ≥ 1 (43)

3.5.4. Separation-Distance Constraint Set for the Maximum Condition

Similarly, the next sets of constraints ensure that associated plants located in the indus-
trial estate are not established too remotely following the regulation and requirements of
the industrial estate, as shown in Equation (44) where mij is the maximum separation dis-
tance between any pairs of industrial plants. The non-linear separation-distance constraint
set ensuring the maximum condition is linearly transformed for each pair of building types
is as follows: ∣∣Xi − Xj

∣∣ + ∣∣Yi −Yj
∣∣ ≤ mij (44)

The sets of constraints for the maximum-distance separation for the pair of a hazardous-
material plant and a central office are shown in Equations (45)–(49):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mTX_SZ_1

i,j ; ∀i ∈ PTX , ∀j ∈ PSZ (45)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mTX_SZ_2

i,j ; ∀i ∈ PTX , ∀j ∈ PSZ (46)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mTX_SZ_3

i,j ; ∀i ∈ PTX , ∀j ∈ PSZ (47)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mTX_SZ_4

i,j ; ∀i ∈ PTX , ∀j ∈ PSZ (48)

mTX_SZ_1
i,j + mTX_SZ_2

i,j + mTX_SZ_3
i,j + mTX_SZ_4

i,j ≥ 1 (49)

The sets of constraints for the maximum-distance separation for the pair of a hazardous-
material plant and a warehouse-type building are shown in Equations (50)–(54):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mTX_WH_1

i,j ; ∀i ∈ PTX , ∀j ∈ PWH (50)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mTX_WH_2

i,j ; ∀i ∈ PTX , ∀j ∈ PWH (51)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mTX_WH_3

i,j ; ∀i ∈ PTX , ∀j ∈ PWH (52)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mTX_WH_4

i,j ; ∀i ∈ PTX , ∀j ∈ PWH (53)

mTX_WH_1
i,j + mTX_WH_2

i,j + mTX_WH_3
i,j + mTX_WH_4

i,j ≥ 1 (54)

The sets of constraints for the maximum-distance separation for the pair of a hazardous-
material plant and a typical industrial plant are shown in Equations (55)–(59):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mTX_ID_1

i,j ; ∀i ∈ PTX , ∀j ∈ PID (55)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mTX_ID_2

i,j ; ∀i ∈ PTX , ∀j ∈ PID (56)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mTX_ID_3

i,j ; ∀i ∈ PTX , ∀j ∈ PID (57)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mTX_ID_4

i,j ; ∀i ∈ PTX , ∀j ∈ PID (58)

mTX_ID_1
i,j + mTX_ID_2

i,j + mTX_ID_3
i,j + mTX_ID_4

i,j ≥ 1 (59)
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The sets of constraints for the maximum-distance separation for the pair of a warehouse-
type building and a central office are shown in Equations (60)–(64):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mWH_SZ_1

i,j ; ∀i ∈ PWH , ∀j ∈ PSZ (60)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mWH_SZ_2

i,j ; ∀i ∈ PWH , ∀j ∈ PSZ (61)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mWH_SZ_3

i,j ; ∀i ∈ PWH , ∀j ∈ PSZ (62)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mWH_SZ_4

i,j ; ∀i ∈ PWH , ∀j ∈ PSZ (63)

mWH_SZ_1
i,j + mWH_SZ_2

i,j + mWH_SZ_3
i,j + mWH_SZ_4

i,j ≥ 1 (64)

The sets of constraints for the maximum-distance separation for the pair of a warehouse-
type building and a typical industrial plant are shown in Equations (65)–(69):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mWH_ID_1

i,j ; ∀i ∈ PWH , ∀j ∈ PID (65)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mWH_ID_2

i,j ; ∀i ∈ PWH , ∀j ∈ PID (66)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mWH_ID_3

i,j ; ∀i ∈ PWH , ∀j ∈ PID (67)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mWH_ID_4

i,j ; ∀i ∈ PWH , ∀j ∈ PID (68)

mWH_ID_1
i,j + mWH_ID_2

i,j + mWH_ID_3
i,j + mWH_ID_4

i,j ≥ 1 (69)

The sets of constraints for the maximum-distance separation for the pair of a typical
industrial plant and a central office are shown in Equations (70)–(74):(

Xi − Xj
)
+
(
Yi −Yj

)
≤ mID_SZ_1

i,j ; ∀i ∈ PID, ∀j ∈ PSZ (70)

(
Xi − Xj

)
−
(
Yi + Yj

)
≤ mID_SZ_2

i,j ; ∀i ∈ PID, ∀j ∈ PSZ (71)

−
(
Xi + Xj

)
+
(
Yi −Yj

)
≤ mID_SZ_3

i,j ; ∀i ∈ PID, ∀j ∈ PSZ (72)

−
(
Xi + Xj

)
−
(
Yi + Yj

)
≤ mID_SZ_4

i,j ; ∀i ∈ PID, ∀j ∈ PSZ (73)

mID_SZ_1
i,j + mID_SZ_1

i,j + mID_SZ_3
i,j + mID_SZ_4

i,j ≥ 1 (74)

3.5.5. Variable-Type Constraint

Variable dimensions are defined as shown in Equations (75)–(78):

Bi,k = {0, 1} (75)

Xi ≥ 0 (76)

Yi ≥ 0 (77)

SEPTX_SZ_1,2,3,4
i,j , SEPTX_WH_1,2,3,4

i,j , SEPTX_ID_1,2,3,4
i,j = {0, 1}

SEPWH_SZ_1,2,3,4
i,j , SEPWH_ID_1,2,3,4

i,j , SEPID_SZ_1,2,3,4
i,j

(78)

4. Case Study and Results
4.1. Case Study

We next discuss the case study of the industrial estate located in the eastern region
of Thailand. A number of industrial estates are located in this area and are connected to
harbors and airports [9]. In particular, the selected industrial estate is connected to the
main roads through two routes—the main entrance on the southeastern side and the main
entrance on the west side. The area of the industrial estate is divided into 61 grids with
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varied sizes, as illustrated in Figure 4a. In addition, the emergency simulated using the
ALOHA program is based on the explosion location of the chemical transmission located
close to G44, as shown in Figure 4b. The analyzed results show that the impact of the H2S
explosion will cause damage to the structures of various buildings in the area, where the
maximum pressure level of 3.5 psi is represented by a solid line in an ellipse shape and the
maximum pressure level of 1.0 psi is shown by a solid line in the circular area. Additionally,
the risk probability can be computed using Equation (4) for different grids, as presented in
Figure 4b.
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Figure 4. The case study: (a) industrial estate layout and (b) simulated ALOHA’s explosion with computed risk probability.

In addition, the grid areas representing potential locations of the industrial estate are
categorized into three levels based on the size of the land, as shown in Table 1. Accordingly,
data relevant to pipe costs and risk costs will be approximated based on the three levels
of the size of land (i.e., small land size, medium land size, and large land size), as shown
in the table. In particular, the total number of grids with a small land size, medium land
size, and large land size was found to be 45, 6, and 10 grids, respectively. The different
areal size of the land will affect not only the total cost of the installed piping system but
also the damage costs from different industrial buildings in the event of an emergency.
Next, a total of 21 buildings approximated from the current land use are established in
the illustrated industrial estate using the proposed bi-objective model. Then, the model
attempts to optimally locate these buildings in the industrial estate under the desired
objectives of interest.

4.2. Results and Discussion

We next discuss the results from running the developed model. First, the single-
objective optimization model based on either the economic criterion (i.e., the first objective
function Z1 in Equation (5)) or the safety criterion (i.e., the second objective function
Z2 in Equation (5)) is solved to verify the model functionalities and evaluate how each
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objective function affects the plant location in the industrial estate. Next, the bi-objective
optimization model is solved using the Epsilon-constraint method discussed earlier to
evaluate the trade-offs among the two objective functions. Notably, the mathematical model
is modeled in AMPL and solved using the CPLEX solver version 12.9.0 on a computer with
an Intel Core i5-8250U CPU @ 3.4 GHz and 8.0 GB of RAM. The computation time is also
limited to 3600 s in each case.

Table 1. Parameter data related to varied land size of the industrial estate.

Land Category

Small Medium Large

Land Size less than 5000 sq.m. 5001–10,000 sq.m. more than 10,000 sq.m.

Pipe Cost (Baht) [37] less than 3.5 Million 3.5–6.0 Million more than 6.0 Million

Risk Cost (Baht) [38] less than 39.0 Million 39.0–78.0 Million more than 78.0 Million

Number of Grids 45 grids 6 grids 10 grids

Grids

G1, G2, G10, G11, G12, G14, G15, G16, G17, G18,
G19, G20, G21, G22, G23, G29, G30, G31, G32,
G33, G34, G35, G36, G37, G38, G39, G41, G42,
G44, G45, G46, G47, G48, G49, G50, G51, G52,
G53, G54, G55, G56, G57, G58, G59, G60, G61

G7, G8, G13, G26, G27 G3, G4, G5, G6, G9, G24,
G25, G28, G40, G43

4.2.1. Result from Economic Objective Minimization

To evaluate the economic criterion, the total cost of establishing factories in the indus-
trial estate must first be assessed. That is, the total cost arising from the installed piping
system to support the utility system for the factories should be computed. Figure 5 shows
the assigned plant location in the industrial estate after minimizing the economic objectives.
The computational time required is approximately 1.172 s. The results show that different
plants can be grouped together, such that the majority of factories are located near the office
center (G07). Clearly, the observed result shows that a shortened distance is ensured by
minimizing the total cost based on economic objectives. The overall distance resulting from
the minimum installation cost was found to be 32,610,100 Baht, as presented in Table 2.
The varied costs for each assigned plant in different grids are also illustrated in Table 2.

Table 2. Results of assigning plant location under the cost objective.

Located
Plant (Grid)

Pipe
Distance (m) Cost (Baht) Located

Plant (Grid)
Pipe

Distance (m) Cost (Baht)

P1 (G44) 400 2,078,400 P12 (G26) 238 1,236,648

P2 (G39) 388 2,016,048 P13 (G25) 175 909,300

P3 (G35) 388 2,016,048 P14 (G8) 276 1,434,096

P4 (G34) 426 2,213,496 P15 (G21) 326 1,693,896

P5 (G37) 301 1,563,996 P16 (G18) 388 2,016,048

P6 (G36) 313 1,626,348 P17 (G3) 351 1,823,796

P7 (G38) 338 1,756,248 P18 (G9) 126 654,696

P8 (G27) 301 1,563,996 P19 (G4) 251 1,304,196

P9 (G23) 413 2,145,948 P20 (G5) 150 779,400

P10 (G24) 276 1,434,096 P21 (G6) 75 389,700

P11 (G22) 376 1,953,696



Computation 2021, 9, 46 15 of 22

Computation 2021, 9, x FOR PEER REVIEW 15 of 23 
 

 

4.2. Results and Discussion 

We next discuss the results from running the developed model. First, the single-ob-

jective optimization model based on either the economic criterion (i.e., the first objective 

function Z1 in Equation (5)) or the safety criterion (i.e., the second objective function Z2 

in Equation (5)) is solved to verify the model functionalities and evaluate how each objec-

tive function affects the plant location in the industrial estate. Next, the bi-objective opti-

mization model is solved using the Epsilon-constraint method discussed earlier to evalu-

ate the trade-offs among the two objective functions. Notably, the mathematical model is 

modeled in AMPL and solved using the CPLEX solver version 12.9.0 on a computer with 

an Intel Core i5-8250U CPU @ 3.4 GHz and 8.0 GB of RAM. The computation time is also 

limited to 3600 s in each case. 

4.2.1. Result from Economic Objective Minimization 

To evaluate the economic criterion, the total cost of establishing factories in the in-

dustrial estate must first be assessed. That is, the total cost arising from the installed piping 

system to support the utility system for the factories should be computed. Figure 5 shows 

the assigned plant location in the industrial estate after minimizing the economic objec-

tives. The computational time required is approximately 1.172 s. The results show that 

different plants can be grouped together, such that the majority of factories are located 

near the office center (G07). Clearly, the observed result shows that a shortened distance 

is ensured by minimizing the total cost based on economic objectives. The overall distance 

resulting from the minimum installation cost was found to be 32,610,100 Baht, as pre-

sented in Table 2. The varied costs for each assigned plant in different grids are also illus-

trated in Table 2. 

 

Figure 5. Plant location in the industrial estate under the cost objective. 

 

Figure 5. Plant location in the industrial estate under the cost objective.

4.2.2. Result from Safety Objective Minimization

The next objective is to assign factories in the industrial estate to reflect the safety con-
siderations for which we use the risk-related costs computed from the damage probability
of factories following an emergency. Figure 6 illustrates the ALOHA’s explosion results
overlaid onto the layout of the industrial estate. The grids in the industrial estate within
the boundaries of the simulated damage include areas affected by the explosion at different
levels. The optimal result obtained after 0.906 s indicates that the majority of buildings
located in the northern area of the industrial estate would not be affected by the possible
explosion (i.e., G49–G61). Regardless, some buildings assigned to G14–G17 were found to
be in the risk-prone area. This is because these factories require smaller areas, resulting in
lower costs of potential losses than those in other areas. The overall costs associated with
the risk computed from the accident damage was found to be 54,990,000 Baht, as shown in
Table 3.

4.2.3. Result from Bi-Objective Optimization

Prior results show that there are clearly trade-offs between cost-related and risk-related
objectives. Thus, in the next section, we evaluate the results obtained from solving the
bi-objective optimization model developed earlier. In particular, the Epsilon-constraint
algorithm is used to analyze the bi-objective model through which the model is transformed
into a single-objective optimization model for a particular objective function with additional
constraint sets related to other objectives. The Pareto optimal solution can thus be obtained
by first computing the upper-bound value of the Epsilon and then varying the Epsilon
value in the best direction. In this study, the economic objective function (i.e., Z1) is used
as the primary objective function of interest, and the safety objective function (i.e., Z2) is
transformed into the constraint set in addition to other existing constraint sets. In this way,
the proposed bi-objective optimization model (i.e., Equations (5) and(6)) becomes a single-
objective, Epsilon-constraint model, as shown in Equations (79) and (80). In particular, the



Computation 2021, 9, 46 16 of 22

results from varying the Epsilon value related to the risk-related objective function in the
best direction (i.e., a lower risk cost) with a step of 25 incremental percentage points show
that the cost-related objective function will become worse (i.e., achieve higher installation
costs), as shown in Table 4.

Minimize Z1 : ∑
i∈ P

∑
k∈ K

{
cup

i rrd

}
Bi,k (79)

Subject to ∑
i∈ P

∑
k∈ K

{
rkc f c

k

}
Bi,k ≤ ε (80)
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Table 3. Results of assigning plant location under the risk objective.

Plant
Located

Risk
Probability

Property
Damage
(Baht)

Plant
Located

Risk
Probability

Property
Damage
(Baht)

P1 (G50) 0 0 P12 (G60) 0 0

P2 (G51) 0 0 P13 (G41) 0.24 7,020,000

P3 (G53) 0 0 P14 (G46) 0.24 7,020,000

P4 (G52) 0 0 P15 (G49) 0.24 7,020,000

P5 (G54) 0 0 P16 (G45) 0.24 5,265,000

P6 (G61) 0 0 P17 (G17) 0.39 5,703,750

P7 (G56) 0 0 P18 (G16) 0.39 5,703,750

P8 (G57) 0 0 P19 (G15) 0.39 5,703,750

P9 (G55) 0 0 P20 (G14) 0.39 5,703,750

P10 (G594) 0 0 P21 (G1) 0.24 5,850,000

P11 (G58) 0 0
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Table 4. Results from solving the bi-objective model with the Epsilon-constraint method.

Epsilon (ε) Incremental Percentage

0% 25% 50% 75% 100%

Z1 value (Baht) 32,610,100 33,509,000 38,512,800 45,922,200 61,827,200

Z2 value (Baht) 338,386,000 269,514,000 202,922,000 135,354,000 67,421,200

Location of
hazardous-

material
plants

P1(G23),
P3(G35),
P5(G36),
P7(G37),
P9(G44)

P1(G22),
P3(G35),
P5(G36),
P7(G38),
P9(G44)

P1(G27),
P3(G36),
P5(G39),
P7(G47),
P9(G57)

P1(G37),
P3(G47),
P5(G59),
P7(G60),
P9(G61)

P1(G51),
P3(G52),
P5(G55),
P7(G57),
P9(G59)

Location of
warehouse-type

buildings

P2(G24),
P4(G27),
P6(G34),
P8(G38),
P10(G39)

P2(G23),
P4(G26),
P6(G27),
P8(G37),
P10(G39)

P2(G23),
P4(G37),
P6(G38),
P8(G44),
P10(G60)

P2(G36),
P4(G39),
P6(G44),
P8(G57),
P10(G58)

P2(G53),
P4(G54),
P6(G56),
P8(G58),
P10(G61)

Location of
typical industrial

plants

P11(G3),
P12(G4),
P13(G5),
P14(G8),
P15(G9),

P16(G18),
P17(G21),
P18(G22),
P19(G25),
P20(G26)

P11(G1),
P12(G4),
P13(G5),
P14(G7),
P15(G8),

P16(G14),
P17(G18),
P18(G19),
P19(G21),
P20(G25)

P11(G1),
P12(G5),
P13(G8),

P14(G14),
P15(G15),
P16(G18),
P17(G21),
P18(G22),
P19(G25),
P20(G26)

P11(G8),
P12(G14),
P13(G15),
P14(G18),
P15(G21),
P16(G22),
P17(G23),
P18(G26),
P19(G27),
P20(G38)

P11(G14),
P12(G15),
P13(G16),
P14(G26),
P15(G37),
P16(G38),
P17(G39),
P18(G44),
P19(G49),
P20(G60)

Location of a
central office P21(G6) P21(G6) P21(G6) P21(G1) P21(G1)

Additionally, the computational time is analyzed to understand the complexity of the
proposed model, as illustrated in Table 5. When approximately 20 plants are assigned to the
industrial estate, the computational time is within 10 s. On the other hand, when 40 plants
are located in the same industrial plant, the computational time increases to approximately
40–225 s. This observation suggests that other algorithms could be investigated to judge
the computation time for a greater number of plants or the planning of a larger-sized
industrial estate.

Table 5. Computational time analysis.

20 Plants

Epsilon incremental percentage 25% 50% 75% 100%

Computation Time (s) 5.39 s 5.53 s 3.12 s 2.45 s

40 Plants

Epsilon incremental percentage 25% 50% 75% 100%

Computation time (s) 156.83 s 225.84 s 42.93 s 141.87 s

4.2.4. Pareto Frontier Analysis

We next discuss the Pareto frontier obtained from using the Epsilon-constraint method.
The Pareto frontier is also known as the non-dominated frontier or efficient frontier in
the literature. The Pareto frontier is the set of all non-dominated solutions, which can be
graphically shown for any pairs of objective functions. By definition, the Pareto optimal
solution in a minimization problem is solution x0 that holds true for fk(x) > fk(x0),
which means that f j(x) < f j(x0) for at least one other index j. Likewise, solution x0 is
said to be the Pareto optimal solution if fk(x) < fk(x0), meaning that f j(x) > f j(x0) in
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a maximization problem [39–42]. Thus, the Pareto optimal solution is a feasible solution
that is not dominated by other feasible solutions in which the non-domination property
exists such that an improvement in any one objective is possible only at the expense of
a poorer solution in at least one other objective. Accordingly, the Pareto frontier can be
generated based on a set of Pareto optimal solutions to analyze trade-offs among objective
functions in a multi-criteria objective space.

In this study, the Pareto frontier is generated between the pair of cost- and risk-related
objective functions, as illustrated in Figure 7a. For instance, the Pareto optimal solution at
Point A in the figure indicates that when the desired pipe cost is 32,277,600 Baht, the risk
cost required will be 304,514,000 Baht. On the other hand, there is a trade-off such that
when the risk cost is improved to 202,922,000 Baht, the pipe cost increases to 38,512,800
Baht, as presented at Point B. Moreover, Point C shows that when the risk cost is improved
to 87,018,800 Baht, the required pipe cost will increase to 55,077,600 Baht.
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The Pareto frontier can thus be used to visualize the advantages and drawbacks of
varying the Epsilon value in the Epsilon-constraint method. Furthermore, we analyzed the
polynomial regression model to illustrate the changing trends of the objective functions,
which can help predict the objective values, as shown in Figure 7b. The regression model
is shown in Equation (81) with an R-squared value of 99.3%, indicating that the variance
of the risk cost can be reasonably predicted from the pipe cost. In particular, Figure 8a–c
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illustrates the plant location in the industrial estate under Pareto Point A, Point B, and
Point C, respectively.

Z2 = 1.13E + 09 − 35.63(Z1) + 0.0000001(Z1)
2 (81)
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5. Managerial Insight

Planning the locations of plants in the industrial estate involves a number of factors.
The model developed in this study integrates bi-objective functions between the construc-
tion cost based on the piping system and the risk cost as a surrogate criterion for safety.
However, other key performance indices can also be used. For example, environmen-
tal and social activities can be used as objective functions (e.g., the rate of employment
opportunities, public health, and corporate social responsibility) [43–46]. Considering
the model development, four building types are evaluated next, and six comparisons
((4) × (4 − 1)/2) are required to compare all pairs of building types. Thus, converting the
non-linear equations to linear forms for the separation requirements requires 24 (6 × 4)
associated parameters and variables, which affects the complexity of the developed model.
Nonetheless, the problems associated with a larger or smaller number of building types
can be adjusted accordingly. In addition, the associated constraint sets pertaining to the
separation-distance constraint for the minimum and/or maximum conditions may be
relaxed in some cases, which will also affect the computational time of the model.

In the trade-off analysis, the Pareto frontier demonstrates how an improvement in
one objective function can worsen the result of the other objective function. The assessed
Pareto frontier helps to visualize the effect of increasing emphasis on an objective function
of interest. The regression analysis will also allow decision-makers to more easily predict
such trade-offs between objective functions. Additionally, given an increasing number of
reported emergency situations, accounting for risk management has become an integral
part of the planning for an industrial estate. The emergency impact from an explosion
and/or fire may cause damage to the surrounding factories inside and outside the industrial
estate. Thus, risk management and loss prediction should be analyzed in advance based
on the various types of chemical substances in the intended industrial estate.

6. Conclusions and Future Research

This study focused on the design and planning of plant locations in an industrial estate
using a case study of an actual industrial estate in Thailand. A bi-objective, mixed-integer
linear programming model was proposed and analyzed by considering the economic and
safety criteria. Initially, trade-offs between the two objective functions were evaluated
by solving a single-objective model. The optimal solution obtained from solving the
cost objective showed that the factories should be located close to each other and to the
office center. In contrast, the optimal solution from considering only the safety objective
function showed that most factories should be dispersed around the boundary of the
industrial estate to avoid possible damage in case of an emergency. Thus, trade-offs clearly
exist between these two conflicting objective functions. A bi-objective solution was later
obtained using the Epsilon-constraint method to further obtain the Pareto optimal solution
in this study.

This study provides a practical analysis for the design and planning of an industrial
estate. The hazard simulation software called ALOHA was further integrated with the
bi-objective optimization model to evaluate the risks and emergencies that could result
from the hypothesized leakage and explosion threats of the H2S chemical substance. By
integrating the risk scenario with the developed mathematical model, the software was
used to simulate an emergency situation for industrial estate planning. In addition, the
developed Pareto frontier was demonstrated so that decision-makers can more easily
visualize how improving the safety criterion will affect the cost counterpart when planning
an industrial estate. The polynomial regression model was also analyzed to predict the
desired objective under a Pareto trade-off.

Future directions of this research include expanding the scope of the study with
other case studies including diverse requirements, varied numbers of plants, and different
land sizes. Given the present-day complexity of industrial estates, details concerning
the technological, functional, business, and technical requirements should also be further
explored. For example, piping systems may exhibit material types and characteristics
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that should be investigated. Other threats obtained from the ALOHA program, including
toxic and flammable threats, could also be further used to assess the risk probability and
associated damage that may occur. The objectives of interest could also be further expanded
to include the three pillars of sustainability, including the social objective. In addition,
given a large-scale, multi-objective problem, the exact method implemented in this study
may require significant computational time and so the use of metaheuristic algorithms
could be further explored to obtain near-optimal solutions in a timely manner. Lastly, the
hazard modeling simulation of chemical emergencies implemented in this study could be
further used to assess different chemical substances for better risk-management planning.
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