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Abstract: In the new-type clustered industrial park, the closer distance between enterprises leads to
risk aggregation, and the layout of enterprises affects the safety and economy of the park. However,
previous studies have often paid insufficient attention to safety, and few studies have considered
park profits. To address this issue, a bi-level three-dimensional layout optimization model was
proposed to minimize the overall association risk of the park and maximize the rental profit. In
particular, this article explained the enterprise association risks and provided calculation formulas,
considering multiple risk types. To solve the proposed nonlinear model, a specific variable conversion
method was presented to reduce the problem scale. Subsequently, an improved genetic algorithm
was developed and applied to obtain the layout results. Furthermore, a case study of an industrial
park was conducted, and the computational results indicated the validity of the model and methods.
Finally, two different scenarios were implemented, and critical parameters were tested to provide
valuable management insights.

Keywords: industrial park layout; association risk; rental profit; multi-story layout design

1. Introduction

The layout problem in new-type industrial parks is the large-scale 3D multi-story
enterprise layout design (3DMSELD). According to certain principles, the enterprises will be
reasonably distributed on all floors of each building in the park. Traditional industrial park
layout problems are mainly carried out on a two-dimensional plane [1]. However, intensive
production models have become increasingly common with economic development. Many
new-type clustered industrial parks have emerged in China and are distributed in the
eastern coastal region. These parks generally have multiple multistory buildings leased
to dozens of enterprises, which involves the large-scale 3DMSELD problem. Factory
intensification can significantly improve land and infrastructure utilization rates. However,
it also creates a concentration of risks. The shortening distance between enterprises has
led to a greater possibility of risk interactions. An accident in one enterprise can lead to
injury or property damage to others and may even trigger a domino effect [2]. Therefore, it
is necessary to consider the risk factors in the park layout problems.

With social development, people attach greater importance to safety, and how to
reduce risk through layout has become the research focus. Most studies involving safety
have considered safety factors as safety costs or constraints. For instance, Caputo [3]
demonstrated that safety-related costs are relevant for defining optimal layout; Wang [4]
treated multiple hazard sources as risk costs in the objective function. However, the safety
status of enterprises in clustered industrial parks is closely related, and it is worthwhile
to focus on safety factors separately. In particular, Wang [5] argued that it would be
inappropriate to turn safety issues into economic numbers in objective functions. The
layout problem has been around for a long time; many previous studies have focused on
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the single-story layout of a facility [6]. Rosenblatt [7] proposed a combined quantitative
and qualitative approach to the facilities layout problem on a two-dimensional plane.
Penteado [8] constructed a model to provide a chemical plant’s optimal layout of process
equipment. These studies did not solve the three-dimensional layout problem. Research
on multi-story layouts has become a hot topic with an increase in multi-story workshops.
Kia [9] and Latifi [10] presented two 3D models to describe the facility layout problem.
However, there are few studies on the three-dimensional optimization layouts at the
industrial park level with enterprises as the smallest layout unit. In addition, the park
management party’s main profit comes from rent affected by the layout. Nevertheless, this
has rarely been considered in previous studies.

Although significant progress has been made in related fields, we can get some
research gaps from the above discussion. First, there is a lack of theoretical research on
the large-scale 3DMSELD problem; Second, researchers have not treated the risk impact
between enterprises in much detail; Third, there is a lack of consideration for rental profit
in the layout problem. To address the gaps mentioned above, this study used a bi-level
integer nonlinear programming (BLINLP) model considering enterprise association risks
and rental profit to make hierarchical decisions at the layout stage. First, settled enterprises
were divided into risk and non/low risk enterprises. Priority was given to reducing the
risk level of the parks. Because the enterprise’s inherent risks do not change with location,
this study only considered the associated risk between enterprises. For non/low risk
enterprises, rents were considered to create enterprise layouts to maximize the park’s
income. Subsequently, a BLINLP model was presented to solve the large-scale 3DMSELD
problem. To reduce problem size, a specific variable conversion method was proposed.
Then, an improved evolutionary algorithm was applied. In addition, a case study was
conducted using data from an industrial park in Shunde. Consequently, this study focuses
on addressing the large-scale 3DMSELD problem considering enterprise association risk
and rental profit. The following key questions are required to address the main concerns of
this study:

(1) How to define the enterprise association risk?
(2) How to formulate a bi-level optimization model for the large-scale 3DMSELD problem?
(3) How to solve the proposed nonlinear bi-level model?

To solve the large-scale 3DMSELD problem with the above questions, a BLINLP
model was developed in this study. Compared with the existing studies, this work makes
the following main contributions: (a) this study considers a three-dimensional layout
optimization problem with multi-building, multi-floor, and multi-enterprises factors; (b) the
enterprises association risk calculation formulas are proposed and used as the layout goal;
(c) our study constructs a BLINLP model and proposes a variable conversion strategy to
reduce the problem size. The remainder of this article is organized as follows. Section 2
presents a literature review of the main concerns of this study, in which research gaps
are identified. Section 3 describes the enterprise layout problem with two goals, where
the association risks are explained and calculated. To address this problem, the BLINLP
model is presented in Section 4. Then, an improved genetic algorithm (GA) is developed
and presented after the decision variables are converted in Section 5. Section 6 presents a
case study in which the obtained results validate the effectiveness of the proposed model.
Finally, Section 7 concludes the study by summarizing the findings and highlighting
future directions.

2. Literature Review

Our work aims to develop a computable BLINLP model to solve the large-scale
3DMSELD problem. This section reviews the literature by discussing dozens of studies
on the influencing factors in the layout, formulation of association risks, mathematical
programming, and solving algorithms.
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2.1. Influencing Factors in Layout

The facility layout in a single plant or plant layout in an industrial area significantly
impacts manufacturing costs, energy losses [11], enterprise performance, and safety [12,13].
Economy and safety are the two main factors considered in the layout design. Previous
research has focused on minimizing the layout costs [14], including pipelines [15], land, and
internal costs (e.g., cost of moving materials). Wang [16] proposed a model to minimize the
piping investment, pump power, land, and floor construction costs. Derhami [17] focused
on reducing the operational costs of warehouses by layout. The park leases plants to the
enterprise, and rent is the primary profit source of the park. Unlike previous studies that
considered costs, this study sets maximizing rental profits as an objective function.

In addition, some studies have considered safety factors in the layout [18]. de Lira-
Flores [19] proposed a mixed integer nonlinear programming (MINLP) approach to solve
the plant layout problem with the objective of reducing the risk of the process plant.
Medina-Herrera [20] used quantitative risk analysis (QRA) to design a plant layout. Factors
of multiple hazard sources in explosion accidents were considered in Wang [4]. Latifi [10]
considered the toxic release risk and possible scenarios of fire, explosion, and domino effects
in their layout model. To address safety issues, this study considered the risk association
between enterprises in the optimization model.

2.2. Formulation of Association Risks

The industrial park acts as a complex system in which enterprises interact with each
other. Enterprise association risk reflects the degree of impact between enterprise risks.
A critical issue in studying association risk is its measurement. Wang [5] adopted the
trinitrotoluene (TNT) equivalent and Pasquill-Gifford models to evaluate workers’ death
probabilities and structural damage to buildings. Groth [21] used a software toolkit to
conduct a QRA and consequence analysis relevant to assessing the safety of hydrogen
fueling and storage infrastructure. Medina-Herrera [20] used consequence analyses and
probit models to quantify the effects of catastrophic outcomes. Brunoro Ahumada [18]
developed a framework integrating layout formulation with a QRA method.

In addition, domino accidents [22,23] can occur in the new-type clustered industrial
parks, and studies have been conducted to describe them quantitatively. Hazardous
events such as pool fires, jet fires, flash fires, fireballs, and blast waves resulting from
explosions were considered by Ejeh [24]. An optimization-based approach for obtaining
safe plant layout designs using the domino hazard index was presented in this article.
Liu [25] established a consequence and probability model for the domino effect initiated
by fires and explosions. Ding [26] modeled the spatial-temporal evolution of domino
effects, and the risk was assessed by the time to failure and escalation probability. Ni [27]
proposed a relative risk model to assess the domino effect in the chemical process industry.
Furthermore, field theory and Monte Carlo simulations have been adopted for the risk
assessment of domino accidents [28]. Although many relevant studies exist, the association
risks between enterprises in a three-dimensional space still need to be further classified
and studied.

2.3. Bi-Level Optimization Model

Both practical and theoretical studies have demonstrated the importance of properly
constructing mathematical models for layouts involving multiple buildings, multiple
stories, and multiple enterprises. Layout issues often involve multiple goals, and these
goals are not necessarily considered to have the same priority. Multilayer optimization
models can reflect hierarchical relationships. Lu [29] introduced bi-level and tri-level
decision making. Cao [30] proposed a fuzzy bi-level optimization model for multi-period
post-disaster relief distribution. Yang [31] constructed a bi-level optimization model for
large-scale electric vehicle charging. Although bi-level optimization theory is relatively
mature, the current research on layout problems basically use single-level programming.
For instance, Che [32] proposed a bi-objective MINLP model to minimize the total material
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handling cost and total occupied room area. Martinez-Gomez [33] considered the economic
and safety issues in a single-level programming model. Because our study has two goals
and is more focused on minimizing risk, a hierarchical optimization model is used that
differs from previous ones.

2.4. Model Solving Algorithm

Optimization model solving strategies can be divided into exact and heuristic algo-
rithms. For exact algorithms, the simplex algorithm [34], branch-and-bound algorithm [35],
and Benders decomposition algorithms are commonly used. For instance, Ahmadi [36]
used the CPLEX software to precisely solve the proposed multiple-stage mathematical
programming model. However, exact algorithms are more suitable for solving small-scale
linear models and more challenging for large-scale problems. Therefore, many studies
have used heuristic algorithms to solve these problems [37,38]. Caputo [3] proposed a
method based on a GA to optimize the process plant layout. Chen [39] presented a heuristic
approach combining an improved adaptive GA with scatter search. In the present study,
an improved GA was used.

2.5. Summary

In addition to the discussion above, Table 1 provides a comprehensive literature
review. Some gaps in the literature can be addressed as follows. First, many recent
studies have focused on single-story facility layouts in plants. However, only a few studies
have addressed multi-story layout problems. Second, most existing studies do not pay
sufficient attention to risk, often only adding risk as a risk cost to the objective function
of minimizing layout costs. Third, previous studies scarcely considered parks’ profits.
Therefore, this study focuses on the large-scale 3DMSELD problem considering risk and
profit. In addition, a BLINLP model is proposed to formulate the above problem, which
has two goals: (a) minimization of association risk and (b) maximization of rental profit.
To solve this problem, a special decision variable conversion method is first presented to
reduce the problem scale. This study also applied an improved GA method to handle large-
scale problems. Finally, a case study with different scenario simulations and a sensitivity
analysis was implemented to validate the proposed nonlinear model and solution methods.

Table 1. Summary of the literature on the layout operations.

Article Main Problem Multi-Story
Layout Risk Profit Cost * Hierarchy Approach

Balakrishnan [40] Plant layout No No No Yes Single Heuristic
Patsiatzis [41] Process plant layout No Yes No Yes Single Exact

Vázquez-Román [42] Facility layout No Yes No Yes Single Exact
Cheng [43] Facility layout No No No No Single Heuristic

Xu [44] Chemical Plant Layout No Yes No Yes Single Heuristic
Emami [45] Dynamic facility layout No No No Yes Single Heuristic

Medina-Herrera [20] Plant layout Yes Yes No Yes Single Exact

Kia [9]
Dynamic cellular

manufacturing systems
layout

Yes No No Yes Single Heuristic

Izadinia [46] Multi-floor layout
problem Yes No No Yes Single Exact

Caputo [3] Process plant layout No Yes No Yes Single Heuristic
Alves [47] Chemical plant layout No Yes No No Single Heuristic

Ahmadi [36] Facility layout Yes No No Yes Single Exact
Wang [1] Industrial area layout No Yes No Yes Single Heuristic
Che [32] Facility layout Yes No No Yes Single Exact

Latifi [10] Process plant layout No Yes No Yes Single Heuristic
Zhang [48] Warehouse layout No No No Yes Single Heuristic

Arnaout [49] Warehouse layout No No No Yes Multiple Heuristic
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Table 1. Cont.

Article Main Problem Multi-Story
Layout Risk Profit Cost * Hierarchy Approach

Wang [4] Industrial park layout No Yes No Yes Single Heuristic
Şahin [6] Facility layout No No No Yes Single Heuristic
Ejeh [24] Process plant layout Yes Yes No Yes Single Exact

This study Industrial park layout Yes Yes Yes No Multiple Heuristic

* does not include costs related to safety and risk but only the actual economic outlay.

3. Problem Description

The new-type clustered industrial park layout involves multiple buildings and floors,
considering the enterprises association risk and rental profit. This section describes the
main problem in the following four subsections.

3.1. New-Type Clustered Industrial Park

The new-type clustered industrial parks are currently numerous in China and have the
following characteristics: (a) they contain several multi-story buildings, (b) their factories
are intensive and standard. The enterprise leases one or more factories for production and
operation, and (c) complete supporting services. The park management party manages the
entire park and provides complementary services. Each building in the park may consist
of multiple enterprises of different types, such as packaging and printing, machinery and
equipment, e-commerce, and furniture manufacturing. These enterprises are geographically
located in the park and share park infrastructure, creating a concentration of safety risks.

3.2. Association Safety Risks

The new-type clustered industrial park is a complex system in which enterprises are
risk-related. This risk correlation can partially be explained by the domino effect. The
occurrence of the domino effect is only possible when the energy of the initial accident is
sufficiently large to affect other enterprises within the range. It is generally believed that
the spread of an initial accident must at least cause a secondary accident to happen [25].
The association safety risk of Enterprise A to Enterprise B is the size of the risk faced
by Enterprise B from Enterprise A. Unlike the domino effect risk, the association safety
risk also includes the possibility that Enterprise A did not cause a secondary accident in
Enterprise B but only led to harm Enterprise B. The impact of an accident in Enterprise A
on Enterprise B is illustrated in Figure 1.
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Where PA is the probability of an accident in Enterprise A, PAB is the probability
that an accident in Enterprise A causes a secondary accident in Enterprise B, CB is the
loss caused by the secondary accident in Enterprise B, and CAB is the loss in Enterprise B
caused by an accident in Enterprise A. It should be noted that CAB may be 0. That is, an
accident at Enterprise A will not affect Enterprise B. Risk can be expressed as a function of
probability and consequence [50]. The association safety risk RAB of Enterprises A to B can
be calculated by

RAB = PAPAB(CB + CAB) + PAPABCAB (1)

From engineering experience and previous research, it has been found that the farther
away locations are from the flashpoint of risk events, the less they are affected. However,
the distance between multiple enterprises is unknown before the layout is implemented,
and the specific location of the dangerous equipment is unknown. This article takes the
enterprise as the smallest layout unit. The actual association risk assessment steps between
enterprises were simplified to reduce the calculation scale and improve the feasibility of
the layout model. The specific steps are as follows: (a) classify enterprises according to the
category of the most severe risk event; (b) consider only the most severe risk event and
assess the association risk when two enterprises are adjacent; (c) determine the diffusion
coefficient functions for different risk events; (d) determine the association risk change
between enterprises when the distance changes according to the risk diffusion coefficient
function. The specific steps are as follows:

(1) Step 1: Risk enterprise classification
There are many types of enterprises in the new-type industrial parks, and accidents

that may occur include fires, explosions, object strikes, electric shocks, and mechanical
injuries. This study examines the interactions between enterprises. The domino effect is
caused by the following physical effects: fire heat radiation, overpressure of an explosion
shock wave, and propellant fragments. Accidents causing the domino effect can be di-
vided into fires and explosions [25]. These two types of accidents are also the focus of
our work. New-type industrial parks typically contain multiple multistory buildings, and
fires spread rapidly in high-rise buildings. Furthermore, some enterprises have pressure
vessels, which increases the risk of explosion. Therefore, risk enterprises were classified
according to the most severe dangerous events categories: (1) fire risk enterprises, (2) ex-
plosion risk enterprises, and (3) other types of risk enterprises. This study only calculates
the fire and explosion risks separately and does not consider situations in which both
occur simultaneously.

(2) Step 2: Assessment of association risk with neighboring enterprises
Many studies have conducted quantitative assessments of risk for fixed-location

enterprises. Luo [51] proposed a QRA method that combines a risk matrix, fault tree,
and fishbone diagram model. First, the two enterprises to be evaluated are considered
adjacent. The probability of a primary risk event occurring can be calculated based on a
fault tree. The domino effect extension probability model [25] can be used to calculate the
probability of accidents caused by other enterprises. The consequences of an accident can be
analyzed using the Dao chemical index method. The risk matrix method can determine the
probability and severity of the consequences. Finally, based on Equation (1), the associated
safety risk when enterprises are adjacent is obtained. This method determines accident
probability among enterprises by merely considering the occurrence of the most severe risk
event. This moderately simplified approach aims to reduce the magnitude of computing
complexity without losing the rationality of the enterprise layouts.

(3) Step 3: Risk diffusion coefficient function
The risk diffusion coefficient function identifies the degree to which the risk value

decreases with an increase in distance from the risk event flashpoint and is a function of
distance. The layout points used in this study were fixed. Thus, the distances are discrete
and can be approximated as floor differences.

(i) Fire risk enterprises
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Accidents that cause fires can generally be divided into pool fires, jet fires, fireballs,
and flash fires, and the main hazard is thermal radiation [28]. The point source model
is simple, easy to manage, and widely used to calculate fire thermal radiation. May [52]
first hypothesized that the fire source was a point heat source and used the square ratio
theorem to calculate the thermal radiation intensity at any target point around the flame.
However, they did not construct a perfect mathematical calculation model. Modak [53]
set the location of the point heat source at half the height of the flame above the flame
centerline based on their predecessors and derived a mathematical calculation model of
the single point heat source model through theoretical derivation. Sivathanu [54] proposed
a method for estimating the total radiant output of turbulent jet flames by measuring the
radiative heat flux at a single location. This study examined the impact of enterprises that
are distant and suitable for applying point source models. The general formula for the
application of the single-point source model to thermal radiation in pool fires is

Ip =
Qtc

4πx2 (2)

where Ip is the intensity of the thermal radiation at the target point, Q is the total thermal
radiation of the pool fire, tc is the thermal conductivity, and x is the distance from the target
point to the center of the flame.

The point source model reduces the flame to a radiant emission point in a spherical
shape that radiates heat into the surrounding space based on the inverse ratio of the
intensity of the thermal radiation to the square of the distance to the radiation source. The
point source model is shown in Figure 2. Referring to the point source model, the fire risk
diffusion coefficient function is defined as follows:

γ f (Dij
)
=


1 i f Dij = 0

β1

(bDij)
2 i f Dij > 0

β2

(bDij)
2 i f Dij < 0

(3)

where Dij is the floor difference between enterprise j and enterprise i, b is the floor-to-floor
height, and β1 and β2 are the correction parameters.
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(ii) Explosion risk enterprises
The physical effects corresponding to an explosion are the overpressure of the explo-

sion shock waves, propellant fragments, and thermal radiation. One of the most repre-
sentative types of damage is shockwave damage, which spreads widely and quickly and
may cause chain damage. Shockwave injuries and destructive effects can be assessed using
the overpressure criterion. When the shock wave overpressure reaches a specific value, it
causes inevitable damage. In the shockwave propagation method, the energy propagates
outward from the center of the explosion source. Its propagation characteristic is that the



Appl. Sci. 2022, 12, 8110 8 of 22

farther away from the center it is, the smaller the effect of the overpressure state. The
shockwave peak overpressure is generally considered a function of the distance. Many
experimental studies have been conducted, and various empirical formulas have been
summarized [55,56]. Yang [57] compared and analyzed the prediction results of multiple
empirical formulas and summarized the following formulas:

Z =
R

W1/3 (4)

Pso =

{
0.084

Z + 0.27
Z2 + 0.7

Z3 i f Z ≤ 1
0.084

Z + 0.255
Z2 + 0.65

Z3 i f 1 < Z ≤ 15
(5)

where Z is the proportional distance, R is the distance between the target point and burst
center, W is the equivalent TNT dosage, and Pso is the shock wave peak overpressure. The
explosion risk diffusion coefficient function is defined as follows:

γe(Dij
)
=


1 i f Dij = 0
α1

bDij
+ α2

(bDij)
2 +

α3

(bDij)
3 i f Dij > 0

α4
bDij

+ α5

(bDij)
2 +

α6

(bDij)
3 i f Dij < 0

(6)

where α1, α2, α3, α4, α5, and α6 are correction parameters. When considering other environ-
mental impact factors, such as wind direction, wall thickness, and safety barriers, the risk
diffusion coefficient can be adjusted using correction parameters based on actual engineer-
ing experience. Furthermore, it can be combined with expert evaluations to increase the
model’s flexibility.

(iii) Other types of risk enterprises
In addition to fires and explosions, enterprises can also have other accidents. The

model only considers the impact on the same floor for accidents that are less likely to occur
or have a smaller scope of impact. The diffusion coefficient function is defined as follows:

γo(Dij
)
=

{
1 i f Dij = 0
0 otherwise

(7)

(4) Step 4: Determination of actual association safety risks
Based on the above steps, the actual association risk of enterprises is determined by:

Ra
ij =


Rij ∗ γ f (Dij

)
i f i ∈ F

Rij ∗ γe(Dij
)

i f i ∈ E
Rij ∗ γo(Dij

)
i f i ∈ O

(8)

where Ra
ij is the actual association risk with enterprises i and j, Rij is the association safety

risk where enterprises i and j are adjacent, and F, E, and O represent fire types, explosion
types, and other types of enterprises, respectively.

3.3. Profit

In addition to safety issues, park management needs to consider profit. The profit of
the new-type industrial park is affected by many factors, such as factory rent, management
costs, and government support. Among these, rent is an important source of profit for the
park. Standardized factories and supporting service facilities have led to certain increases
in costs and rent. Most parks begin to attract enterprises during the construction process.
The new-type industrial park generally consists of several multistory buildings. To obtain
greater rental profits, the park is more inclined to choose negotiable pricing to achieve park
management and enterprise consistency. In particular, different enterprises have different
affordability values for each floor. For example, enterprises that need to move large goods
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frequently are more willing to pay higher rents for the first floor. Therefore, the layout
results of enterprises can have an impact on rental profits, which is worth noting. This
study considers only rental profits for non/low-risk enterprises.

3.4. Goals

This study considers two levels: the goal of the upper level is to achieve minimum
association safety risks, and the lower-level goal is to maximize the park rental profit. At a
certain point in time, the risk enterprises that need to be prioritized are identified. In addi-
tion to the enterprise’s inherent risks, there is also a risk correlation between enterprises.
The enterprise’s inherent risks do not change with location and cannot be reduced by opti-
mizing the park layout. From Section 3.2, it can be seen that the enterprise association risk
affected by distance reflects the degree of impact between enterprise risks. By optimizing
the facility layout, the distance between risky enterprises can be changed, thereby reducing
the overall associated risk of the park. Consequently, this study takes the minimization of
the total association risk as the upper-level goal.

Based on achieving the first goal, the rent is considered, and the layout of the remaining
enterprises is determined. In particular, the decision variables for the two goals are different.
In this study, improving the safety level of parks is a priority. Therefore, the upper optimal
solution is first calculated, and the upper-level result is used as the constraint of the
lower level.

4. Bi-Level Programming Model Formulation
4.1. Notations

Sets
I Set of risk enterprises, indexed by i ∈ I.
F Set of fire risk enterprises, indexed by f ∈ F.
E Set of explosion risk enterprises, indexed by e ∈ E.
O Set of other types of risk enterprises, indexed by o ∈ O.
J Set of non/low - risk enterprises, indexed by j ∈ J.
B Set of buildings, indexed by b ∈ B.
S Set of floors, indexed by s ∈ S.

Area parameters
Qbs Size of s ∈ S in b ∈ B.
Ai Area required by enterprise i ∈ I.
Aj Area required by enterprise j ∈ J.

Risk parameters
R f i Association risk where enterprises f ∈ F and i ∈ I are adjacent.
Rei Association risk where enterprises e ∈ E and i ∈ I are adjacent.
Roi Association risk where enterprises o ∈ O and i ∈ I are adjacent.

γ f (d) Fire is the floor difference.
γe(d) Explosion is the floor difference.
γo(d) Other is the floor difference.

Rent parameter
Zjs Expected rent of j ∈ J on s ∈ S.

Other parameter
Ns specific floor value of s ∈ S.

Particularly:
F ∪ E ∪ O = I (9)

F ∩ E, E ∩ O, F ∩ O = 0 (10)

Decision variables:

xbsi =

{
1 Enterprise i ∈ I on s ∈ S in b ∈ B
0 otherwise

xbs f =

{
1 Enterprise f ∈ F on s ∈ S in b ∈ B
0 otherwise
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xbse =

{
1 Enterprise e ∈ E on s ∈ S in b ∈ B
0 otherwise

xbso =

{
1 Enterprise o ∈ O on s ∈ S in b ∈ B
0 otherwise

xbsj =

{
1 Enterprise j ∈ J on s ∈ S in b ∈ B
0 otherwise

xb f i =

{
1 Enterprises f ∈ F and i ∈ I in b ∈ B
0 otherwise

xbei =

{
1 Enterprises e ∈ E and i ∈ I in b ∈ B
0 otherwise

xboi =

{
1 Enterprises o ∈ O and i ∈ I in b ∈ B
0 otherwise

4.2. Assumptions

Three assumptions were postulated for the BLINLP model.

(i) An enterprise can be located on only one floor of a building. A few enterprises that
need to be located on multiple floors are treated as independent enterprises.

(ii) The associated safety risk can only occur between two enterprises when the two enter-
prises are located in the same building. This study does not consider the interactions
between enterprises located in different buildings.

(iii) The types of enterprises and the association risks of adjacent enterprises are known.
The specific determination process is described in Section 3.

4.3. Bi-Level Integer Programming Model

In this subsection, the BLINLP model is defined using Equations (11)–(25).

Ψ1 = Min ∑
b∈B

∑
f∈F

∑
i∈I

R f i ∗ γ f
(

∑
s∈S

xbs f Ns − ∑
s∈S

xbsi Ns

)
∗ xb f i+

∑
b∈B

∑
e∈E

∑
i∈I

Rei ∗ γe
(

∑
s∈S

xbseNs − ∑
s∈S

xbsi Ns

)
∗ xbei+

∑
b∈B

∑
o∈O

∑
i∈I

Roi ∗ γo
(

∑
s∈S

xbso Ns − ∑
s∈S

xbsi Ns

)
∗ xboi

(11)

s.t.
∑
i∈I

Ai ∗ xbsi ≤ Qbs ∀ b ∈ B, s ∈ S (12)

∑
b∈B

∑
s∈S

xbs f = 1 ∀ f ∈ F (13)

∑
b∈B

∑
s∈S

xbse = 1 ∀ e ∈ E (14)

∑
b∈B

∑
s∈S

xbso = 1 ∀ o ∈ O (15)

∑
b∈B

∑
s∈S

xbsi = 1 ∀ i ∈ I (16)

∑
s∈S

xbs f = ∑
s∈S

xbsi ∀ b ∈ B, f ∈ F, i ∈ I, f = i (17)

∑
s∈S

xbse = ∑
s∈S

xbsi ∀ b ∈ B, e ∈ E, i ∈ I, e = i (18)

∑
s∈S

xbso = ∑
s∈S

xbsi ∀ b ∈ B, o ∈ O, i ∈ I, o = i (19)
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xb f i = Min

{
∑
s∈S

xbs f , ∑
s∈S

xbsi

}
∀ b ∈ B, f ∈ F, i ∈ I (20)

xbei = Min

{
∑
s∈S

xbse, ∑
s∈S

xbsi

}
∀ b ∈ B, e ∈ E, i ∈ I (21)

xboi = Min

{
∑
s∈S

xbso, ∑
s∈S

xbsi

}
∀ b ∈ B, o ∈ O, i ∈ I (22)

Ψ2 = Max ∑
b∈B

∑
s∈S

∑
j∈J

Zjs ∗ xbsj ∗ Aj (23)

s.t.
∑
j∈J

Aj ∗ xbsj ≤ Qbs −∑
i∈I

Ai ∗ xbsi ∀ b ∈ B, s ∈ S (24)

∑
b∈B

∑
s∈S

xbsj = 1 ∀ j ∈ J (25)

In this model, Equations (11)–(22) define the optimization model of the upper-level
problem. Equation (11) minimizes the overall association risk of the park. Constraint (12)
guarantees that the sum of the enterprise areas of each floor cannot exceed this monolayer
area. Constraints (13)–(16) restrict an enterprise to having only one specific location and
thus cannot be at multiple locations. Constraints (17)–(19) guarantee that each enterprise
can be assigned to only one building. Constraints (20)–(22) represent the relationships
between the decision variables. The optimization problem of the lower level is defined
by Equations (23)–(25). Specifically, Equation (23) describes the objective function of the
lower-level problem as the maximization of rental profit for the park. Constraint (24)
prevents enterprises from overlapping. Constraint (25) guarantees that each enterprise is
located in one location.

In addition, the proposed model allows some enterprises’ locations that are given in
advance, which is more realistic in the industry park. If the current enterprises’ locations
are provided, constraints can be added to the model to ensure the accuracy of layout results.
Consequently, the current layout of the industry park is considered when applying the
proposed model for designing the next stage layout.

5. Solution Strategy

The proposed mathematical model for the large-scale 3DMSELD problem contained a
large number of decision variables. In particular, calculation efficiency can be enhanced by
reducing the number of decision variables. Therefore, new parameters and variables were
introduced to rewrite the original decision variables. These parameters and variables are
given by

Nb specific building value of b ∈ B.
bi The building in which the enterprise i is located.
si The floor on which the enterprise i is located.
bj The building in which the enterprise j is located.
sj The floor on which the enterprise j is located.
bi, si, bj, and sj are nonnegative integer variables.
Then, the original decision variables are reformulated as

bi = ∑
b∈B

∑
s∈S

xbsi Nb ∀ i ∈ I (26)

si = ∑
b∈B

∑
s∈S

xbsi Ns ∀ i ∈ I (27)

bj = ∑
b∈B

∑
s∈S

xbsjNb ∀ j ∈ J (28)
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sj = ∑
b∈B

∑
s∈S

xbsjNs ∀ j ∈ J (29)

At a certain point in time, determine the input parameters and the limitations are
imposed by the current layout of the park. Then, an improved GA was employed to solve
the problem. A GA imitates the evolution of biology in nature to obtain a relatively optimal
solution [58]. The selection, crossover, and mutation operations were implemented in the
GA [1]. Our study adopts an improved GA with enhanced elite retention strategies to
address the problem of slow convergence of the classical GA. The main process is as follows:

(1) Step 1: Determine the coding mechanism
How the variables in the actual problem are translated into genetic algorithms depends

on the coding mechanism to be solved. Therefore, the feasible and initial solutions should
be encoded to facilitate the identification and operation of the algorithm. Common coding
mechanisms for genetic algorithms are binary coding, floating-point coding, symbolic
coding, and gray coding. The new decision variables in the proposed model are integer
variables, and the concept of floating-point coding is straightforward and convenient for
subsequent evolutionary operations. In particular, these new decision variables were set as
integers within a range.

(2) Step 2: Generate the initial population
Each new decision variable was numbered, and the chromosome length was defined

as the size of the new decision variables. At the beginning of the algorithm, a population is
randomly generated, the size of which is given in advance. As shown in Equation (30), the
initial population contains multiple integer codes, each representing a particular layout
situation. The population size affects the efficiency of the algorithm. This study establishes
constraints based on area, etc., and substituting them can improve the algorithm operation
efficiency and reduce the search scope of the algorithms.

pop =


x1,1
x2,1

...
xN,1

x1,2
x2,2

...
xN,2

· · ·
· · ·
. . .
· · ·

x1,L
x2,L

...
xN,L

 (30)

where x stands for the decision variables, L is the number of new decision variables, and N
is the size of the population (i.e., the number of individuals in the population). Each row
corresponds to a layout situation, and each column corresponds to a decision variable.

(3) Step 3: Fitness evaluation
Fitness refers to the ability of individuals in a population to adapt to their environment.

The objective function was used to obtain the fitness function. It is necessary to establish a
reasonable mapping relationship between the objective and fitness functions to ensure that
the direction of the increase in adaptability is consistent with the optimization direction of
the objective function. Linear fitness scaling can be used to calculate the fitness values. The
calculation formula is as follows:

Fit′ = m ∗ Fit + n (31)

where Fit′ is the fitness value, Fit is the objective function value, and m and n are the
transform parameters. In particular, Fit′ needs to meet two conditions: (a) the average of
the new fitness values after the linear scale transformation is equal to the original mean,
and (b) after a linear scale transformation, the maximum fitness is equal to the specified
multiple of the mean of the original fitness. The proposed layout model contains two
objective functions that require separate fitness scaling. Through linear transformation,
the degree of fitness difference between individuals can be reduced, which is conducive to
maintaining the population diversity.

(4) Step 4: Evolutionary operations
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The selection is generally based on individual fitness. The classic choice operators
include roulette wheel selection, stochastic universal sampling, tournament selection, and
truncation selection. The tournament selection mechanism was adopted in our study,
and a specific theory can be found in Blickle [59]. The most common crossover methods
are single-point, double-point, and multipoint crossing. This study used a double-point
crossover, and the schematic diagram is shown in Figure 3. The mutation increases the
population diversity and reduces the risk of algorithms falling into local optimal solutions.
In our work, the mutation operation of the breeder GA was used, which can be found in
Mühlenbein [60].

Appl. Sci. 2022, 12, 8110 14 of 22 
 

our work, the mutation operation of the breeder GA was used, which can be found in 
Mühlenbein [60]. 

Parents Offspring individuals

 
Figure 3. Double-point crossing. 

Compared with the classical GA, the improved GA used in this study merges the 
parent population and the resulting cross-mutation population to obtain a population 
twice the size. From the merged population, half of the individuals with high fitness are 
selected to obtain the next generation population, which retains elite individuals. 

6. Case Study 
This study mainly focuses on two goals: (i) minimizing association risk at the upper 

level and (ii) maximizing rental profits at the lower level. The decision variables for the 
two processes were different. The upper-level layout is for risk enterprises, and the lower-
level layout is for non/low-risk enterprises. The overall layout design considers multiple 
buildings, floors, and enterprises. In addition, our model prioritized safety. A case study 
of the Shunde industrial park was conducted to validate the effectiveness of the proposed 
model and approach, and the results are reported in this section. The proposed model was 
implemented using Geatpy [61] (version 2.7.0) and encoded using Python 3.7. All experi-
ments were performed on a computer with an 11th Gen Intel(R) Core (TM) i5-1135G7 @ 
2.40GHz and 16 GB memory, with a Windows 10 operating system. 

6.1. Data Introduction 
An industrial park in Shunde was chosen to obtain relevant data. The park’s scale (see 

Table 2), area parameters, etc., were provided by the park and enterprises. The risk and rent 
parameters were assumed according to the type of settled enterprise, local environment, and 
economy, as it is difficult to collect complete and realistic data. The data we set up is general 
and is used to demonstrate the layout process and conduct case studies. The park contained 
five buildings, and each building had six floors, with a total of 45 enterprises to be laid out. 
There were 13 fire risk enterprises (i.e., I1–I13), 8 explosion risk enterprises (i.e., I14–I21), and 
14 other types of risk enterprises (i.e., I22–I35), and the upper-level layout of these enterprises 
was carried out to minimize the association risk; there are 10 non/low-risk enterprises (i.e., J1–
I10), and the lower-level layout of these enterprises was carried out to maximize the rental 
profit. At present, there is no unified statement regarding the population size of the GA. How-
ever, it is generally accepted that the larger the population size, the more likely it is to obtain 
an optimal solution. To obtain a better solution, a more extensive initial population (i.e., 300) 
and the number of evolutions (i.e., 3000) were chosen. 

Table 2. Basic building information of the park. 

Building ID Number of Floors Floor Area (𝐦𝟐) 
1 6 2332 
2 6 3475 
3 6 8211 
4 6 2180 
5 6 2934 

Figure 3. Double-point crossing.

Compared with the classical GA, the improved GA used in this study merges the
parent population and the resulting cross-mutation population to obtain a population twice
the size. From the merged population, half of the individuals with high fitness are selected
to obtain the next generation population, which retains elite individuals.

6. Case Study

This study mainly focuses on two goals: (i) minimizing association risk at the upper
level and (ii) maximizing rental profits at the lower level. The decision variables for the
two processes were different. The upper-level layout is for risk enterprises, and the lower-
level layout is for non/low-risk enterprises. The overall layout design considers multiple
buildings, floors, and enterprises. In addition, our model prioritized safety. A case study of
the Shunde industrial park was conducted to validate the effectiveness of the proposed
model and approach, and the results are reported in this section. The proposed model
was implemented using Geatpy [61] (version 2.7.0) and encoded using Python 3.7. All
experiments were performed on a computer with an 11th Gen Intel(R) Core (TM) i5-1135G7
@ 2.40GHz and 16 GB memory, with a Windows 10 operating system.

6.1. Data Introduction

An industrial park in Shunde was chosen to obtain relevant data. The park’s scale (see
Table 2), area parameters, etc., were provided by the park and enterprises. The risk and rent
parameters were assumed according to the type of settled enterprise, local environment,
and economy, as it is difficult to collect complete and realistic data. The data we set up is
general and is used to demonstrate the layout process and conduct case studies. The park
contained five buildings, and each building had six floors, with a total of 45 enterprises to
be laid out. There were 13 fire risk enterprises (i.e., I1–I13), 8 explosion risk enterprises (i.e.,
I14–I21), and 14 other types of risk enterprises (i.e., I22–I35), and the upper-level layout of
these enterprises was carried out to minimize the association risk; there are 10 non/low-
risk enterprises (i.e., J1–I10), and the lower-level layout of these enterprises was carried
out to maximize the rental profit. At present, there is no unified statement regarding the
population size of the GA. However, it is generally accepted that the larger the population
size, the more likely it is to obtain an optimal solution. To obtain a better solution, a more
extensive initial population (i.e., 300) and the number of evolutions (i.e., 3000) were chosen.
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Table 2. Basic building information of the park.

Building ID Number of Floors Floor Area (m2)

1 6 2332
2 6 3475
3 6 8211
4 6 2180
5 6 2934

6.2. Layout Result

In this subsection, the main results for the layout problem are presented. After variable
conversion (Equations (26)–(29)), the scale of the decision variables in the upper-level layout
was changed from 1050 to 70, and the size of the decision variables in the lower level was
converted from 300 to 20, which significantly reduced the problem scale. In addition, the
model was solved three times, and the optimal value was obtained to ensure that the
global optimal solution was obtained as much as possible. This study first provided the
approximate optimal layout results of 35 risk enterprises (see Figures 4a and 5). As shown
in Figure 4a, as the population iterated, the association risk value gradually decreased and
stabilized by 2100. The approximate optimal solution was 350.6. Then, 10 non/low risk
enterprises were laid out in the remaining space to obtain the maximum rental profit (i.e.,
420,592 yuan). The layout results for the 45 enterprises are shown in Figure 5.
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6.3. Computational Results in Different Scenarios
6.3.1. Only the Profits Are Considered

The overall association risk of the park was measured when considering rent only.
Owing to the convenience of moving and unloading goods on the first floor, many enter-
prises compete to lease lower floors, resulting in enterprises being more willing to pay
relatively high rents for lower floors. For 45 enterprises, only the lower-level layout was
implemented. In other words, only rental profit was considered, and the layout results are
shown in Figures 6 and 7. When the improved GA iteration was approximately 1750 gener-
ations, the target value tended to stabilize, with a maximum rental profit of 2,476,679 yuan.
As shown in Figure 7, enterprises tended to congregate on the lower floors. According to
the calculation of the layout result and risk parameters, the total association risk value in
this layout case was 2048.2, which is much higher than the result considering the risk (i.e.,
350.6). This also shows that it is necessary to consider the risk factors.
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6.3.2. Consider Current Layout

One of the problems that must be considered when determining a layout is that several
enterprises in the park have already determined the advanced location. These enterprises
will also affect the overall risk value of the park; therefore, the current layout is needed to
consider. Six risk enterprises (I1, I2, I14, I15, I22, and I23) from three different risk enterprise
categories were taken to determine the locations in advance. In this case, the location layout
of the remaining 29 enterprises was determined.
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First, considering the area constraint, the locations of these enterprises (see Figure 8)
were assumed, and constraints were added to the solution algorithm. The model was then
solved, and the results are shown in Figures 9 and 10. The overall association risk value
of the park was 476.3, which was greater than the original layout result (i.e., 350.6). This
also reminds us that, when optimizing the layout considering risks, try to conduct unified
planning for all enterprises, which is more likely to obtain better results. The rental profit
of 10 non/low-risk enterprises was 438,772 yuan, an increase. As can be seen from the
layout results in Figure 10, most non/low-risk enterprises were located on the first floor,
which may lead to higher rental profits. In the proposed model, rental profit is significantly
affected by the upper-level layout. The advanced location of some risk enterprises may
also positively impact rental profits.
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From the above scenario simulation, we can see that the proposed model can im-
plement the function of dynamic layout. By changing the input parameters and adding
corresponding constraints, the layout of the park at any specific moment can be conducted.
Because the lease terms signed by enterprises and the park are generally longer and the
frequency of enterprise changes is low, this study did not consider time variables. How-
ever, as time goes on and the number of enterprises increases, the total association risk
value may change significantly. In addition, from the layout results, it is better to lay out
multiple enterprises at once than multiple times. In this sense, it is advisable to re-plan the
layout of all enterprises when the total associated risk value exceeds the acceptable level
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of the industrial park. Achieving enterprise reallocation is a complex issue that requires
multi-party coordination. Consequently, this model is more suitable for solving the layout
problem when a large number of enterprises settle in the early stages of the park.
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6.4. Sensitivity Analysis

To verify the proposed model and solution strategy, a sensitivity analysis was con-
ducted to investigate the consequences of varying the critical parameters.

6.4.1. Sensitivity to the Number of Risk Enterprises

The number of risk enterprises had a significant influence on the overall risk level of
the park. The numbers of risk enterprises in the three categories were changed separately,
and the changes in the associated risk value and rental profit were observed. That is, the
number of fire risk enterprises ranged from 9 to 17, the number of explosion risk enterprises
ranged from 4 to 12, other risk enterprises ranged from 10 to 18, and the total number of
enterprises ranged from 31 to 39. The simulation results are shown in Figure 11. In addition,
when increasing the number of enterprises, there is a situation in which the areas of some
enterprises are too large to be laid out, so the area parameters are appropriately adjusted.

Overall, the total association risk value increased with the number of the three types of
risk enterprises (see Figure 11a). Explosion risk enterprises had the most significant change,
from 138.5 to 681, while other risk enterprises had the least significant change, from 268.3 to
446.5. This phenomenon may occur because the risk parameter values of explosion-risk
enterprises are larger than those of the other two types. In addition, the results remind
park administrators to conduct a risk assessment of enterprises before they enter the park
and to limit the number of risky enterprises as much as possible. Rental profit decreases
with an increase in risk enterprises, but there are fluctuations. Overall, profit changes were
minor. The third type of risk enterprise had the most significant risk change: the rental
profit decreased from 427,392 yuan to 411,740 yuan, a decrease of 3.7%. The rent profit is
insensitive to small changes in the number of risk enterprises.
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6.4.2. Sensitivity to the Size of the Industry Park

The changes in the number of buildings and floors were considered as examples to
illustrate the impact of the size of the park on the layout results. The risk value and rental
profit were simulated when the number of buildings was four, five, or six. As shown in
Figure 12a, the risk value decreased with an increase in the number of buildings and varied
significantly. This is because the association risk is greatly affected by distance. In addition,
the model assumed that an association risk exists only between enterprises in the same
building. When the number of buildings changed from four to five, the rental profit was
greatly improved, whereas when the number changed from five to six, the rental profit did
not change.
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Considering the area constraint, the number of floors in the industrial park was
changed from five to nine, and the changes in risk value and rental profit were observed
(see Figure 12b). The total association risk value decreased as the number of floors increased,
which is consistent with our expectations because the risk diffusion coefficient decreases
as the floor difference increases. The rate of change in rental profit was insignificant, and
Figure 12b shows that the rental profit did not show a linear increasing trend. The rental
profit was also insensitive to changes in the number of floors. The rental profit was affected
by the results of the upper-level layout. When the number of floors exceeded a particular
value, increasing the number of floors did not help rental profit. This may be because
enterprises prefer to be located on the lower floors.
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7. Conclusions

This study investigated the layout problem of enterprises in a new-type clustered
industrial park. First, the association risk was defined, and the calculation formulas were
given in combination with the QRA method and domino effect. Risk enterprises were
divided into three types: fire risk enterprises, explosion risk enterprises, and other types.
Subsequently, a BLINLP model was proposed to formulate the large-scale 3DMSELD
problem. In the proposed model, minimizing the total association risk was the upper-level
goal. The lower-level goal was to maximize the rental profit of the park. However, the
proposed model was difficult to get a global optimum as the problem size was large. In this
sense, the decision variables were first transformed to reduce the problem scale. Then, an
improved GA was applied. Finally, a case study of the Shunde Industry Park was conducted
to validate the proposed model and approach. Two different scenarios were implemented,
and critical parameters were tested to provide valuable management insights.

Several insights on the theory and practice of the large-scale 3DMSELD problem
considering risk and profit are obtained based on the results in Section 6. First, the bi-level
optimization theory represents the hierarchical relationship between layout objectives,
which is rarely considered in the existing literature. This model prioritizes enterprise
association risk affected by distance: the farther the distance, the smaller the association
risk. Secondly, the strategy we propose solves the problem that it is difficult to obtain an
optimal solution for nonlinear models built for large-scale problems. It can be seen from
the tracking plots (e.g., Figure 9) that the optimal objective value change curve converges
well, and the change amplitude is large. In practice, the proposed model and approach are
suitable for modeling such problems. Optimal layout results can be obtained that greatly
dramatically reduces the total association risk and improves the rental profit. From the
layout results, it is found that it is imperative to consider the association risks in the actual
layout problem. When laying out considering rental profit only, the risk increased from
350.6 to 2048.2, which validates the effectiveness of the proposed model. In particular, the
model considers the impact of existing layouts that often appear in real-world scenarios.
It can be seen from the simulation results that a unified layout for all enterprises is more
conducive to reducing the overall association risk of the park. In addition, the number of
risk enterprises and the size of the park have a significant impact on the total association
risk, which is in line with our engineering experience. Finally, the rental profit to the park
manager from non/low-risk enterprises is significantly affected by the layout results of
the risk enterprises. As can be seen from the sensitivity analysis, rental profit fluctuates
but does not change significantly. However, the lower-level layout can still improve rental
profit (see Figure 4b).

Despite these contributions and novelties, our study has several potential directions
that can be further investigated. The layout results identify the floor on which the enterprise
is located, but detailed explanations and constraints on single-floor layouts are lacking.
Our work mainly focuses on the risks of fire and explosion, and there is a shortage of
investigation on other risks. In addition, our study only considered the current risk level of
the enterprise to be laid out; however, risk changes over its lifespan. Therefore, potential
future work can be done to (a) add a single-floor specific location layout and form a multi-
stage layout framework to solve the large-scale 3DMSELD problem; (b) include other
factors in the analysis, such as emergency facilities of risk enterprises and toxic and harmful
gas leakage; and (c) study the risk changes during the lease period of enterprises and
improve the layout model.
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