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Abstract: In order to select the location of fire stations more scientifically and improve the efficiency
of emergency management in chemical industry parks (CIPs), an improved risk calculation model for
hazardous chemicals has been proposed by taking the domino effect and the identification of major
hazardous installations for hazardous chemicals into account. In the analysis of the domino effect,
the Monte Carlo simulation was used. Then, a location model of the fire stations was established
with the optimization objectives of minimizing total cost and maximizing total risk coverage. The
solving procedure of the location model is based on the augmented e-constraint method combined
with the TOPSIS method. Finally, a green chemical industry park was used as a case study for the
validation and analysis of the location model. The results showed that the improved model could
protect the high-risk areas, which is beneficial for the location decisions of fire stations.

Keywords: public safety; hazardous chemicals; chemical industry park; fire stations; location model;
domino effect

1. Introduction

Chemical industry parks (CIPs) are important aspects in achieving a carbon-neutral
and green transformation and a high-quality development of the chemical industry. How-
ever, CIPs often have potential accident regions composed of hazardous installations, such
as hazardous chemical storage tanks, chemical reaction equipment, and production or stor-
age sites. In these areas, the hazardous installations are concentrated, and the consequences
of accidents are serious. The production and manufacturing processes in CIPs always
involve hazardous substances (toxic, flammable, or explosive), which may lead to major
accidents, such as a chemical leakage or the spread of toxic substances and their derived fire
and explosion accidents [1]. These initial accidents may spread to the surrounding equip-
ment and facilities, leading to a more serious domino effect [2]. S.P. Kourniotis et al. [3]
conducted a statistical analysis of 207 major chemical accidents; their analysis demonstrated
that a domino effect occurred in about 39% of the chemical accidents. Indeed, the domino
effect can yield catastrophic consequences. For example, the “3.21” chemical explosion
in Jiangsu Province, China, in 2019 was caused by the spontaneous combustion of nitrate
waste, which eventually led to massive fires and explosions in several storage tanks and
warehouses. This chemical explosion resulted in 78 deaths and 716 injuries [4]. Therefore,
the potential risk of accidents in CIPs, especially those that may trigger a multilevel domino
effect, must be taken into account when conducting emergency management, emergency
planning, and risk prevention measures.
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The emergency rescue facility in CIPs is an important part of emergency management
and emergency response activities, providing various emergency resources (e.g., emergency
vehicles, personal protective equipment, etc.) after an accident [5]. In practice, the location
of emergency rescue facilities should be determined in advance to ensure emergency
preparedness before an accident [6]. China has issued the relevant national standard “Fire
Prevention Code of Petrochemical Enterprise Design (GB50160-2008, 2018 Edition)” [7]
to guide the emergency management and risk reduction of chemical enterprises. This
code describes the basic requirements for the installation of emergency rescue facilities
such as fire stations and special mission fire stations. However, each chemical industry
park has different potential risks and corresponding risk measures; therefore, quantitative
risk assessment of CIPs is needed, and the location decision of facilities must be based
on it [8]. De Lira-Flores et al. [9] applied quantitative risk analysis and assessment in the
layout planning of hazardous chemical storage tanks in a chemical processing plant, and a
mathematical model was built with the aim of finding out the optimal layout of storage
tanks and the related safety facilities. Men et al. [10] established an emergency facility
location model considering cost, coverage level, and rescue distance, and they accounted
for the domino effect in their model. Du et al. [11] analyzed the risks associated with the
accident probability and the domino effect in the proposal of emergency resources in a
chemical industry park, and they established a hierarchical emergency resource allocation
model. Zhao and Ke [12] proposed a method to select the location of chemical emergency
facilities based on the results of empirical risk models. Zahiri and Suresh et al. [13] combined
the empirical risk model and historical data to solve the siting selection of a hazardous
chemical transportation emergency center.

The reasonable location of fire stations could improve the efficiency of emergency
management and emergency response in CIPs while reducing the cost of facility construc-
tion and emergency rescue operations [10]. Although the multi-level domino effect of
hazardous chemical accidents in CIPs has been widely studied, and risk analysis methods
have been widely applied in selecting the locations of fire stations, there are still few studies
on the location selection of fire stations given the increased risk caused by the multi-level
domino effect. Moreover, the traditional risk assessment models used in previous studies
cannot characterize the risk differences in different areas of CIPs with a low population
density, which will have adverse effects on the emergency management and emergency
response activities.

In light of the abovementioned problems, this paper proposes an improved risk
calculation method of hazardous chemicals in CIPs—which take into account the domino
effect and the identification of major hazardous installations for hazardous chemicals—with
the aim of making a more objective assessment of the risk levels of different regions in
chemical industry parks. Second, based on the above risk model and grid graph theory, a
fire station location model is established, which minimizes the total construction cost and
maximizes the sum of the risks covered by the grid. This model can solve the mismatch
problem between the risk assessment and emergency response in chemical industry parks
with a low population density and catastrophic chain accidents.

2. Risk Assessment Considering Domino Effect and the Identification of Major
Hazardous Installations for Hazardous Chemicals

2.1. Risk Analysis and Assessment

Quantitative risk assessment (QRA) usually includes the following main steps: ac-
cident scenario identification, probability (frequency) estimation, accident consequence
assessment, and risk quantification [14]. Accident scenario identification can be derived
from commonly used risk identification methods, such as the event tree approach. In
terms of probability (frequency) estimation, this study used Monte Carlo simulation to
estimate the accident probability of a hazardous installation under the domino effect. For
the accident consequence assessment and quantification, the accident consequence analysis
model was used for the quantitative calculation of the escalation probability and personnel
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death probability. In addition, to facilitate the quantification of risk, a grid-based spatial
representation method was used in this study, dividing the study area into m x n grids
with equal-distance steps, denoted as (2 = m X n, and the distance steps of the grid could
be set according to the actual situation.

The definition of risk is the following: risk = probability (frequency) of an accident
x accident consequences [14]. In quantitative risk assessment, individual risk only rep-
resents the level of risk at a given location, without regard to the physical presence of an
individual, and social risk is generally measured by the product of individual risk and the
population density within the region [15], as shown in Equation (1). However, unlike the
high population density in cities, the population density in CIPs tends to be low [16], and
the result of the product of individual risk and the population density in the region where
it is located does not differ significantly. Thus, the social risk calculated using Equation (1)
may not be used to establish the regional risk.

R= ZpQ,death,m'paccident,m'(PQ (1)
m

where R is a mathematical description of the traditional definition of risk. po geqsn,m is the
consequence of an accident, i.e., the death rate of individuals in a given region () caused
by an accident m at major hazard installations for hazardous chemicals. p,.cigent m is the
probability of an accident m at major hazard installations for hazardous chemicals. ¢q is
the population density in the region ().

In the Chinese national standard “Identification of Major Hazard Installations for
Hazardous Chemicals (GB18218-2018)” [17], the identification process of major hazard
installations for hazardous chemicals in CIPs considers the correction factor of exposed
persons, which better reflects the impact of hazard installations on surrounding persons
than directly considering the regional population density. In this regard, the classification
index of major hazard installations for hazardous chemicals is introduced in this study,
and the coefficient ¢, of major hazard installations for hazardous chemicals is defined,
as shown in Equations (2) and (3), to further assess the risk of CIPs with low population
density attributes. In the process of identifying the major hazard installations for haz-
ardous chemicals, the correction factor of exposed persons is considered, and the number
of resident populations within 500m from the plant boundary of the major hazard in-
stallations for hazardous chemicals is determined, which can better reflect the potential
risk-receiving groups in the area compared with the regional population density. According
to Equations (2) and (3), the Identification of Major Hazard Installations for Hazardous
Chemicals (GB18218-2018), and the relevant data from hazardous chemical storage units,
the level of major hazard installations for hazardous chemicals of each hazardous chemical
storage unit and the corresponding coefficient of major hazard installations for hazardous
chemicals could be calculated, as shown in Table 1. It should be emphasized that it is not
possible to consider all the chemical hazards involved in the chemical industry park in the
risk assessment, while previous studies [18-20] considered the major hazard installations as
the main aspects of the risk evaluation of the chemical industry park. The major hazard in-
stallations region of the chemical industry park should be designated as the key emergency
protection area of the chemical industry park [21]. Therefore, major hazard installations for
hazardous chemicals deserve more attention than non-major hazards, and it is reasonable
to focus on or give priority to major hazard installations in emergency planning with
limited inputs. In this study, only major hazard installations for hazardous chemicals are
considered in the risk calculation, and major hazard installations are identified for the units
in which they are located according to their hazardous characteristics and quantities.

_ 1 92 n
r—a(ﬁ1Q1+ﬁ2Q2+...+ﬁnQn> ()

om=5—r €)
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where r denotes the classification index of major hazard installations for hazardous chem-
icals. w is the correction factor of exposed persons outside the plant area of the major
hazard installations of the hazardous chemical. 51, B2, ..., Bn denotes the correction factor
corresponding to each hazardous chemical. 41, 47, . . ., 4, denotes the actual amount of each
hazardous chemical in ton. Q1,Q», ..., Q, denotes the critical amount corresponding to
each hazardous chemical in tons. The values of «, B, and Q are detailed in the Chinese
national standard.

Table 1. Correspondence between the level and coefficient of major hazardous installations for
hazardous chemicals.

Levelr Coefficient ¢,
Levell (r =1) 4
Levle 2 (r=2) 3
Level 3 (r=3) 2
Level 4 (r=4) 1

The information related to all locations in the study area is represented by the coordi-
nates of the grid in which they are located, and the Euclidean distance calculation is used
for the distances. Under this premise, this study evaluates the integrated risk generated
by each hazard installation for hazardous chemicals in the chemical industry park in the
event of accidents. Based on the traditional risk framework, the risk of hazard installations
for hazardous chemicals in CIPs is defined, and an improved risk model is proposed, the
specific mathematical expression of which is shown in Equation (4):

!
R = 2pQ,death,m'pdomino,accident,m"Pm (4)
m

where piomino accident n denotes the probability of accident m of hazard installations for
hazardous chemicals under the influence of domino effect. ¢, denotes the coefficient
of major hazard installations for hazardous chemicals defined in this study. The risk
model applies to both production facilities and storage facilities involving major hazard
installations for hazardous chemicals in chemical industry parks, and it is only applicable
to the cases where major hazard installations for hazardous chemicals are given priority.

2.2. Estimation of Accident Probability of Hazard Installations for Hazardous Chemicals
Considering Domino Effect

In this study, the Monte Carlo simulation method proposed by Abdolhamldzade
et al. [22] was used for the estimation of the hazard installations accident probability for
hazardous chemicals under the influence of the domino effect, which has unique advantages
in simulating the interaction of subsystems within a complex system. After inputting
parameters such as the number of hazard installations for hazardous chemicals, accident
probability (frequency), escalation probability, and the number of simulation iterations, the
accident probability of hazard installations for hazardous chemicals under the first-level
domino effect could be estimated based on the domino effect of “the probability of an initial
accident is greater than the probability of escalation” and through the theory of random
numbers. The process is specified as follows: The risk identification is conducted or an
accident tree is made. The probability (frequency) of the initial accident occurring is then
determined. If the escalation probability between the initial accident and the subsequent
storage tank is greater than a random number R, the initial accident is considered to cause
the subsequent tank to fail, and thus the domino effect occurs. The related calculation of
the high-level domino effect could be done in the same way. Among them, the occurrence
probability of an initial accident could be derived from historical accident statistics. The
escalation probability is determined after the accident scenario and the initial accident are
determined. The Monte Carlo simulation is highly applicable to the domino effect system
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with uncertainty and complexity [23], and its calculation process and steps are shown in
Figure 1.

Input parameters: Coordinates, Number of hazard installations for hazardous chemicals, Initial

event probability (frequency), Escalation probability, Number of simulation iterations

!

Select the initial hazard installations for hazardous chemicals, and if the initial accident

probability is greater than the Escalation probability, then a first level of domino accident occurs

l

Select non-repeating hazard installations for hazardous chemicals, if the accident probability is

greater than the escalation probability, the next level of domino accident occurs

Yes, simulation iterations +1 Whether to traverse all No
hazard installations?
Whether the number of i
No

> simulation iterations has

been maximized?

l Yes

Output the results of simulation iterations

Figure 1. Flow chart of Monte Carlo simulation method to estimate the probability of hazard
installations for hazardous chemicals accidents.

3. Mathematical Model for Locating Fire Stations
3.1. Description of the Problem

Assume that the set of emergency rescue demand points (production units or storage
units of hazardous chemicals are considered demand points, which are hazardous chemical
storage tank regions in this study) in a chemical industry park is S, Vs € S, and the set
of candidate fire stations is I, Vi € I. D, is the Euclidean distance between the candidate
fire station 7 and the demand point s. C; is the construction cost of the candidate fire
stations, which consists of the fixed construction cost of the facility, the acquisition cost
of rescue vehicles accommodated in the facility, and their unit prices are assumed to be
5 million RMB and 500,000 RMB, respectively. S; is the supply of emergency resources
for the candidate fire station, which is generally supplied according to a 20% margin [24].
R; is the demand for emergency resources. RES; is the maximum emergency resource
capacity of the candidate fire station. X; takes the value 1 when the candidate fire station i
is identified for construction and 0 when the opposite is true. Yj; takes the value 1 when the
fire station s provides emergency services for the demand point and 0 when the opposite is
true. They are all decision variables of type 0-1.

This study constructed a bi-objective mathematical model for locating fire stations,
with the optimization of minimizing the total construction cost and maximizing the total
risk coverage. The risk caused by domino effect accidents and the identification of major
hazard installations for hazardous chemicals are taken into account in this mathematical
model. At the same time, the mathematical model also considers the quality differences of
emergency services and describes them using a decay function, which is a function of the
distance between the fire stations and the demand points.
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3.2. Construction of the Mathematical Model

The probability of more than two major accidents occurring simultaneously in a chem-
ical industry park is relatively low. Therefore, this study follows the previous definition of
simultaneous accidents of two or more hazard installations for hazardous chemicals, i.e.,
they occur simultaneously within a relatively short period, and the emergency response
process for hazardous chemical accidents usually lasts for a considerable period [11], so
that the required emergency resources for all regions where accidents occur need to be
prepared within a short period. In addition, the following conditions are assumed and set
in this study:

1. This study did not consider the effect of road traffic conditions and vehicle travel
status on time;

2. Each candidate fire station met the safety requirements to provide emergency rescue
to the point of need;

3. The total risk covered by the emergency response facilities in providing emergency
services to the demand points was expressed as the sum of the risk values of the grid
they pass through on the line segment connected by two, denoted as CR;;. Mean-
while, the decay function is used to express the quality difference of the emergency
services [25], as shown in Equation (5):

g = e Ds (5)

where, Dj; is the distance between the candidate fire station i and the demand point
s(m). k and 7 denote the sensitivity factor of the decay function 1. They take values
in the range of [0, 0.5] and [2, 5];

4. Among all the emergency resources required for hazardous chemical accidents, the
amount of foam required to handle hazardous chemical accidents in the normal
mission fire station, special mission fire station, or enterprise fire station was selected
as a representative emergency resource for calculation.

The amount of foam fluid required for a particular storage tank area is shown in
Equation (6) [17]:
aAgt

R =
= “1000p

(6)

where R; is the amount of foam (m?), i.e., the emergency resource requirement in this
study. w is the operational factor, which is determined according to the actual situation,
and which takes the value of 1.5 in this study. « is the proportion of foam, which is set
to 6%. B is the foam multiplier, which is set to 6.25. A is the area that needs emergency
disposal (m?), which is generally the size of the liquid surface. g is the supply strength
of foam (L/(min-m?)), which is set to 12. t is the continuous supply time of foam (min),
which is set to 60 in this study.

Based on the abovementioned assumptions, the following mathematical model for
locating emergency rescue facilities is established:

MaxZy =YY Yisp-CRys )
ielseS
MinZ, =Y X;-C; (8)
icl
s.t.
ZYis’Si >R, Vs €S )
icl
2 Yis~Sl- < XZRESI,VZ el (10)
sES

Yis < X;,Viel,Vse S (11)
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X; € {0,1},Y;; € {0,1},Vie Vs€ S (12)

The objective function Equation (7) represents the sum of the risk values covered by
the maximized fire stations. The objective function Equation (8) represents minimizing the
total cost of building fire stations. Equations (9)—(12) are constraints, where Equation (9)
indicates that the emergency resource requirements of each potential accident area must be
met; Equation (10) indicates that the amount of emergency resources provided by each fire
station cannot exceed its capacity limit; Equation (11) indicates that emergency services
can be performed only after the fire station is confirmed to have been constructed; and
Equation (12) indicates the range of values of decision variables.

3.3. Methods and Steps for Solving the Mathematical Model

The location model for fire stations in CIPs proposed in this study is a mixed inte-
ger linear optimization model with bi-objectives. In this model, the cost is measured in
monetary terms (RMB) and the risk is quantified in terms of the probability of human
fatalities due to accidents at hazard installations for hazardous chemicals in the demand
point. The model used an improved risk model and a modeling network different from the
traditional location model, thus providing novel ideas and solutions to deal with emergency
management and emergency response in CIPs. Based on the characteristics and solution
requirements of the model, this study used the augmented e-constraint method to solve
the model and generate feasible solution sets. The augmented e-constraint method is a
multi-objective problem-solving algorithm that is both theoretically and computationally
attractive, and it has been widely used in multi-objective optimization problems in logistics
and transportation and location selection planning [26]. Finally, the feasible solution is
preferred by the TOPSIS method to arrive at the optimal solution [27]. Decision-making
and risk management based on prioritized ranking results is a common tool in fire risk
assessment and control [28]. A detailed description of the method and steps is shown in
Algorithm 1.

Algorithm 1. Methodology and detailed steps for solving the optimal solution of fire station
location model

Augmentede-Constraint Method to Find the Pareto Solutions—TOPSIS Method to Optimize
the Pareto Solutions
Step 1 Input data and relevant parameters.
Step 2 The optimal and inferior values of the objective functions Z; and Z, are solved with
lexicographic optimization [29]:
2.1 MinZy(X), s.t. Equations (9)-(12), output x1 = (z,22)
2.2 MaxZ,(X), s.t. Equations (9)~(12), output x, = (z},z3})
2.3 Perform step 2.1 for Z(X)
2.4 Obtain the optimal and inferior values of the objective functions Z; and Z;
Step 3 Make 77 = 0 and set the value of A
Step 4 Execute the following loop to generate the Pareto solution of the model.
41 Whenyn <A,
Execute:
MinZ, — £
s.t. Equations (9)-(12) and
Zy 4y = zZMox — I8
p1 20
n=n+1
End
4.2 Output all Pareto solutions
Step 5 The Pareto solutions derived from step 4 are preferred using the TOPSIS method.
Step 6 The preferred solution is output according to the ranking result of TOPSIS, i.e., the best fire
stations locating solution.
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In the complex context of emergency management and planning in CIPs, this study
solved the fire station location model by transforming the objective of minimizing the total
cost into a constraint to optimize the objective of total risk. The advantage of this is that if
the decision makers have a requirement for the future risk level of the chemical industry
park, the location options for fire stations at different risk level requirements could be
obtained more easily by adjusting the range of the objective function of the total cost (i.e.,
the decision makers adjust the total cost budget).

4. Analysis of the Case
4.1. Information about the Case

To prove the effectiveness of the proposed method in this study, the information and
data about hazardous chemical storage tank regions in a green chemical industry park in the
literature [10] were used as the case, and the arithmetic data were supplemented based on
the proposed method above, including the gridded coordinates of each storage tank region,
the emergency disposal area, the demand for emergency resources, and the identification
coefficients of major hazard installations for hazardous chemicals. Detailed information
on storage tank regions is shown in Table 2. The gridded layout of storage tank regions
and candidate fire stations is shown in Figure 2, where the black squares represent the
storage tank regions for hazardous chemicals and the diagonal shaded triangles represent
the candidate fire stations.
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Figure 2. Demand points and candidate fire stations layout. The number in this figure indicates
the code of the candidate fire station, and the letter indicates the code of the storage tank region for
hazardous chemicals.
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Table 2. Case information—Storage tank regions for hazardous chemicals.

Noo  substances RN RGN DPUNETE O Condinas AM) Red)
A LNG UVCE 175 Atmospheric 3 (5,2) 452 5
B quid UVCE 170 Pressure 1 25,3) 314 3
C Chlormethane UVCE 160 Atmospheric 2 9,5) 200 2
D Ethane UVCE 265 Atmospheric 2 (15, 14) 615 6
E Oxirane BLEVE 130 Atmospheric 3 (28, 18) 200 2
F HFO BLEVE 135 Atmospheric 1 (3,20) 200 2
G Methylal BLEVE 170 Pressure 3 (12, 14) 379 4
H LPG BLEVE 235 Atmospheric 3 (19, 27) 452 5

Due to the volatility of the construction cost of fire stations and the sensitivity of the
actual construction engineering data, the parameters related to fire stations in this study
were obtained by making assumptions based on actual data and generating them randomly.
Detailed information on each candidate fire station is presented in Table 3.

Table 3. Case information—candidate fire stations.

No. Construction Cost Maximum Capacity of Gridding
(x10*RMB) Emergency Resources Coordinates
1 950 9 (13,3)
2 900 8 (20, 5)
3 900 8 4,9)
4 950 9 (14, 10)
5 900 8 (23,12)
6 950 9 (10, 19)
7 900 8 (19, 21)
8 1000 10 (26, 24)
9 1000 10 (12, 25)
10 900 8 (26, 24)

4.2. Results of the Risk Assessment and Its Analysis

According to the risk assessment method based on the domino effect and the iden-
tification of major hazard installations for hazardous chemicals proposed above, the risk
assessment of the case was carried out. The grid division of the case was 30 x 30, the
grid distance step was 200 m, and the number of iterations of the Monte Carlo simulation
was set to 10%. The level of the domino effect was set to 2. The accident frequency values
for both UVCE and BLEVE were based on previous studies [30]; they were: 3 x 107°
and 3.74 x 107>, respectively. The calculation platform used was Matlab R2021a. The
calculation results are shown in Figure 3.

Figure 3a,b shows the results of the three-dimensional distribution of risk assessment
corresponding to the risk models R’ and R, respectively. It could be seen that, in the overall
distribution of risk results, the high-risk region and the storage tank region are consistent,
with the risk distribution from the center of the storage tank region outward gradually
decreasing. The risk model R’ derived from the peak risk of the storage tank regions
was higher than the risk model R, which is due to the domino effect resulting in a higher
accident probability and the common effect of the major hazard installations for hazardous
chemicals identification coefficient. The risk peak in the center of the case was the highest
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because of the proximity of the storage tank regions D and G, which produce the most
significant risk superposition effect. It is worth noting that after considering the domino
effect and the major hazard installations for hazardous chemicals identification coefficient,
the risk distribution and peak value of each storage tank region change, among which the
more prominent is the area where the storage tank regions B and F are located, especially
the storage tank region B. The reason for this is that the major hazard installations for
hazardous chemicals identification coefficient corresponding to this storage tank region
is 4. However, compared with the other storage tank regions, the risk gain brought about
by its major hazard installations for the hazardous chemicals identification coefficient is
greater. The risk gain is greater than in other storage tank regions, but it is less affected by
the domino effect compared with the other storage tank regions. While the major hazard
classification factor for the storage tank region F is smaller, its regional risk peak under
the influence of the domino effect is still higher than that without considering the domino
effect.
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Figure 3. Results of the risk assessment. (a,c) show the 3D view and 2D contour plot of the results of
the risk model R/, respectively. (b,d) then show the corresponding result plots for the risk model R,
respectively. The black squares represent hazardous storage tank region for hazardous chemicals,
and the letters are their codes.

(d) 5 10 15 20 25 30

Figure 3c,d shows the results of the two-dimensional contour distribution of the risk
assessment results corresponding to the risk models R’ and R, respectively. From them, it
could be seen that after considering the domino effect and the major hazard installations for
hazardous chemicals identification coefficient, the difference in the overall risk distribution
of the region was further increased, and the risk values of the whole region were larger
than those of the risk model R, which further illustrated the gain effect of the domino
effect and the major hazard installations for hazardous chemicals identification coefficient.
Based on the ALARP principle, the acceptable risk criterion for the region with a lower
population density is 3 x 1075. Obviously, the acceptable risk criterion line of risk models
R’ was shifted back relative to the risk model R, which indicated an increase in the range
of unacceptable risk. In addition, in each storage tank region of the case, the risk results
obtained from the improved risk model of this study showed significant differences in



Fire 2023, 6,218

11 0f 14

risk level and risk distribution compared to the calculated results of the risk model of the
previous study (Figure 9a,b of the literature [10]).

4.3. Results and Analyses of the Location Model for Fire Stations

According to the proposed model-solving method and steps, the fire station location
model was solved. The solution parameters were set as follows: the sensitivity factors k
and v for the decay function were 0.5 and 2, respectively. The values of A and p for the
augmented e-constraint method were 5 and 10~% [26]. The value of A set to 5 represents the
number of solutions finally solved by the augmented e-constraint method. The value of A
is not fixed and could be customized by the decision maker according to the actual decision
needs. In order to compare the impact of the difference in risk assessment results between
the risk models R’ and R on the locating decision of the fire stations, the location models
under the above two risk models were solved separately. The results arere summarized in
Table 4.

Table 4. Results of the cases solution.

Risk Models TOPSIS Rank Total Covered Risk Total Cost Optimal Solution
0.0122 9350
4 0.0113 8400
R = L P deathm’ Pdomino,accident,m*Prn 1 0.0096 7550 1,2,3,4,6,7,8,9
3 0.0101 7450
2 0.0086 7350
5 0.0038 9350
4 0.0035 8400
R =Y P0deat,m* Paccident,m* 3 0.0032 7500 1,2,3,4,5,6,7,10
2 0.0031 7400
1 0.0028 7350

In the results obtained using the TOPSIS method, the higher the overall score of the
solution, the higher it is ranked. The two solutions from the TOPSIS result ranked 1 were
the optimal location selection solutions for risk models R’ and R. In terms of the objective
function results, the optimal location solution for the risk model R’ covered approximately
3.4 times the total risk value of that of the risk model R, with a change rate of 242.86%,
while the total cost only increased by 2.7%. The optimal location option of the risk model R’
focused more on the high-risk regions in the center of the case, while the optimal location
option of the risk model R was more evenly distributed, notably for the fire stations
numbered 5 and 10, which did not appear in the optimal location options for the risk model
R. This was because the fire stations numbered 5 and 10 were located closer to the storage
tank regions B and F. From the regional risk assessment results above, it could be seen that
after taking into account the domino effect and the major hazard installations for hazardous
chemicals identification coefficient, the risks in the regions where the storage tank regions
B and F were located were more variable, and they were relatively weaker compared to the
regional center. Therefore, under the risk assessment results of the risk model R/, the fire
stations numbered 5 and 10 were not included in the corresponding location selection plan.
Accordingly, the fire station numbered 9 was included in the location selection option due
to its proximity to the high-risk regional center. Figure 4a shows the optimal location plan
for the fire stations from the previous study [10], where the green square (with red boxes)
is the location of the facilities. In that location plan, the higher risk regions were not built
with fire stations, especially in the middle of the region. Moreover, Figure 4b shows the best
location plan for the fire stations in this study. At the level of focusing on the impact of risk
outcomes on locating decisions, the optimal location option of this study focused more on
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emergency planning in high-risk regions compared to the literature, and the distribution of
fire station locations is more reasonable compared to that.
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Figure 4. Comparison of the best location options for fire stations. (a) showed the optimal location
plan derived from the literature [10], where the green squares (with red boxes) are the fire stations in
this scheme. (b) showed the optimal location plan derived from this study. In Figure 4a, the yellow
color indicates the area with high risk, and its darker color represents the deeper risk. And this risk
decreases from the center to the surrounding.

5. Conclusions

A bi-objective fire station location optimization model based on an improved risk
calculation model is established in this study for the emergency planning of major hazard
installations for hazardous chemicals in CIPs. A case study of a green chemical industry
park is conducted to demonstrate the location optimization model. The major findings of
this study include the following:

1.  Inthelocation problem of fire stations, the domino effect and the classification of major
hazard installations for hazardous chemicals could have a comprehensive impact on
the location decision of fire stations.

2. The improved risk calculation model that integrates the domino effect and the classifi-
cation of the major hazard installations for hazardous chemicals could highlight the
differences in risk levels and their distribution in the regions with different hazard
installations.

3. At the level of focusing on the impact of the risk results on locating decisions, the
location optimization model developed in this study could make the location results
of fire stations pay more attention to high-risk regions. In the results of the case
study, an increase of only 2.7% in total cost resulted in a 242.86% increase in total risk
covered.
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