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Abstract


The development of chemical industrial parks has resulted in the accumulation of a significant amount of hazardous substances, thereby increasing the demand for enhanced firefighting security, which directly relates to fire stations. This article presents a method for the layout evaluation of fire stations within chemical industrial parks. A practical technique for conducting fire risk assessments of each point to be rescued (PTBR) is proposed. The PTBRs are categorized according to their levels of fire risk. The required rescue time for each PTBR is determined based on the fire risk assessment. The estimated rescue times from each PTBR to each fire station are evaluated based on the actual road network and the speed of the fire engines. The adequacy of the fire stations is assessed through comparing the required and estimated rescue times. The working process of this method is illustrated using an engineering instance. The evaluation results of this engineering instance indicate its feasibility. This method takes into account the impact of irregular road paths and the influence of PTBR fire risks on the layouts of fire stations, which results in a more objective evaluation.
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1. Introduction


Recent trends in the international chemical industry have shown an increasing emphasis on clustering, intensification, and integration [1]. Chemical enterprises are now more frequently clustering in chemical industrial parks. The clustering of enterprises in chemical industrial parks leads to a significant presence of hazardous substances being stored, produced, and used. Consequently, chemical industrial parks are always at a high risk of fire [2]. Once a fire occurs in a chemical industrial park, it may lead to casualties, economic losses, and public panic. On 12 August 2015, a severe fire and subsequent explosion occurred in Tianjin Binhai New District, China, leading to the deaths of 165 people and 798 others being injured. The direct economic loss amounted to USD 1.1 billion [3]. On 21 March 2019, a chemical explosion occurred in Jiangsu Province, China, resulting in massive fires and subsequent explosions. This accident led to 78 deaths and 716 injuries [4]. Therefore, a chemical industrial park is a significant area for fire department prevention efforts. The timely rescue of a fire directly impacts the severity of the accident’s consequences [5].



Fire stations and their firefighters are the primary responders for fire rescue operations, whether in urban communities or chemical industrial parks. The layout of fire stations is a crucial aspect of fire planning, which includes the locations of fire stations and their corresponding service areas. The reasonable placement of fire stations could greatly enhance the efficiency of emergency management and response. In China, the layout of urban fire stations mainly follows the standard requirements specified in reference [6]. The layout of fire stations should be determined based on the principle that fire engines could reach the edge of the service area within 5 min of the station receiving the dispatching order. This is essentially consistent with the practices in the United States, the United Kingdom, Japan, and other countries. In most Chinese cities, the service area of a fire station is typically evaluated using the “Circle-drawing method”. This method involves drawing a circle with an area of 7 km2 or 15 km2 centered on each fire station [7].



The critical factor to justify the emergency response capabilities is to evaluate the response time from the fire station to the potential objects in need of rescue. In this article, the potential object to be rescued is referred to as the point to be rescued (PTBR). The efficiency of firefighting response time is crucial in minimizing fire losses during fire rescue operations [8]. The response time is primarily influenced by the number and locations of fire stations, emphasizing the importance of a well-designed fire station layout [9,10,11].



Past studies have primarily focused on analyzing the spatial layout of urban fire stations. Researchers provided the maximal covering location problem (MCLP) as a solution to address the locational set coverage model (LSCP) and the maximal covering location model [12,13,14,15]. However, these studies often start by analyzing the coverage areas of fire stations, and often aim to maximize their coverage using various mathematical models. Nevertheless, this approach results in an averaging of firefighting demand across high-fire-risk and low-fire-risk areas, leading to increased variability in the division of fire station service areas and a decentralized distribution of fire stations. To address this issue, Wang and Sirbiladze et al. proposed a multi-objective fuzzy model for addressing the challenge of fire station placement in a fuzzy environment [16,17]. Murray conducted an optimization of the model based on economic perspectives [18], while Ming et al. introduced a distributed robust model that considers uncertainty regarding rescue time [19]. Rodriguez et al. presented an engineering model that addresses the facility siting and equipment placement problem, considering the necessary coverage [20,21]. In contrast, Han et al. integrated ArcGIS analysis techniques with the distribution of urban fire risks to effectively reduce the response time of firefighting forces at high-risk locations [22]. Yu et al. incorporated the variable of fire engine travel time into the fire station siting process, while Boschetti et al. developed a metaheuristic algorithm that addresses the ensemble coverage problem [23,24]. The actual response time of a fire station is determined by the traffic conditions and the distance covered by fire engines during rescue operations [25]. Based on real-time traffic data crawling and processing algorithms developed by Xu et al., an evaluation model for the spatial configuration of fire stations was also proposed [26].



In the field of urban fire planning, the layout of fire stations is usually determined via considering the distribution of fire risks and the coverage provided by these stations [27,28,29]. Some scholars have utilized GIS technology to evaluate and plan the layout of urban fire stations. Zhou integrated fire risk assessments with GIS technology, proposing a method for optimizing the layout of urban fire stations based on this approach [30]. The POI location data can be used to quantitatively identify the distribution of fire risk areas, which can help to address the issues related to inadequate targeting during the selection of fire station sites [7,31,32,33]. Currently, POI data are primarily used in urban planning, design, and other related fields, and are gradually being applied to urban security.



Several studies have been conducted on fire planning in chemical industrial parks. Liu introduced the basic contents of fire safety planning for chemical industrial parks and proposed methods and procedures for fire safety planning based on fire risk analysis [34]. Zheng conducted a comparable study for a petrochemical industrial park [35]. Wan and Yun have proposed construction standards for fire stations, equipment requirements, and enhanced facilities for fire stations in chemical industrial parks. These proposals were based on a comprehensive review of typical safety incidents [36]. Chen et al. introduced a method for emergency rescue and evacuation route planning in a chemical industrial park, which incorporates intelligent obstacle avoidance in order to mitigate potential road conflicts [1]. For risk control purposes, most risk assessments in chemical industrial parks focus on quantifying the major hazardous installations for hazardous chemicals or the domino effect [37,38,39,40,41].



However, there have been few studies focusing on the planning and evaluation of the spatial layout of fire stations in chemical industrial parks. In chemical industrial parks, different enterprises face varying levels of fire risk and may encounter various types of disasters and rescue requirements. Therefore, the layout planning of fire stations should be related to the specific fire risks associated with each enterprise area. Existing fire risk assessment models cannot characterize the risk differences among the PTBRs well, which could negatively impact fire rescue response activities. To address this issue, a performance-based evaluation method should be used for analysis and demonstration purposes. This article aims to introduce a new method for evaluating the spatial layout of fire stations in chemical industrial parks. The method considers the impact of varying fire risk levels and irregular road paths. It will establish a regional fire risk assessment technology to characterize the risk differences, and provide the required fire rescue times for different fire risk levels. The layout of the fire station in a chemical industrial park will be quantitatively evaluated based on the associated fire risks. This method has been applied to several practical engineering projects over the past two years. The specifics of these projects are presented in Table 1. To illustrate this proposed method, the case study of an engineering project in the chemical industrial park, referred to as Park X, will be provided. Park X covers an area of 11.33 km2 and comprises primarily petrochemical and fine chemical industries.




2. Methods


2.1. General Framework


In this article, the proposed evaluation method for the spatial layout of fire stations in chemical industrial parks is carried out in the following steps:



(1) Classify the fire risk of the PTBR and determine the corresponding required fire rescue time for each fire risk level.



	■

	
Establish a set of PTBRs as R = {R1, R2, …, Rn}, where R1~Rn represent each PTBR, and n is the total number of PTBRs in the park.




	■

	
Establish a set of fire risk levels as W = {W1, W2, …, Wm}, where W1~Wm are the fire risk levels of PTBRs, and m represents the total number of risk levels.




	■

	
Establish a set of required fire rescue time standards as T = {T1, T2, …, Tm}, where T1, T2, … Tm are the required fire rescue time standards for the fire risk levels W1, W2, … Wm.




	■

	
Traverse the set R to establish a set of required fire rescue times as X = {X1, X2, …, Xn}, where X1~Xn are the required fire rescue times for the corresponding PTBRs. The required fire rescue time for each PTBR should be determined based on its fire risk level. The fire risk assessment technology will be described in the following section.







(2) Analyze and build a rescue road network within the chemical industrial park, and estimate the running speed of fire engines in the park. These parameters are used to calculate the estimated fire rescue times from each PTBR to each fire station.



	■

	
Establish a set of fire stations as F = {F1, F2, …, Fk}, where F1~Fk represent the fire stations in the chemical industrial park, and k is the total number of fire stations.




	■

	
Establish the minimum distance path from each PTBR to each fire station as


    P   i j   =         P   11         P   12       ⋯       P   1 k               P   21         P   22       ⋯       P   2 k         ⋯         P   n 1         P   n 2       ⋯       P   n k              



(1)




where Pij represents the minimum distance path from Ri to Fj, and where i ranges from 1 to n and j ranges from 1 to k.




	■

	
Estimate the fire rescue time from each PTBR to each fire station as


    t   i j   =   P   i j   / V =         t   11         t   12       ⋯       t   1 k               t   21         t   22       ⋯       t   2 k         ⋯         t   n 1         t   n 2       ⋯       t   n k              



(2)




where V represents the estimated running speed of fire engines in the chemical industrial park, and tij represents the estimated fire rescue time from Ri to Fj.







(3) Compare the estimated fire rescue time with the required fire rescue time, and calculate the coverage rate and overlap-coverage rate of the fire stations.



	■

	
Calculate the difference between the estimated fire rescue time and the required fire rescue time, tij − Xi, j = 1, 2, … k, and make the following judgments: (a) If tij − Xi < 0, then Ci = 1, where Ci is the first state register of the point Ri, and Ci = 1 indicates that the point Ri is covered by fire station Fj; (b) If the situation tij − Xi < 0 occurs more than once, then Hi = 1, where Hi is the second status register of the point Ri, and Hi = 1 indicates that the point Ri is covered by two or more fire stations.




	■

	
Traverse Ri, i = 1, 2, … n, calculate C = ΣCi, where C represents the number of PTBRs covered by fire stations. Then, calculate H = ΣHi, where H represents the number of PTBRs covered by two or more fire stations.




	■

	
Calculate the coverage rate of fire stations as


  α =   N u m b e r   o f   c o v e r e d   P T B R   T o t a l   n u m b e r   o f   P T B R   =   C     R      



(3)








	■

	
Calculate the overlap-coverage rate of fire stations as


  γ =   N u m b e r   o f   c r o s s l y   c o v e r e d   P T B R   N u m b e r   o f   c o v e r e d   P T B R   =   H   C    



(4)








	■

	
Determine the standard αs for the coverage rate of fire stations. If α ≥ αs, the coverage rate of fire stations meets the standard.




	■

	
Determine the standard γs for the overlap-coverage rate of fire stations. If γ ≤ γs, the overlap-coverage rate of fire stations meets the standard.







This method can also analyze the average fire rescue time, i.e., taverage as


    t   a v e r a g e   =     ∑  i = 1   n      ∑  j = 1   k      t   i j        /  n × k    



(5)








2.2. Fire Risk Assessment


The first step in evaluating the spatial layout of the fire station in a chemical industrial park is to conduct a fire risk assessment of the PTBR. The fire risk levels of PTBRs in the chemical industrial park are influenced by various factors, including the basic characteristics of the park, production processes, hazardous substances, and meteorological factors. These factors collectively contribute to the fire risk. The fire risk assessment should utilize appropriate indicators. In this article, the purpose of the fire risk assessment is to evaluate the effectiveness of the fire station layout. This study aims to characterize the inherent fire risks of PTBRs at the regional level, thus providing a basis for evaluating the layout of fire stations. Therefore, it is essential to use the existing risk indicators in chemical industrial parks to assess fire risks. Distinct from previous studies that quantify major hazards and domino effects, this article uses three indicators for fire risk assessment, as shown in Table 2. These indicators are derived from the lists published by the China State Administration of Work Safety [42,43] and the national standard regulation [44]. The China State Administration of Work Safety conducted an analysis of chemical fire and explosion accidents that occurred in China around 2008. The study revealed that a majority of these accidents were associated with hazardous processes such as nitrification, oxidation, sulfonation, chlorination, fluorination, or diazotization reactions. Based on these findings, the Catalog of Key Supervised Hazardous Chemical Processes was proposed [42]. Additionally, a comprehensive screening of chemicals responsible for accidents in China between 2002 and 2010, as well as internationally significant accidents over the past 40 years, was conducted. This resulted in the development of the List of Key Supervised Hazardous Chemicals [43]. Li et al. [45] compiled data on approximately 600 hazardous chemical accidents that occurred in China from 1951 to 2020. Their analysis revealed that the production process was the primary cause of the most severe accidents and casualties. It is worth noting that a majority of these processes are included in the Catalogue of Key Supervised Hazardous Chemical Processes. Furthermore, the study found that the accidents were directly caused by chemicals, all of which are listed in the List of Key Supervised Hazardous Chemicals. These findings provide the basic reason for the utilization of the three indicators in this study. It should be noted that these three indicators were specifically selected for Park X in this study. Other types of chemical industrial parks should consider practical indicators based on their specific process hazard characteristics.



The indicators presented in Table 2 represent the factors that influence the fire risks of PTBRs. The weights of these indicators reflect their significance in ensuring fire safety. The determination of indicator weights can be carried out using empirical methods, the analytic hierarchy process, expert scoring methods, or other suitable approaches, depending on the specific requirements. Empirical methods and expert scoring methods are adopted and compared, resulting in the weights assigned to the indicators for Park X, as shown in Table 3. For each indicator, its scoring standard is also provided in Table 3. To illustrate the scoring process, let us consider the indicator “Major hazard installations of hazardous chemicals”. If a specific PTBR has a major hazard installation of hazardous chemicals with the highest hazardous level of III, this indicator will be assigned a score of 75.



The fire risk score for each PTBR is calculated using the weighted summation method as shown in Equation (6).


  R =   ∑  i = 1   n      w   i     a   i      



(6)




where R is the calculated comprehensive fire risk score, ai is the score of the ith indicator, and wi represents the weight of the ith indicator. This article categorizes fire risk into three levels based on the distribution of the fire risk scores of PTBRs in the chemical industrial park. These levels and corresponding classification criteria are shown in Table 4, where R represents the calculated fire risk score,     X  ¯    represents the average value of R for all PTBRs in the park, and σ represents the standard deviation.




2.3. Required Fire Rescue Time


PTBRs with varying levels of fire risks require different fire rescue response times. Areas with a high fire risk specifically require a shorter fire rescue response time, and vice versa. The fire rescue response time (i.e., the required fire rescue time) refers to the time required for the fire engines to travel from a fire station to a PTBR. It is used to compare the following estimated fire rescue time in order to ensure the rationality of the fire station layout. The required fire rescue time currently adopted in Chinese cities is typically 5 min, according to the reference [6]. However, it is also possible to determine a more accurate standard for the required fire rescue time through evaluation methods based on fire risk assessment. The required fire rescue time for chemical parks could also be determined based on regional fire risks, taking into account the requirements of national standards, the local economic and social development, and the capabilities of local firefighting and rescue forces. The required fire rescue times for enterprises with different fire risk levels in Park X are presented in Table 5.




2.4. Estimated Fire Rescue Time


To estimate the fire rescue time, it is necessary to establish a rescue road network for the chemical industrial park and estimate the running speed of the fire engines within the park. The rescue road network mainly includes fire roads, fire stations, and PTBRs. An accurate PTBR in a chemical industrial park should be based on a specific object, such as a production facility, storage tank, or factory building. Relevant object information, such as contour lines and fire risk assessment results, should be obtained. The object should be transformed into a centroid point, and the relevant information should be provided as the attributes of this point. Obtaining the aforementioned data, however, involves significant difficulty and workload. Furthermore, the variety of these data sources may lead to significant differences in accuracy, which then hinders error control. In order to solve this problem, we adopt the concept of “clustering”. In this article, the chemical industrial park is divided into several areas based on the enterprise’s wall area or the public land parcels. The centroid of each area represents the total fire demand in that area, serving as a PTBR, and all the attributes of this area, such as the fire risk level, are assigned to this PTBR.



The speed at which fire engines travel directly affects the fire rescue time, which is closely related to the quality of local road construction and traffic conditions. The chemical industrial park is relatively isolated, with fewer unrelated vehicles passing through its interior. The roads and traffic conditions in the chemical industrial park are similar to those in the suburban areas of the city. According to the current national standard in China [46], the designated driving speed for expressways in suburban areas is generally no less than 60 km/h. A statistical analysis was conducted regarding the average driving speed of the highway network in Shanghai from August to October in recent years. Taking into account the traffic conditions, the average driving speed of fire engines in suburban areas was determined to be 55 km/h [6]. Park X is located in the suburban area of a small city in Southwest China that is not as developed as Shanghai. Based on an analysis of the current road construction situation and the daily traffic conditions in Park X, it is estimated that the driving speed of fire engines is 50 km/h.




2.5. Rationality Analysis


The coverage rate and overlap-coverage rate of fire stations are used to evaluate the rationality of their layout. According to the survey results on the current layout of urban fire stations nationwide in China, this article determines the standard for the coverage rate, denoted as αs, to be 80%. Specifically, if the PTBRs are covered by fire stations at a rate of 80% within the chemical industrial park, it is considered sufficient to meet the coverage needs. Otherwise, it is considered insufficient to meet the coverage needs. A higher coverage rate value indicates a more efficient fire rescue operation and a better fire safety performance. For the fire station overlap-coverage rate, a value of γs = 30% is adopted. If the overlap-coverage rate is less than 30%, it meets the requirements. A smaller overlap-coverage rate value indicates a more efficient economic layout of the fire stations. The criteria for these two parameters may vary in regions with different levels of local economic development. Regions with a more advanced economy may require a 100% coverage rate in order to achieve a higher level of fire rescue capability. However, they may be more lenient in accepting a high percentage of overlap-coverage rate.





3. Results and Discussion


According to the method proposed in this article, an analysis was conducted regarding the rescue paths of Park X, resulting in the construction of a rescue path network, as illustrated in Figure 1. The network was used to simulate common road conditions, while the actual road restrictions, such as the presence of one-way lanes and red lights, were not considered [47]. The figure also shows the locations of the fire stations situated within the park, along with the analysis results of the PTBRs. Through the analysis, it was found that Park X has a total of fifty-four PTBRs and two fire stations, which will be referred to as Fire Station A and Fire Station B, respectively. It can be observed from Figure 1 that the roads within Park X are highly irregular, and that the rescue routes are relatively complex. Furthermore, the distribution of PTBRs is uneven, with some areas having a high concentration of PTBRs and others having sparse PTBRs. In fact, most chemical industrial parks face similar situations.



Using the fire risk assessment method proposed in this article, the fire risk scores for the 54 PTBRs in Park X were calculated. The average fire risk score for all PTBRs in Park X is 24.5, with a standard deviation of 28.5. Referring to the classification criteria for the fire risk levels provided in Table 4, Park X has one PTBR with a high fire risk level, 42 PTBRs with a medium fire risk level, and 11 PTBRs with a low fire risk level. The distribution of fire risk levels for all PTBRs in Park X is shown in Figure 2. Based on the fire risk assessment results obtained for each PTBR, the required rescue time for each PTBR can be determined according to Table 5. For instance, the required rescue time for a high-risk PTBR is 3 min.



Based on the rescue path network shown in Figure 1, the minimum distance paths from each PTBR to each fire station were separately calculated. Through dividing these minimum distance paths by the estimated speed of fire engines (50 km/h in this article), the estimated rescue time from each PTBR to each fire station was obtained. For a specific PTBR, the estimated rescue time to reach Station A was compared with the estimated rescue time to reach Station B, and the smaller one was selected as the minimum estimated rescue time. The minimum estimated rescue time for each PTBR was then compared with its corresponding required rescue time, as illustrated in Figure 3. If the minimum estimated rescue time satisfies the required rescue time, the PTBR is considered effectively covered by the fire station. In other words, the PTBRs effectively covered by the fire station are located below the line y = x in Figure 3. It can be observed from Figure 3 that four PTBRs are not effectively covered by fire stations. The diagonal shadow area in Figure 4 represents all the effectively covered PTBRs and the corresponding regions they represent. Using Equation (3), the coverage rate of fire stations in Park X is calculated to be 92.6%. This exceeds the evaluation standard of 80% mentioned in this article, indicating that the fire station coverage rate of Park X meets the requirement.



The x-axis of Figure 5 represents the estimated rescue time from each PTBR to Station A, while the y-axis represents the estimated rescue time from each PTBR to Station B. The required rescue time standards for different fire risk levels are plotted on both axes. In the figure, when a PTBR falls within the green area (including the yellow and red areas within it), it indicates that the estimated rescue time for the PTBR to reach both fire stations is less than 8 min. For a PTBR with a low risk level, being within this area means it is covered by both fire stations. When a PTBR falls within the yellow area (including the red area within it), it means that the estimated rescue time to reach both fire stations is less than 5 min. For a PTBR with a medium risk level, being within this area means that it is covered by both fire stations. If a PTBR falls within the red area, it indicates that the estimated rescue time to reach both fire stations is less than 3 min. A PTBR with a high-risk level is considered to be covered by both fire stations only when it falls within the red area. Figure 5 shows all the PTBRs effectively covered by the fire stations. Based on the analysis method mentioned above, it can be observed that out of the 50 effectively covered PTBRs, 31 PTBRs are simultaneously covered by Station A and Station B. The diagonal shadow area in Figure 6 represents all the cross-covered PTBRs and the corresponding regions they represent. Using Equation (4), the overlap-coverage rate of fire stations in Park X is calculated to be 62%. This exceeds the evaluation standard of 30% mentioned earlier in this article, indicating that the overlap-coverage rate of fire stations in Park X does not meet the requirement.



Although this article estimates that the speed of fire engines in Park X is 50 km/h, it is important to note that the road and traffic conditions in different chemical industrial parks may vary. Apart from the previously mentioned PTBR fire risk levels and road irregularities, the speed at which fire engines travel within the chemical industrial park is a significant factor that can impact the rationality of the fire station layout. By using Park X as an example, we conducted an analysis comparing the fire station coverage rate and the overlap-coverage rate with the estimated speed of fire engines, as illustrated in Figure 7. It can be observed that under specific fire risk and road conditions, the coverage rate of fire stations gradually increases as the speed of fire engines increases, while the overlap-coverage rate also experiences an increase. Therefore, accurately estimating the speed of fire engines within the concerned chemical industrial park is crucial for the layout evaluation of fire stations.



Finally, a comparison between the method presented in this article and the “Circle-drawing method” is conducted. Taking Station B as an example, the 5 min coverage area is calculated using the method described in this article, based on the speeds of fire engines at 50 km/h and 30 km/h, respectively. The results are illustrated by the diagonal shadow area in Figure 8. The “Circle-drawing method” is utilized to draw a circle with a coverage area of 15 km2 centered on Station B. It can be observed that the “Circle-drawing method” produces a coverage area similar to that obtained by the method presented in this article using a driving speed of 30 km/h for fire engines. However, our site survey indicates that a speed of 30 km/h seriously underestimates the actual driving conditions of fire engines in Park X. Through the comparison, it is evident that, for Park X, the coverage range of fire stations estimated by the “Circle-drawing method” is significantly smaller than the coverage range estimated by the method described in this article. The “Circle-drawing method” primarily focuses on the linear distance traveled by the fire engines. Other important factors, such as fire risk level, road paths, and fire engine speed as discussed in this article, are not included. This significantly underestimates the coverage and rescue capabilities of fire stations, which may also result in excessive economic investment. The study conducted by Huang et al. yielded similar findings. They discovered that the service area boundary of the fire station was not a circle, but instead an irregular polygon, which highlights the limitations of employing the conventional circle-drawing method [47].




4. Conclusions


A method is presented for evaluating the rationality of fire station layouts in chemical industrial parks, and this is demonstrated using an engineering example. This method classifies the PTBRs in chemical industrial parks based on fire risk assessments. It determines the required fire rescue time for each PTBR based on their fire risk levels, and it conducts layout assessments which consider the variations between rescue objects. This leads to more accurate analysis results. The method evaluates the response time of fire rescues based on the actual road network in chemical industrial parks. It fully considers the impact of irregularities in the road path, leading to a more objective evaluation result. The fire station coverage rate in the engineering instance is estimated to be 92.6%, which meets the requirements. However, the overlap-coverage rate is estimated to be 62%, which exceeds the upper limit of the requirements. This method can be directly applied to the rational analysis and planning of fire station layouts in chemical industrial parks. It serves as the theoretical basis and foundation for fire protection.



This study reveals the significance of accurately estimating the speed of fire engines. Future research should prioritize the precise estimation of fire engine speed. It is feasible to estimate the speed of fire engines separately by considering various road sections encountered during the path, such as urban streets, expressways, highways, bridges, tunnels, etc. Additionally, another crucial factor that should be comprehensively investigated is the influence of fire station levels on the evaluation outcomes.
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Figure 1. Rescue road network; PTBR and fire station locations in Park X. 
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Figure 2. Fire risk assessment results for Park X. 
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Figure 3. Comparison between the required and estimated rescue time. 
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Figure 4. The area effectively covered by fire stations in Park X. 
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Figure 5. Analysis diagram for the overlap-coverage rate of fire stations. 
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Figure 6. The overlap-covered area by the fire stations in Park X. 
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Figure 7. The relationship between the coverage rate and overlap-coverage rate with the estimated speed of fire engines. 
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Figure 8. Comparison between the “Circle-drawing method” and this study. 
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Table 1. Information on the chemical industrial parks where this method has been implemented. FS stands for fire station.
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	Identification
	General Location
	Area, km2
	FS Number
	FS Coverage Rate
	FS Overlap-Coverage Rate





	Park A
	North China
	15
	3
	94%
	76%



	Park B
	Northeast China
	13.02
	2
	97%
	24%



	Park C
	Southeast China
	6.60
	4
	96%
	82%



	Park D
	Southwest China
	4.50
	1
	98%
	-



	Park E
	Southwest China
	18.57
	3
	62%
	0%



	Park F
	Southwest China
	4.74
	1
	100%
	-



	Park X
	Southwest China
	11.33
	2
	92.6%
	62%










 





Table 2. Fire risk assessment indicators for chemical industrial park.
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	Indicator Name
	Interpretation





	Key supervised hazardous chemical processes
	Chemical processes that are listed in the catalogue of key supervised hazardous chemical processes published by the China State Administration of Work Safety [42]



	Key supervised hazardous chemicals
	Chemicals that are listed in the list of key supervised hazardous chemicals published by the China State Administration of Work Safety [43]



	Major hazard installations of hazardous chemicals
	Installations that produce, store, use, and trade hazardous chemicals on a long-term or temporary basis, and where the quantity of hazardous chemicals equals or exceeds the threshold quantity according to the national standard [44]. (These installations are categorized into four levels from level I to level IV, with level I being the most hazardous.)










 





Table 3. Scoring and weights for fire risk assessment indicators.
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Criteria

	
Scoring

	
Weight




	
0

	
50

	
75

	
100






	
Number of key supervised hazardous chemical processes

	
0

	
-

	
-

	
1

	
0.3




	
Number of key supervised hazardous chemicals

	
0

	
1

	
2–3

	
≥4

	
0.2




	
Level of major hazard installations of hazardous chemicals

	
None

	
IV

	
III

	
I, II

	
0.5











 





Table 4. Classification of fire risk levels.






Table 4. Classification of fire risk levels.





	Fire Risk Score
	Fire Risk Level





	  R   ≥     X  ¯    + σ
	High



	     X  ¯         +   σ   >   R   ≥     X  ¯    
	Medium



	   R   <     X  ¯    
	Low










 





Table 5. Required fire rescue time for corresponding fire risk level.
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	Fire Risk Level
	Required Fire Rescue Time





	High
	3 min



	Medium
	5 min



	Low
	8 min
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