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Abstract: With the rapid development of urbanization in China, the gap between urban and rural
areas is decreasing. The traditional approach of constructing fire stations based on urban built-up
areas is no longer suitable for the needs of modern fire rescue. Therefore, a comprehensive fire station
location model is proposed based on fire risk assessment. This method divides the protected area
units based on the urban road network. By evaluating different regions based on spatial position,
land attributes, population density, floor area ratio, and fire incident indicators, the fire rescue
risk levels and categorize regions into four risk levels are assessed. Corresponding response times
were determined, and an objective model was developed to maximize the coverage area for fire
response. The Baidu API was utilized to accurately calculate driving distances and times, and Gurobi
optimization software was used to solve the model. Taking Shanghai as an example, the fire station
location and layout from two perspectives—re-planning based on overall station placement and
re-planning based on existing stations—were analyzed. The results suggest that constructing around
150 fire stations in Shanghai would effectively meet the fire rescue needs, which aligns with the actual
situation in Shanghai and demonstrates the strong applicability of this model. This approach enables
the meeting of new demand for fire station construction due to the significant increase in the coverage
area while effectively utilizing firefighting resources.

Keywords: risk classification; fire response time; fire policy; fire station plan

1. Introduction

The rapid urban development and bustling social activities accompanying economic
growth have brought along a plethora of risks, leading to various types of disasters, such
as traffic accidents, industrial accidents, and fire incidents [1]. The fire service is one of the
foremost important emergency response services relying on fire stations [2]. The location
of fire stations directly determines arrival times, which are crucial to the efficiency of
emergency responses for fire suppression and personnel rescue operations.

Locating fire stations in geographical space is a multi-dimensional problem that typi-
cally involves a number of factors regarding improving access and service coverage [3,4].
For the former purpose, referring to the ease of travel distance/time from fire stations to
risk sites, a P-Center model [5-7] was proposed to maximize access to places requesting
services. For the latter purpose, referring to the maximum distance or service area of a
fire station with a minimum number of facility points, other models including Location
Set Covering Problem (LSCP) [8] and Maximum Covering Location Problem (MCLP) are
used widely. For example, the MCLP model [9], focusing on the rational layout of P fa-
cility points under the conditions where the number of service facilities and the coverage
radius are predetermined, has been used in the planning of fire stations in Istanbul [10-12],
California [13,14], and Belgium [15].

However, considering the expansion and development of cities, the applicability of
these models is basically unitary. In China, most fire stations are sited in urban built-up
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areas, accounting for only a small portion of the country’s land area. For example, Shanghai
is the city with the highest urbanization rate in China, reaching 89.3% in 2022 [16]. Although
the built-up area of Shanghai has increased to 1242 km? in the past 30 years, it still only
accounted for less than 20% of the total in 2022. Figure 1 illustrates the distribution of fire
stations and the extent of the built-up area in Shanghai in 2022. The thick lines represent the
four major ring roads of Shanghai while the black lines are the administrative divisions for
streets and towns. The red areas signify the built-up regions. The number of fire stations in
Shanghai is up to 152 in general. However, more than 70% of fire stations are located in
built-up areas. In suburban areas, the placement of fire stations aligns with administrative
divisions, with one fire station constructed for each town or street.

e Fire station
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— Administrative district
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Figure 1. The distribution of fire stations and the extent of the built-up area in Shanghai, 2022.

Figure 2 further presents the number of incidents at all fire stations in Shanghai in
2022. Figure 2a shows the distribution of jurisdictional areas and annual incidents for
all fire stations in 2022. The red points represent the fire stations in the built-up areas
while the black points represent those in suburban areas. The fire station with the most
annual incidents, such as Qingning, reached 1600 incidents. Other stations that exceeded
1000 incidents are all located in built-up areas. In contrast, suburban fire stations have
significantly larger jurisdictional areas, exceeding 50 km? compared to those in built-up
areas. The largest jurisdiction is Dishuihu station, covering over 350 km?2. Figure 2b
specifically presents the counts of fire stations for different incident ranges. The annual
incidents for most fire stations in built-up areas consistently exceeded 500 cases. One-third
of the incidents counted in the 48 suburban fire stations also surpassed 300 cases. Moreover,
the jurisdictions of these fire stations tend to be extensive, exceeding 50 km?2. Additionally,
the incident counts for some fire stations within the core urban area were lower than 200,
which were notably dispersed due to the densely concentrated placement, resulting in a
significant waste of firefighting resources. This may be because fire stations in the core
urban area must meet the standard requirement of a 5 min response time. The current
distribution of fire stations in Shanghai is largely dependent on administrative divisions
and traditional standards, which is not rational.
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Figure 2. (a) The distribution of jurisdictional areas and annual incidents for all fire stations in 2022

and (b) the counts of fire stations for different incident ranges.

The MCLP model is used to ensure that every region has the right corresponding
fire and rescue protection [17,18]. The P-Center [19] and LSCP [20] aim to identify the
minimum distance costs and number of facilities. There is still a significant lack of a model
that optimizes both urban and rural coverage while considering the cost-effectiveness of
site distribution. The regional grading standards for response times provide the foundation
for developing a site distribution model based on risk grades. Hierarchical analyses and
Bayesian network models are used widely, relying on available data like geospatial [21]
and building [22] information. In China, according to the “Urban Fire Station Construction
Standards” [23], the direct response time required is 5 min, which is the same as that in
the United States, followed by the NFPA 1710 principle [24]. In both the UK and Hong
Kong, response times for the highest risk level, which is determined by factors such as
population density, land development density, and building characteristics, should not
exceed 5 min [25]. This would avoid wastage of firefighting resources and cover all areas
as reasonably as possible [26] and is a feasible solution to build a new model.

Therefore, this work proposes to develop the traditional MCLP model for the risk
classifications of respective areas. A hierarchical method of the model relying on fire
response times was proposed and the usage of the model in Shanghai was verified. This
approach enabled the meeting of new demand for fire station construction due to the
significant increase in coverage areas while effectively utilizing firefighting resources.

2. Optimization Siting Model

Taking the practical circumstances, the comprehensive fire station location model was
based on risk assessment across urban and rural areas. The framework of the optimization
siting model is shown in Figure 3, including the risk classification method, revised site
planning model, and results analysis, which are provided in the following subsections.

2.1. Risk Classification Method

The risk classification method basically relied on the scoring system proposed by
Lau et al. [27]. A two-level indicator system was constructed by using the fuzzy analytic
hierarchy process [28]. Temporal, spatial, and personnel-related factors were considered.
Six key factors were ultimately characterized, including spatial location (A1), land attributes
(Ap), population density (A3), building volume ratio (A4), GDP density (As), and incident
density (Ag). Table 1 illustrates the detailed risk assessment indicator system including
the calculation method and score counts. The scoring model depended on expert ratings,
correlating with the probability of triggering risks. The most significant factors were
population density and incident density, accounting for 0.27 and 0.21, while the impact
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of GDP density was minimal, contributing only 0.1. The proportions of land attributes,
building volume ratio, and spatial location were 0.15, 0.15, and 0.12, respectively. The
model calculation method was scientifically formulated. Taking spatial location as an
example, it assigned 100 to the central urban area, 60 to the main urban area, and 30 to
other regions. For land attributes, commercial service land was assigned 100, office land 80,
and residential land 60. Other factors were scored on a scale from 0 to 100 based on the
proportion relative to the maximum value.
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Figure 3. The framework of the optimization siting model based on fire risk classification.

Table 1. The risk assessment indicator system.

Score Count

Factors Indicator Name Method of Calculation
(A4;) (;)
. . Assigning a value of 100 to the central urban area, a value of
A1 Spatial location 60 to the main urban area, and a value of 30 to other regions. 0.12
Current land use attributes (residential land assigned a value
Ay Land attributes of 60, administrative office land assigned a value of 80, 0.15
commercial service land assigned a value of 100, etc.).
As Population density Population within th? ]ur1~sd1ct10n dlYlded by the total area of 0.27
the region (in square kilometers).
A Building volume ratio Total area of above—g?ounFl bulldlngs divided by total area of 015
the region (in square kilometers).
. Total GDP of the region (in hundred million CNY) divided by
As GDP density the total area of the region (in square kilometers). 0-10
Ag Incident density Fire incident density within the region over 12 months. 0.21

The fire safety risk score (R) can be calculated by the factors (A;) and score count («;) as
R = ZDCiAl’ (1)

A comprehensive score was assigned to each region and the regions were classified
into four risk classifications: A (extremely high risk), B (high risk), C (moderate risk), and
D (low risk), according to their scores. The specified risk classifications of Shanghai will be
illustrated in Section 3.1.

According to the risk classification, different fire response and time requirements were
reasonably proposed, as shown in Table 2. The time taken for vehicles to travel and reach
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a scene was considered as the fire response time [3]. For the A-level area, the travel and
response time were required to be 4 and 5 min, respectively. For B- through D-level areas,
the travel time gradually extended from 7 to 19 min, and the response time increased from
8 to 20 min.

Table 2. Travel and response times for different risk classifications.

Risk Classification Travel. Time Risk Clas-siﬁcation
(min) (min)
A 5 4
B 8 7
C 15 14
D 20 19

2.2. Revised Site Planning Model

The risk classifications method was then applied to the traditional MCLP model. The
objective function was defined as a weighted function of the protected area of fire stations
under four different risk scenarios as follows:

MaximizleeR Zielyl(r) X Br X s; 2)
In the equation, ! is the set of protected units and R is the set of fire risk classifications:
R ={A,B,C,D} @3)

i and r are the counts of the site,  represents the area correction factor, and s represents
the area of the protected units.
Each site y should meet

yl(r) — ZjG] ajjX; < O(i S I) (4)
v e {01}(ien )

(6)

(r _ 1, Minimum response time meets the requirement
Vi = 0, Minimum response time does not meet the requirement

J is the set of candidate sites for fire stations proposed by the risk classifications method
and j is the count of the site. x; is the count function of the candidate point, as follows:

o= 1, the supply point is candidate point j %
' 10, the supply point is non — candidate point j
ajj is the count function of the covered demand point, as follows:
o — 1, Demand point i is not covered by candidate point j ®)
77| 0, Demand point i is covered by candidate point j

In particular, B; represents the area correction factor. Since the objective function of
this model represented the weighted area of the protected regions, and the response time
varied for different classifications of risk, the area that could be covered by fire stations also
differed in regions with different risks, as shown in Figure 4. To achieve equal coverage
by fire stations, it was necessary to adjust the area of high-risk protected regions. The
values of the area correction coefficients for different classifications of risk were inversely
proportional to the square of the response time, as shown in Table 3.
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Figure 4. Impact of different response time requirements on coverage area for different risk zones.

Table 3. Area correction coefficients for different risk classifications.

Travel Time

Risk Classifications (min) Area Proportion Risk Classifications
A 4 16 22.56
B 7 49 7.37
C 14 196 1.84
D 19 361 1.00

3. Results and Discussion
3.1. Risk Distribution

The risk assessment indicator system comprised six subsystems for spatial location,
land attributes, population density, plot ratio, GDP density, and fire incident density. Ac-
cording to the method of calculation for each factor, the scores of all research units could
be obtained. Spatial location, population density, and GDP density were obtained from
the Shanghai Statistical Yearbook [29]. Land attributes and building volume ratios were
derived from the publicly available National Spatial Geographical Information Database [30].
Incident density was provided by the Command Center of Shanghai Fire and Rescue Depart-
ment. The research object considered the entire administrative division space of Shanghai.
The area units were divided based on the urban road network, up to 19,140 units.

Figure 5a illustrates the scores of the factors across the entire spatial units; the de-
tailed scores of all factors can be found in Appendix A. Taking fire incident density as an
example, the risk score exhibited distinct spatial characteristics. The highest scores, up to
100 points, were concentrated in the core urban area within the inner ring road. This area
also corresponded to the highest GDP and population density risk scores. In contrast, the
risk scores were much lower along the outer ring and suburban areas, with the minimum
score being only 20 points. This also resulted in the risk classification following a similar
trend. Figure 5b further shows the specified risk classification of all the research units
in Shanghai, divided into levels A, B, C, or D according to the composite score based
on the preset proportions (Table 1) of all parameters. Level A was qualified for scoring
over 73.62 points, with only three units in the core area of Shanghai. Most of the areas
within the outer ring region were classified as level B, with scores ranging from 46.23 to
73.62 points. The other suburban areas outside the outer ring were all below 46.23 or
36.27 points, categorizing them as level C or D.
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Figure 5. (a) The scores of the fire incident density and (b) 4-level risk classification in Shanghai.

3.2. Travel Time

As mentioned in Section 2.1, the candidate sites were selected from the central regions
that met both risk classification and response time criteria. Constrained by the segmentation
of the map, a total of 5000 candidate points were randomly selected along urban roads.
These candidate points were placed as close as possible to road intersections to ensure
efficient emergency responses. The routing API interface of Baidu Maps was utilized to
obtain more realistic travel routes and times for fire and rescue operations. A code that
could retrieve real travel routes and times between each protected unit and candidate fire
station point was programmed. As illustrated in Figure 6, for each candidate site, the
program based on Baidu Map API could swiftly determine the travel time of the units with
different risk classifications based on street distribution. It is important to note that the
central points in Figure 6¢ were simplified as the estimated travel time for the entire unit,
serving as the foundation for site selection evaluation.

[ Units A Candidate site BaiDu Map API Protected units

31310 6
L} ® Centroid of unit

A Candidate site
31.305

31.300

31.295

Latitude(N)

Q
[ ]
P
Travel Time/min

~

31.285

31.280

31275{ &

12140 12141 12142 12143 12144 12145
Longitude(E)

(c)

Figure 6. The schematic of (a) the units and candidate site, (b) the program using Baidu Map API to
calculate the travel time of the protected units and (c) the results of one selected protected units.

3.3. Optimized Site Selection

According to Sections 3.1 and 3.2, the risk distribution and actual travel distances
needed to be calculated. The number of calculations for travel distance was around
95.7 million for 19,140 protected units and 5000 candidate fire station points, which was
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massive. Gurobi 9.1.2 [31] academic version was used to solve the category of a typical
integer linear programming problem, which was easy to obtain.

In this study, the optimal siting for fire stations was determined for six different
scenarios by employing the methods mentioned in Section 3.2. The optimization object was
set as 50, 100, 150, 200, 250, and 300 stations. Figure 7 illustrates the layout and coverage
area of the various objective fire stations calculated by Gurobi. The points represent the
optimized locations of fire stations for the specified quantity targets. The purple solid lines
indicate the connections between the fire stations and the centers of the protected areas.
The coverage area expanded with the increase in the number of constructed stations. All
administrative districts could not be covered by only 50 stations, due to which certain areas
in Chongming and Pudong were left.

(a) 50 stations

R 5 i cTaae

(b) 100 stations

.

(d) 260

stations

Figure 7. The layout and coverage area of the various objective fire stations.

Figure 8 further shows the response coverage rate and average response time for
six different scenarios calculated by the model. Figure 8a illustrates the response coverage
rate of four levels of risk units and overall and cross-response coverage rates. The response
coverage rate of four risk classifications is the percentage of units that met the travel time
requirements in Table 2 for all areas. The average response coverage rate is the average
of four response coverage rates. The cross-response rate is the percentage of repeated
cross-sections of all units. The model prioritized covering areas with A-classification risk,
followed by B, C, and D-level areas when a certain number of stations was given. As the
number of stations increased from 50 to 100, the response coverage rate for B- and C-level
areas rapidly rose, with slight increases in A- and D-level areas. When the number of
stations reached 100, the overall response coverage rate was already close to 90%. With
more than 150 stations, the response coverage rate approached 100% and the marginal
effect decreased significantly. The cross-response coverage rate continued to increase as
the number of stations increased, showing the serious wastage of the existing fire stations.
Also, increasing the number of stations from 0 to 150 led to a decrease in the average travel
time, as shown in Figure 8b. However, when the number of stations exceeded 150, the
rate of decline slowed down and essentially remained unchanged. Therefore, it can be
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concluded that the re-planning of fire station siting in Shanghai should include around
150 stations.

(a) (b)
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Figure 8. (a) Response coverage rate and (b) average travel time at different numbers of fire stations.

3.4. Evaluation and Discussion

A comparative analysis was also conducted on the workload of the existing 152 fire
stations and the 150 optimal fire station locations obtained in this study. In our former
research, we obtained the distribution of all incidents in Shanghai in 2022. Based on the
sites of 150 stations in the model, the counts of incidents in protected units of each station
could be measured. Figure 9 shows the annual incidents in different jurisdictions and the
counts of fire stations for different incident ranges after the re-planning. Compared to
Figure 2, the number of incidents exceeding 1000 throughout the year was reduced to 0.
Additionally, the number of fire stations in areas with less than 200 incidents per year was
reduced to 19. Most fire station jurisdictions encompassed an area below 50 km?. There
were no coverage areas with excessively small or extremely large areas, resulting in a more
balanced distribution of fire resources.
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Figure 9. (a) The annual incidents in different jurisdictions and (b) the counts of fire stations for
different incident ranges after the re-planning.
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To assess the level of uniformity in the incident distribution of the station placement
scheme, the unevenness (U) of the station deployment load was defined as

Z{L(xi - 7)2

n

u= ©)
where x; is the annual number of incidents in the jurisdiction of fire station i and ¥ is the
average annual number of incidents in the fire station’s jurisdiction.

The unevenness (U) represents the degree of unevenness in the fire station deployment
load, where a higher U value indicates a higher level of imbalance and less optimal fire
station placement. The unevenness of the existing fire station deployment in Shanghai
was U = 327.1, while the unevenness of the proposed scheme with 150 fire stations was
U = 200.3. This indicates a significant improvement in the level of imbalance in fire
station deployment.

It should be noted that this paper was intended to apply a risk assessment-based
model for fire station planning. Given the urbanization characteristics of Shanghai, the
risk assessment system only selected typical parameters for which there are accurate and
available data. Factors such as topography and spatial roads could be considered to develop
a more comprehensive model in different regions.

4. Conclusions

This study proposed a comprehensive fire station location model based on risk assess-
ment and the traditional MCLP model. The developed model was utilized and evaluated
by taking Shanghai as an example. The spatial location, land attributes, population density,
building volume ratio, and incident density of Shanghai were collected to build a four-level
risk classification system. Risk classification parameters were added as tuning parameters
to optimize the objectives of the MCLP model. Baidu Map API and Gurobi 9.1.2 were used
to calculate coverage areas and site layout.

Based on the four-level risk classifications system, 5000 candidate fire station points
were determined and 50, 100, 150, 200, 250, and 300 stations were then selected to assess
the possibility of constructing fire stations. The results show that increasing the number
of stations from 0 to 150 will lead to a decrease in average travel times. However, when
the number of stations exceeds 150, the rate of decline slows down and essentially remains
unchanged. The overall response coverage rate is already close to 90% when the number of
stations reaches 100. The re-planning of fire station siting in Shanghai should be around 150.
With the re-planning of existing fire stations, there were no coverage areas with excessively
small areas, resulting in a more balanced distribution of fire resources. The objective model
with risk assessment will provide guiding principles to maximize the coverage of response
areas for various needs and scenarios.
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Appendix A

Figure A1l illustrates the detailed scores of all factors according to the calculation
method mentioned in Section 3.1 across all spatial units. It should be noted that the GDP
density (A5) could only be obtained at the district or county level, which was considered to
be equivalent to that in specified units.

Figure A1l. The scores of (a) spatial location (A1), (b) land attributes (A;), (c) population density (A3),
and (d) building volume ratio (A4) in Shanghai.
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