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Abstract: The measurement of spatial accessibility of fire services is a key task in enhancing fire
response efficiency and minimizing property losses and deaths. Recently, the two-step floating
catchment area method and its modified versions have been widely applied. However, the circle
catchment areas used in these methods are not suitable for measuring the accessibility of fire services
because each fire station is often responsible for the fire incidents within its coverage. Meanwhile,
most existing methods take the demographic data and their centroids of residential areas as the
demands and locations, respectively, which makes it difficult to reflect the actual demands and
locations of fire services. Thus, this paper proposes a fixed-coverage-based two-step floating catchment
area (FC2SFCA) method that takes the fixed service coverage of fire stations as the catchment area
and the locations and dispatched fire engines of historical fire incidents as the demand location and
size, respectively, to measure the spatial accessibility of fire services. Using a case study area in
Nanjing, China, the proposed FC2SFCA and enhanced two-step floating catchment area (E2SFCA)
are employed to measure and compare the spatial accessibility of fire incidents and fire stations.
The results show that (1) the spatial accessibility across Nanjing, China is unbalanced, with relatively
high spatial accessibility in the areas around fire stations and the southwest and northeast at the
city center area and relatively low spatial accessibility in the periphery and boundary of the service
coverage areas and the core of the city center; (2) compared with E2SFCA, FC2SFCA is less influenced
by other fire stations and provides greater actual fire service accessibility; (3) the spatial accessibility
of fire services is more strongly affected by the number of fire incidents than firefighting capabilities,
the area of service coverage, or the average number of crossroads (per kilometer). Suggestions are
then made to improve the overall spatial access to fire services.

Keywords: urban fire service; spatial accessibility; two-step floating catchment area; fixed service
coverage; historical fire incidents

1. Introduction

Fire disasters are one of the most significant global disasters that seriously threaten public safety
and social development [1,2]. A total of 10,815 fire fatalities occurred and caused 15,193 deaths
between 2007 and 2016 in China (http://www.china-fire.com). With the acceleration of urbanization,
fire incidents have become increasingly frequent and complex [3]. Timely fire emergency responses
are increasingly required and must be able to effectively minimize property losses and deaths [4].
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Spatial accessibility is an important way to measure the spatial equilibrium of public service facilities
and is also widely used as an effective approach to evaluate the accessibility of urban fire services [5–8].
According to the evaluation of spatial accessibility for urban fires, the areas with low access can be
determined, which are relatively scarce in areas with greater demand for fire services [7]. It is helpful
for fire agencies to optimize and improve the spatial allocation of firefighting resources in these poor
spatial accessibility areas, which may shorten emergency response time and thus improve the fire
rescue’s efficiency [6,8].

Spatial accessibility refers to the availability of and proximity to public services, while the tendency
of individuals to choose public services is referred to as non-spatial accessibility [9–11]. Many methods
have been developed to quantify spatial accessibility, such as the proximity to the nearest facility [12],
regional availability methods [13], and the gravity model [14], while the two-step floating catchment
area (2SFCA) method is one of the most widely used approaches [15–17]. The 2SFCA method was
first proposed by Radke and Mu [18] and considers the facility capacity, potential demand, and travel
impedance between demand and service facilities, as well as the maximum service coverage area, to
evaluate the spatial accessibility of public services. However, the original 2SFCA is a dichotomous
measure that considers a single distance impedance within a catchment and disregards all of the areas
out of the threshold range. To overcome these limits, Luo and Qi [19] developed an enhanced two-step
floating catchment area (E2SFCA) method by applying weights to differentiate travel time zones to
account for the distance decay. In past decades, the original 2SFCA method was extended in three
groups [20]: (1) variable or dynamic 2SFCA using different catchment sizes [16,21], (2) three-step FCA
using the competition of supply and demand [22], and (3) multi-modal or commuter-based 2SFCA
using transport modes [23,24]. A large number of these modified versions have been applied to measure
spatial accessibility in various public services, such as health care [25–29], green spaces [17,30,31],
food stores [32,33], job opportunities [15], and emergency shelters [34].

Several modified 2SFCA versions have also been applied to assess the spatial accessibility of fire
emergency services. Min, Kim, and Lee [8] used 2SFCA to measure the spatial accessibility of fire
services in Dallas City, Texas, USA and found that this measure was closely related to unintentional
residential fire-related injuries. Xia, Li, Chen, and Yu [7] proposed an optimized 2SFCA that integrated
spatial and non-spatial dimensions to measure urban fire service access. Kc, Corcoran, and Chhetri [6]
employed E2SFCA to compute the levels of spatial accessibility to fire services in relation to the current
population and future population in Brisbane, Australia, and identified the areas with low future
spatial accessibility of fire services, which provided beneficial decision-making data for fire services
agencies to select the locations of new fire stations in the future.

However, the original 2SFCA and its existing extensions (including E2SFCA) adopted the circles
of service locations as the catchment areas, which are unsuitable for assessing spatial accessibility of
fire services. Because each fire station is often responsible for fire incidents within its coverage area
and the overwhelming majority of people suffering fire incidents cannot choose other fire stations
as their service supply [35], this is different from other public services (e.g., health care services
and green spaces), for which people can choose one of the nearby hospitals or green spaces as their
service supply [16,17]. Meanwhile, most modified 2SFCA methods take demographical data and their
centroids of residential areas as the demands and locations, respectively [6,8], which make it difficult
to reflect the actual demands and locations of fires. Because the centroid of a demographical area
(e.g., an administrative unit) is only one point in a large area, this centroid cannot represent the detailed
spatial distribution of all fire incidents within the area accurately. The demand size for fire services is
not directly related to population density but often to fire loads [3,36,37]. By contrast, the locations of
historical fire incidents and the number of fire engines dispatched during each fire incident are able to
present the actual locations and demands of fires, respectively. Fire incidents can specify where fires are
spatially distributed and thus provide a more realistic and detailed distribution of fire incidents than
the centroids of demographic areas. A greater fire load usually needs more fire engines, so indicating
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the number of dispatched fire engines in each fire incident can accurately characterize the demand size
of fire services.

Therefore, this paper proposes a fixed-coverage-based two-step floating catchment area (FC2SFCA)
method that uses the fixed service coverage of fire stations as the catchment area and takes the locations
and dispatched fire engines of historical fire incidents as the demand location and size, respectively.
The proposed FC2SFCA method is applied in Nanjing, China as a case study to measure and analyze
the spatial accessibility of fire incidents and fire services.

The remainder of this paper is organized as follows. Section 2 outlines the study area and data,
Section 3 describes the proposed method, and the experimental results are analyzed in Section 4.
Section 5 provides the discussion. Finally, Section 6 presents the conclusions.

2. Study Area and Data

Nanjing is the capital of Jiangsu province, and is located in the southwest of the province and the
lower reaches of the Yangtze River. According to the Jiangsu Statistical Yearbook (http://tj.jiangsu.gov.cn/

index.html), the population of Nanjing in 2015 was 8.236 million, with an area of 6587 square kilometers.
The rate of urbanization in Nanjing was 80.23% in 2012 and reached 83.20% in 2019. As one of the earliest
cities to rapidly urbanize in modern China, Nanjing is a typical area in terms of firefighting construction
in large cities, making it suitable for analyzing spatial accessibility of fire services.

As shown in Figure 1a, Nanjing is divided into two areas, the city center and suburbs, for a
later comparative analysis (http://ghj.nanjing.gov.cn/), and the service coverage of 32 fire stations is
employed as the basic spatial analysis unit of spatial accessibility for the fire stations. At the same time,
historical fire records were collected from 2012, 2013, and 2015 for each fire station (records from 2014
were not available), with a total of 15,878 fire incidents, among which there were 2965 in 2012, 4432 in
2013, and 8481 in 2015. As shown in Figure 1b, the distribution of fire incidents is densely distributed
in the city center and sparsely distributed in the suburbs. The fire incident records contain the fire
incident location (i.e., the destination of fire rescue), the involved fire station location (i.e., the origin of
fire rescue), the fire engines used for each fire incident, the date of the fire incidents, etc. Furthermore,
as shown in Figure 2, the number of firefighters and fire engines at each fire station was acquired to
measure the firefighting capability of each fire station [7]. All data mentioned above were obtained
from the Nanjing Fire Department (http://www.nj119.com.cn/).ISPRS Int. J. Geo-Inf. 2020, x, x FOR PEER REVIEW  4 of 18 
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3. Methodology

The E2SFCA method considers different decay weights for different travel time zones and has
been widely applied in various fields for measuring spatial accessibility [6,25,38–40]. Therefore,
the proposed FC2SFCA follows the idea of E2SFCA [19] and modifies it in the following ways: (1) the
circles are replaced by the fixed-service coverage of fire stations as the catchment area for calculating
the supply-to-demand ratio; (2) the locations and dispatched fire engines of historical fire incidents
(rather than population and their centroids as in previous studies [6,8,41,42]) are used as the demand
location and size, respectively; (3) a hybrid time zone scheme is adopted to measure travel impedance;
and (4) an online map API is employed to accurately estimate the travel time from a fire station to
a fire incident. More details are described in the following. A flowchart of the FC2SFCA method is
shown in Figure 3 and involves the following four processes.
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(1) According to the fire station locations and fire incident locations, the travel time between
a fire incident location (i.e., destination) and its involved fire station (i.e., origin) is first estimated
from an online map API and then used to calculate the travel impedance with the hybrid time zone
scheme (FC2SFCA assumes that each fire incident has only one fire station as support since the
overwhelming majority of fire incidents were supported by only one fire station according to the
historical data records).

(2) The number of firefighters and fire engines of each fire station is used to measure the supply
capacity of the fire stations, as done in a previous study [7].

(3) The locations and numbers of dispatched fire engines of fire incidents (i.e., demands) within
the service coverage area are combined with the supply capacity of the fire station and the travel
impedance of each fire incident to compute the supply-to-demand ratio for each fire station.

(4) The spatial accessibility of each fire incident is measured using the supply-to-demand ratio of
the fire station and the travel impedance of the fire incident.

3.1. Estimation of Travel Time by Online Map API

Most previous studies calculated the travel time via the ArcGIS Network Analyst tool using a
distance from origin to destination and a hypothetical speed based on vector maps [43,44], which has the
obvious limitation that the accuracy of the result depends on the hypothetical speed, which is arbitrary
in practice [45]. Recently, online map APIs (e.g., Google map API, Baidu map API, and AutoNavi Maps
API) have been widely applied to estimate the travel distance and travel time for the multi-model
2SFCA model [45–47] and have demonstrated several advantages, such as the lack of a need to
build a road network, their use of the latest road network, and their ability to reflect real-time traffic
situations [48,49]. In this study, the road network travel time from a fire station to a fire incident is
estimated by the AutoNavi Maps API. As one of the biggest online maps, the AutoNavi Maps API
(http://lbs.amap.com/) has been extensively applied in measuring spatial accessibility [49,50]. For this,
the private car mode of AutoNavi Maps API was employed to estimate the travel time under unblocked
traffic conditions (0:00 am–1:00 am on 23 June 2020). Note that the traffic light waiting time was not
excluded for fire engines due to the unavailability of waiting time in AutoNavi Maps API. Even so,
the previous study on fire analysis demonstrated the effectiveness of online map APIs in estimating
accurate travel time [35].

3.2. Spatial Accessibility Measurement of Fire Incidents

The proposed FC2SFCA method measures the spatial accessibility to fire incidents in two steps.
Step 1: For fire station j, search all fire incidents i within a threshold of travel time t0,

the number of used fire engines Di during the fire incident i is weighted by travel impedance
ωi j. The supply-to-demand ratio for each fire station is computed as

R j =
S j∑

iε{ti j≤t0}
Diωi j

(1)

where the supply S j of fire station j is estimated by the sum of firefighters and fire engines that are
intact and on duty [7], Di is the number of fire engines that are dispatched during the fire incident i,
ωi j is the travel impedance from i to j under the hybrid travel time zone scheme capturing the travel
time decay of access for the service coverage, which is represented by

ωi j =


1 ti j ≤ 300 s

(e−
1
2 (

ti j−300

900 )
2

− e−
1
2 )/

(
1− e−

1
2
)

300 s < ti j ≤ 1200 s
0 ti j > 1200 s

(2)

http://lbs.amap.com/
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The hybrid travel time zone scheme is designed for two reasons. First, national regulations
stipulate that firefighters should reach the fire scene within 5 minutes after they receive the fire
alarm [51]. Hence, 5 minutes is the ideal travel time, and each time zone within 5 minutes should
use the same decay weight. Second, it was found that 90.6% of fire incidents can be reached within
20 min in our case study, and thus a time zone with 5 min to 20 min maximum catchment radius with
an impedance function was defined. Time over 20 min was defined as the last time zone. Set ωi j = 1
when the travel time is within 5 minutes, indicating that the rescue area has good spatial accessibility
with no travel time decay. When the travel time is over 20 minutes, set ωi j = 0, indicating that the
rescue area is inaccessible. When the travel time is between 5 minutes and 20 minutes, the Gaussian
function was used to measure the travel time decay, which is one of the most popular impedance
functions [52], and is expressed in Equation (2), where ti j is the travel time in seconds from fire station
j to fire incident i.

Step 2: Generally, the E2SFCA method calculates the spatial accessibility Ai of fire incident i
by summing up the supply-to-demand ratios R j of the fire station j that falls within the catchment
area, as shown in Equation (3). However, it is unsuitable for measuring the spatial accessibility of fire
services because the overwhelming majority of fire incidents only have one corresponding fire station
to rescue, and each fire station is only responsible for the fire incidents within its coverage area. Thus,
the spatial accessibility of each fire incident is calculated by Equation (4)

Ai =
∑

jε{ti j≤t0}

R jωi j (3)

Ai = R jωi j (4)

where R j is the supply-to-demand ratio of fire station j, which corresponds to the fire incident i, and ωi j
is the travel impedance in Equation (2).

To compare FC2SFCA with E2SFCA in a fair way, the historical fire incidents, rather than the
population data of residential areas often used for E2SFCA [6,38,53], are also used as the demand in
E2SFCA. Meanwhile, the modified hybrid travel time zone scheme for calculating travel impedance
is also used in the two methods. A comparison of the original E2SFCA method and the proposed
FC2SFCA method for measuring the accessibility of fire incidents is summarized in Table 1. In essence,
the use of catchment areas for calculating the supply-to-demand ratio in Step 1 and for measuring the
spatial accessibility in Step 2 by the proposed FC2SFCA is different from that in E2SFCA. Figure 4
illustrates a comparison of those two methods for generating the catchment area. It can be seen that in
Step 1, E2SFCA uses a circle of the fire station (red triangle) and its covered fire incidents (red points) for
the calculation of the supply-to-demand ratio, while FC2SFCA employs the fixed-service coverage area
of the fire station and its covered fire incidents (red points). In Step 2, E2SFCA adopts the three covered
fire stations (three red triangles) of a circle centered on the fire incident (red point) to measure the
accessibility of the fire incident, whereas FC2SFCA only uses one fire station (red triangle) responsible
for the fire incident.
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Table 1. Comparison of enhanced two-step floating catchment area (E2SFCA) and FC2SFCA for
measuring the accessibility of fire incidents.

E2SFCA FC2SFCA

Difference in Step 1

For each fire station j, sum up demands Di by
travel impedance ωi j within its catchment area

(i.e., a circle with the center of fire station j),
and compute the supply to demand ratio R j:

R j =
S j∑

iε{ti j≤t0 }
Diωi j

For each fire station j, sum up demands
Di by travel impedance ωi j within its

service coverage area, and compute the
supply to demand ratio

R j: R j =
S j∑

iε{ti j≤t0}
Diωi j

Difference in Step 2

For each fire incident i, sum up ratios R j by travel
impedance ωi j across all supply locations j within
the catchment area (i.e., a circle with the center of
fire incident i) to obtain the accessibility Ai at fire

incident i: Ai =
∑

jε{ti j≤t0}

R jωi j

For each fire incident i, calculate the
accessibility Ai by the product of ratio R j

and travel impedance ωi j from the fire
station j which corresponds to the fire

incident i: Ai = R jωi j

Similarity The calculation of travel impedance ωi j uses the same hybrid travel time zone scheme.

3.3. Spatial Accessibility Measurement of Fire Stations

To represent the spatial accessibility of each fire station comprehensively, the average of the fire
incidents’ spatial accessibility within the service coverage is taken as the spatial accessibility of this fire
station, which is expressed as

F j =
1
N

N∑
i=1

Ai (5)

where F j represents the spatial accessibility of fire station j, Ai represents the spatial accessibility of fire
incident i, and N is the number of fire incidents within the service coverage of fire station j.

3.4. Spatial Pattern Analysis of Fire Service Accessibility

The Optimized Hot Spot Analysis in ArcGIS 10.4 is used to analyze the spatial pattern of the
spatial accessibility of fire incidents. This software can create a map of statistically significant hot and
cold spots using the Getis–Ord Gi* statistic and evaluate the characteristics of the input feature class to
produce optimal results.

4. Results and Analysis

To compare the proposed FC2SFCA with E2SFCA, the spatial accessibility of fire incidents and
fire stations by E2SFCA is measured and analyzed.

4.1. Spatial Accessibility Analysis of Fire Incidents

The E2SFCA method and the FC2SFCA method are used to calculate the spatial accessibility of
15,878 historical fire incidents over three years. As shown in Figure 5, the probability density distribution
histogram shows that the spatial accessibility score of the fire incidents is mainly distributed within 0.09
(about 93%), with a few high values in the range of 0.09–0.35 and a frequency peak around 0.02–0.04.
At the same time, it can be found that some spatial accessibility scores are zero, which indicates that
the travel time of these fire incidents exceeds 20 minutes. By comparison, the spatial accessibility
in FC2SFCA has a higher frequency within 0.03 but a lower frequency in the range of 0.03–0.09,
indicating that the overall spatial accessibility in FC2SFCA is lower than that in E2SFCA. In addition,
the spatial accessibility in E2SFCA changes more smoothly, but that in FC2SFCA changes more
drastically and shows an obviously higher frequency for some values. The main reason for this result
is that FC2SFCA takes the service coverage of the fire station as the catchment area. In the same
catchment area, there is only one supply, so fire incidents with similar travel times or travel distances
have similar spatial accessibility. Moreover, the distribution of fire incidents in the service coverage is
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always regionally aggregated instead of uniform. For instance, more fire incidents gather around the
fire station, which leads to a higher frequency for some values of spatial accessibility.
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According to the distribution characteristics of the spatial accessibility score, the spatial accessibility
of fire incidents is classified into four levels. A few fire incidents with a score of over 0.09 are classified
under the very high level. The spatial accessibility scores from 0 to 0.09 are divided into three levels
with an interval of 0.03, corresponding to the levels of low, medium, and high, as shown in Table 2.
Only a few fire incidents have high or very high spatial accessibility, while most of them have low or
medium spatial accessibility. There are slightly more fire incidents with medium spatial accessibility
in E2SFCA, and slightly more with low spatial accessibility in the results of the FC2SFCA method,
which further confirms the distribution of the probability density distribution histogram.

Table 2. The levels of spatial accessibility for E2SFCA and FC2SFCA.

Numerical Range Spatial Accessibility Level Count & Percentage of Fire Incidents
E2SFCA FC2SFCA

≤0.03 Low 5673 (36%) 7506 (47%)
(0.03,0.06] Medium 6948 (44%) 5795 (36%)
(0.06,0.09] High 2134 (13%) 1520 (10%)

>0.09 Very high 1123 (7%) 1057 (7%)

Figure 6 presents the spatial accessibility levels of fire incidents in Nanjing: Figure 6a,c present
the results of the E2SFCA method, and Figure 6b,d show the results of the FC2SFCA method. As can
be seen from Figure 6, the accessibility of fire incidents in Nanjing has obvious spatial differences,
with higher spatial accessibility in the vicinity of several fire stations and in the southwest (around
Teqin_1) and northeast outside (around Teqin_2) of the city center, with lower spatial accessibility in
the periphery and the boundary of the service coverage and the north area (Fangjiaying, Maigaoqiao,
Shimenkan, etc.) of the city center.
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The spatial accessibility of the two models is generally similar in the urban suburbs (such as
Xiongzhou, Zhujiang, Lishui, and Gaochun) but shows great differences in the city center, especially
in areas like Fuzimiao, Houjiaqiao, and Yixianqiao, where the spatial accessibility of fire incidents
according to E2SFCA is generally higher than that in FC2SFCA. Meanwhile, the spatial distribution of
the two models is also different in the city center. Though both models present high spatial accessibility
around Teqin_1 and low spatial accessibility around Gulou, for FC2SFCA, the spatial accessibility is
different at the boundary of the service coverage but similar within the coverage, which is obviously
restricted by the boundary of the service coverage, while the result in E2SFCA is not restricted by the
coverage boundary.

The Optimized Hot Spot Analysis in ArcGIS is used to analyze the spatial patterns of fire incidents.
The clusters of high spatial accessibility (hot spot) and low spatial accessibility (cold spot) for fire
incidents are identified in Figure 7. These spatial clusters further highlight the differences in spatial
accessibility to fire incidents between the two models. In the suburbs, the discrete cold spots on the
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periphery of the service coverage in FC2SFCA are fewer than those in E2SFCA. In the city center,
the results of the two methods show marked differences. For FC2SFCA, the boundary between the cold
and hot spots is on the northern border of Andemen and Teqin_1. On the north side of the boundary,
Fuzimiao, Yixianqiao, and Shimenkan are obviously covered by cold spots; Gulou and Houjiaqiao
are also surrounded by cold spots but feature a circle of hot spots gathered around the fire stations.
For E2SFCA, the boundary between the cold and hot spots extends to the north up to the northern
border of Houjiaqiao and Fuzimiao. As a result, areas such as Houjiaqiao and Fuzimiao are obviously
covered by hot spots, the cold spots in Yixianqiao and Shimenkan derease, and Gulou is almost entirely
covered by cold spots. Furthermore, in Kaifaqu and Dongshan, the southern area outside of the city
center, the cold spots evenly distributed around the two fire stations in E2SFCA are mainly clustered
at the border of the coverage area between the two fire stations in FC2SFCA, and a small circle of
hot spots is gathered near the fire station in Kaifaqu. In addition, the clustering effect in FC2SFCA is
more concentrated, and the spatial distribution of its cold and hot spots is obviously restricted by the
boundaries of the service coverage.
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The main reason for the obvious difference between the two results in the city center is that
the service coverage of the fire stations and the distances between fire stations are generally small,
causing the catchment area of the two models to be significantly different. FC2SFCA takes the boundary
of the service coverage into account, so its spatial accessibility to fire incidents will not be affected by
the surrounding fire stations due to the small service coverage. Conversely, E2SFCA only considers
the travel time between the supply and demand, making fire incidents in the city center affected by the
surrounding fire stations and fire incidents within other service coverage areas, resulting in higher or
lower spatial accessibility. For instance, in E2SFCA, fire incidents in areas such as Fuzimiao are affected
by the fire stations in the southwest and show higher spatial accessibility, while those in Gulou are
affected by the surrounding cold spots in other service coverages and show lower spatial accessibility.
By comparison, FC2SFCA takes the boundary of the service coverage into account to ensure the spatial
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accessibility of fire incidents will not be affected by other fire stations and fire incidents, which is more
in line with the actual fire rescue scenes; thus, more realistic spatial accessibility of fire incidents can
be obtained.

Based on the spatial accessibility analysis of fire incidents, there is an obvious spatial imbalance in
the spatial accessibility of fire incidents in Nanjing. Spatial accessibility is generally higher around
fire stations and in the southwest (such as Teqin_1, Shazhou, etc.) and the northeast outside (such as
Teqin_2, Xingang, etc.) of the city center, while the boundary and periphery of the service coverage
and the north part of the city center (such as Fangjiaying, Maigaoqiao, Shimenkan, etc.) have lower
spatial accessibility. At the same time, the spatial accessibility of the two models is generally similar in
the suburbs but obviously different in the city center; especially in the central parts of the city center
such as Fuzimiao and Nanhu, the spatial accessibility in FC2SFCA is generally lower and restricted
by the boundary of the service coverage, largely because FC2SFCA takes the boundary of the service
coverage into account, allowing it to simulate more realistic fire rescue scenes and thus generate
more real and accurate spatial accessibility to fire incidents, as well as determine the areas with lower
spatial accessibility.

4.2. Spatial Accessibility Analysis of Fire Stations

To further understand the spatial accessibility of fire stations in Nanjing, the average of the spatial
accessibility scores of fire incidents within each service coverage was computed and divided into four
levels: very high, high, medium, and low (the same as the standard for the spatial accessibility of
fire incidents), as shown in Figures 8 and 9. Figure 8 shows the spatial accessibility scores of the two
models. It can be seen that there are slight differences between the two results. Compared with the
results in E2SFCA, most fire stations in the city center have slightly lower spatial accessibility scores
inFC2SFCA, especially Fuzimiao and Tiexinqiao, while Teqin_1 and Shazhou have higher spatial
accessibility scores and also have relatively high scores in E2SFCA.

Figure 9 shows the spatial accessibility levels of the fire stations. As can be seen from Figure 9,
most fire stations have medium-level spatial accessibility and are mainly located in the suburbs and
the central part (in E2SFCA) of the city center. Fire stations with low-level spatial accessibility are
concentrated in the central (in FC2SFCA) and southern outside parts of the city center, such as
Fangjiaying, Shimenkan, Kaifaqu, and Dongshan, etc., while fire stations with high-level and
very-high-level spatial accessibility are mainly concentrated in the southwest (such as Teqin_1,
Shazhou, etc.) and northeast outside (such as Teqin_2, Xiba, etc.) of the city center. The overall situation
is largely consistent with that for fire incidents. The difference between the two methods is also largely
reflected in the city center. Compared with E2SFCA, FC2SFCA reveals more fire stations with lower
spatial accessibility in the central part of the city center, such as Fuzimiao, Yixianqiao, Houjiaqiao, etc.
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4.3. Impact Factors of Spatial Accessibility

The spatial accessibility of fire stations in Nanjing was measured and analyzed above. The impact
factors that may affect the spatial accessibility of fire stations are analyzed in this part. The firefighting
capability and number of fire incidents of each fire station directly affect the spatial accessibility of fire
incidents. There is also a certain correlation with the spatial accessibility of fire stations. At the same
time, the attributes of the fire station, such as the area of the station’s service coverage and the average
number of crossroads (per kilometer), may also affect the station’s spatial accessibility. Therefore,
this part analyzes the correlation between the logarithm of the spatial accessibility score by FC2SFCA
and the firefighting capability, the number of fire incidents, the area of the service coverage, and the
average number of crossroads (per kilometer) for fire stations, as shown in Figure 10. It can be seen
from Figure 10 that there is a relatively strong negative correlation between the spatial accessibility
and the number of fire incidents, indicating that an excessive number of fire incidents is one of the
most important reasons for the reduction of spatial accessibility of fire stations. The overall correlation
between the spatial accessibility and firefighting capability, the area of the service coverage, and the
average number of crossroads (per kilometer) is not obvious. Considering the specific situation of
fire stations in the study area, the fire stations in the southwestern and northeast outside areas of the
city center (such as Teqin_1, Shazhou, and Teqin_2) may have higher spatial accessibility because they
have stronger firefighting capability than others. Fire stations in the central part of the city center
(such as Fuzimiao and Gulou) have lower spatial accessibility mainly due to the large number of fire
incidents and crossroads within the service coverage area. Xiba has higher spatial accessibility due to
its obviously fewer fire incidents and small number of crossroads. Fire stations in the southern outside
parts of the city center (such as Shimenkan, Dongshan, and Kaifaqu) have lower spatial accessibility
for three main reasons. One is that their firefighting capability is obviously weaker than that of others,
the second is that fire incidents occur frequently in the area, and the third is that the service coverage
is larger compared to that in the city center, which affects the spatial accessibility of fire stations to
some extent.
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The attribution analysis of the spatial accessibility of fire incidents and fire stations aims to
investigate the main factors that lead to regional differences in spatial accessibility and then provide
effective reference suggestions for fire agencies to optimize the allocation of fire resources and improve
the regional spatial accessibility to fire services. Through a discussion of the above factors, it can be
found that an excessive number of fire incidents is the primary reason for the low accessibility of
fire stations. The firefighting capability, the area of the service coverage, and the average number of
crossroads (per kilometer) also affect, to a certain extent, the spatial accessibility of some fire stations.
In addition, it is worth noting that the fire stations located in the southern outside parts of the city
center, such as Dongshan, have witnessed a rapid increase in population and industry over the past
decade, resulting in frequent fire incidents. However, the firefighting capabilities in these areas have
not been effectively strengthened, which is likely to aggravate the economic and property losses caused
by fires.

5. Discussion

5.1. Impact of the Historical Fire Data on Fire Service Accessibility

This study used the historical fire incidents and the dispatched fire engines of each fire incident for
2012, 2013, and 2015 to measure the spatial accessibility of fire services in Nanjing, China. Although the
historical fire data are from a few years ago, these 3-year fire data can effectively present the spatial
distribution of fire incidents. Future fire incidents are difficult to predict, but the spatial distribution of
historical fire data can be regarded as an effective proxy for determining fire risk in Nanjing, China.
At the same time, historical fire incidents, as the demand, provide more details (e.g., fire locations and
fire engines) than the demographical data (most are also historical data) of residential areas used in
previous studies [6,8]. Furthermore, Nanjing is a famous ancient city in China, with well-preserved
buildings alongside a high standard of urbanization. As early as 2012, the rate of urbanization
exceeded 80%, and the overall urbanization rate changed slightly from 2012 (80.23%) to 2019 (83.20%)
(http://tj.jiangsu.gov.cn). As an ancient city, Nanjing’s road network remains nearly unchanged in the
urban center but changed slightly in the suburbs from 2012 to 2020. In addition, historical fire incidents
can be regarded as a current or future proxy of fire risk, and the travel time obtained from online map
APIs can also be adapted to calculate the current or future travel impedance. Therefore, these three
years of historical fire incidents are an effective proxy for measuring the fire service accessibility of
current or future fires in Nanjing.

5.2. Comparison of the Results with Other Studies

Kc, Corcoran, and Chhetri [6] employed the E2SFCA method to compute the spatial accessibility
of the population to fire stations. Min, Kim, and Lee [8] measured the spatial accessibility to fire stations
at the census block group level. Xia, Li, Chen, and Yu [7] proposed an optimized 2SFCA method in
the central part of Nanjing, China, which takes the number of dwellers in a residential location as the
demand to measure the fire service spatial accessibility in each residential area. Those studies take
the centroid of the residential area as the demand location, which cannot show the detailed spatial
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accessibility within the demographic area. Moreover, the population size in each residential area is
taken as the demand size, which is less realistic for fires. In contrast, our study used the number of fire
engines dispatched during each fire incident as the “real” fire service demand size, rather than the
population-based demand, to obtain a more realistic distribution of spatial accessibility, and applied the
location of historical fire incidents as the demand location to measure the spatial accessibility of each
fire incident instead of each residential area, so as to provide more accurate and detailed accessibility
distribution data of fire incidents at finer spatial scales.

5.3. Limitation of the Proposed FC2SFCA Method

Although the proposed FC2SFCA method has powerful advantages that make it better suited to
measure the spatial accessibility to fire incidents, certain limitations still remain. This study assumes
that each fire incident was supported by only one fire service without considering rare large fire
incidents that use multiple fire services to support; in this case, the restriction of a catchment area to
non-overlapping areas may not be useful. However, such situations are very rare in historical fire
records and have little impact on the results based on the huge amount of fire data.

6. Conclusions

Measuring the spatial accessibility of urban fire incidents and fire stations is an important task
to improve fire service and reduce the injuries and deaths caused by fires. This paper proposed an
FC2SFCA method that makes full use of the service coverage of fire stations and historical fire data
(e.g., the locations and fire engines used for fire incidents) to measure the spatial accessibility of fire
incidents and fire stations in Nanjing, China. The spatial differences and main influencing factors of
spatial accessibility were further analyzed. The main conclusions are as follows:

(1) The spatial accessibility of fire incidents and fire stations across Nanjing is unbalanced. For
fire incidents, the spatial accessibility in the areas around several fire stations and the southwest and
northeast areas outside of the city center is relatively high, while that at the periphery and boundary
of service coverage and at the core of the city center is relatively low. For fire stations, the overall
situation is basically consistent with the spatial accessibility of fire incidents; the spatial accessibility
for Shazhou, Teqin_1, and Xiba is the highest, while that for Dongshan, Kaifaqu, and some fire stations
in the city center is the lowest.

(2) The spatial accessibility between the proposed FC2SFCA and E2SFCA methods has a few
differences in suburbs, while the differences are more evident in the city center. Compared with
E2SFCA, FC2SFCA has lower spatial accessibility in the city center, and its spatial accessibility of fire
incidents is obviously restricted by the boundary of the service coverage. FC2SFCA is less influenced by
other fire stations and fire incidents and provides greater actual fire service accessibility than E2SFCA.
In this way, areas and fire stations with lower spatial accessibility can be identified more accurately,
thereby providing decision-making support for fire agencies to take targeted measures to improve
fire services.

(3) The number of fire incidents is the largest impact factor on the spatial accessibility of fire
stations. The firefighting capability, the area of service coverage, and the average number of crossroads
(per kilometer) also affect the spatial accessibility of some fire stations. The high spatial accessibility in
the southwest and northeast outside of the city is mainly due to the strong capacity of fire stations in
the area, while the low spatial accessibility in the center of the city is due to a large number of fire
incidents. In addition, the main influencing factors for the low spatial accessibility at the southern area
outside of the city center are the poor capacity of the fire stations, the area’s frequent fire incidents,
and the large area of service coverage, which should be given greater attention.

In practice, the following suggestions are proposed for fire services agencies in Nanjing to
improve their fire services in the future. First, fire service agencies should optimize their fire resource
allocations. The fire stations with relatively weak fire service capacities need to be strengthened, such as
Fangjiaying and Dongshan. Meanwhile, fire stations in the city center, such as Maigaoqiao, Fuzimiao,
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and Shimenkan, also need to enhance their firefighting capabilities because of their highly aggregated
populations, frequent fire incidents, and obsolete urban facilities. Second, some fire stations in the
suburbs should be given more attention, and measures such as adding new fire stations and modifying
the boundaries of service coverage need to be taken because the service coverage area of fire stations is
uneven in Nanjing (small in the city center but too large in the suburbs), and the locations of some fire
stations (such as Dongshan, Kaifaqu, and Xingpulu) are too close to the boundary of service coverage,
which results in time delays and low spatial accessibility.

In general, this study measured the spatial accessibility of fire services in Nanjing, China and put
forward some important suggestions for fire agencies to optimize and improve the spatial allocation
of their fire resources. Moreover, this proposed FC2SFCA method can be applied as an important
reference to measure the spatial accessibility of fire services in other cities and countries. In the future,
there are two issues that need to be further addressed. First, some factors that may affect spatial
accessibility were discussed in Section 4.3, but the urban environment is complex, and its influencing
factors are diverse. Therefore, greater analysis needs to be done by combining this model with social
and economic data to identify the potential factors that can influence spatial accessibility. Second,
the analysis of spatial accessibility of fire incidents and fire stations represents a new idea for optimizing
fire resources. In the future, the optimal layout of fire stations and resources should be further studied
based on spatial accessibility.
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