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Abstract

Coal cities are the impetus and guarantee of China’s economic development. However, the long-
term unreasonable exploitation of coal seriously affects the quality of eco-environment and residents'
lives in coal cities. This study takes five coal cities in Anhui Province as the research objects, selects
ten evaluation indicators of three dimensions based on the production-life-ecology (PLE) model, and
improves the evaluation model of relative resource carrying capacity (RRCC). The relative carrying
capacity (RCC) of various resources and the relative resource comprehensive carrying capacity
(RRCCCQ) in coal cities from 2010 to 2019 are calculated by entropy-catastrophe progression method to
explore the spatio-temporal dynamic evolution of RRCCC in each city, and the critical resistance factors
are identified by resistance model. The results show that: (1) There is a particular gap between the RCC
of various resources and the existing population resources. (2) RRCCC, with a good development trend
in general, is at a relatively strong load level, tending to a strong load level. (3) The level of RRCCC in
each city is unevenly distributed, with regional differences. (4) The ecological subsystem had the most

significant impact on RRCCC before, and it will be replaced by the production subsystem in the future.

Keywords: coal cities, catastrophe progression method, entropy method, resistance model, relative
resource carrying capacity

Introduction

Coal resources, which account for more than 70%
of the total fossil energy, are the core impetus of
China’s economic production and the energy guarantee
of social life. Therefore, many coal cities have formed

e-mail: ZSHang1001@163.com

centered on coal regions, typical resource-based cities,
accounting for more than 60%. However, excessive
exploitation in coal cities will inevitably lead to
contradictions such as insufficient total resources,
eco-environmental damage, and industrial decline
[1]. The fundamental reason that hinders the rapid
development of coal cities is that excessive human
activities exceed the carrying capacity of resources and
the environment [2].
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Long-term unreasonable coal exploitation can
cause air pollution [3-5], and air quality is a basic
condition for human sustainable development. CO,
and particulate matter produced by coal exploitation
are the main factors affecting air quality. At the same
time, the industrial waste water produced contains a
lot of heavy metals, which are difficult to dissolve and
easy to accumulate in organisms, resulting in water
pollution [6-7]. In addition, coal exploitation will also
cause geological disasters such as land destruction
[8], vegetation degradation [9], mining area collapse
[10] and gas explosion [11]. Building green mines in
the new era has become the primary task of relevant
departments. To speed up the clean and efficient pace
of coal city resources exploitation and achieve the high
quality and sustainable development of coal city, it is
necessary to promote the ecological safety construction
of coal city. Therefore, how to measure the carrying
capacity of coal city resources and determine its critical
influencing factors is particularly important.

The application of carrying capacity in ecology and
demography is pervasive [12-13]. Its origin can trace
back to Malthus's An essay on the principle of population
[14] published in 1798. The earliest mathematical
expression of carrying capacity was proposed by
Verhulst (1838) based on the theory in Malthus's book
[15]. Park and Burgoss (1921) put forward the concept
of carrying capacity and defined it as “the maximum
limit that can accommodate individual organisms under
specific environmental conditions” [16]. The evolution
and development of carrying capacity generally
experienced four stages: population carrying capacity,
resource carrying capacity, environmental carrying
capacity, and ecological carrying capacity [17-21].

Population growth has always been the main source
of socio-economic problems [22]. With the advance of
green urbanization, the population in the urban center is
more concentrated, and the resource carrying capacity
(RCC) can be used to measure the capacity of the
population in the study area [21]. With the continuous in-
depth exploration of research fields, the research objects
of resource carrying capacity have been extended from
natural resources such as water resources and land
resources [23-25] in the early stage to tourism resources
[26], social resources [27], ecological resources [28-29]
and environmental resources [30]. The main research
methods include system dynamics [25, 31], TOPSIS
[30], ecological footprint [32] and AHP [28, 31, 33],
etc. Domestic and foreign scholars have evaluated the
level of various resource carrying capacity from multi-
dimensional and multi-perspective.

Due to the large but unevenly distributed total of
population and resources in China and the differences
in resource endowment, the traditional evaluation
methods only study a single region or resource,which
cannot directly reflect the differences in carrying
capacity among various study areas and resources, as
well as the complementarity of superior and inferior
resources [28-33]. To solve the influence of this problem

on the study, Huang (2000) put forward the concept
of relative resource carrying capacity (RRCC), that
is, an area larger than the study area is selected as the
reference area, and the relative carrying capacity (RCC)
of various resources in the study area are calculated by
the formula of resource stock or total consumption in
the reference areca and the study area [34]. Therefore,
compared with the single RCC, RRCC is more
meaningful for evaluating the carrying capacity level of
coal cities.

RRCC has been applied to the study of regional
resource carrying capacity by the majority of scholars.
Yang, Bao and Zeng modified the RRCC model to
study the temporal and spatial dynamic evolution of
Jiangsu, Anhui and Hunan provinces [35-37]. Zeng and
Su used the RRCC theory to evaluate and predict the
relative water resources carrying capacity of Hunan and
Gansu provinces [37-38]. With the help of the RRCC
model, Peng sclected two reference areas to measure
the longitudinal time change of RRCC in Guiyang
City [39]. Li and Wang evaluated the sustainable
development of industries in ethnic minority areas and
ecologically fragile sites from the perspective of RRCC
[40-41]. It can be seen that few scholars choose coal
cities as research objects.

Through the study of domestic and foreign literature
[35-41], it can be concluded that scholars in the academic
circle are relatively approved of the RRCC evaluation
model. However, the model still needs to be improved
and perfected. First, in the dimension of subsystem
selection, it can be summarized into four dimensions:
natural resources, social resources, economic resources,
and ecological resources. The selection dimension is
relatively single, and the research perspective is not
innovative enough. Second, in determining the weight
of indicators, AHP is the primary method, which is too
subjective and has subjective errors. Third, in selecting
research methods, it is difficult to combine or compare
multiple methods, and their advantages cannot be
complementary, resulting in a low matching degree of
the RRCC evaluation model.

Based on the relevant research basis, combined
with the concept of “integration of production, life, and
ecology”, the coal city is linked to production, life, and
ecology, and ten representative evaluation indicators are
selected to construct a new research perspective in line
with the ecological safety construction of mining areas.
According to the standard of coal cities, five coal cities
in Anhui Province are selected as the research objects
[1, 36, 42]. The entropy method is used to determine the
weight to avoid subjective weighting error. The RRCC
evaluation model is improved by using the catastrophe
progression method and carrying capacity resistance to
evaluate the RRCC and identify the critical resistance
factors. The ArcGIS10.7 software is used to analyze the
spatial and temporal dynamic evolution of the study area
from 2010 to 2019, and the internal factors of its change
were studied. This study optimizes and improves the
RRCC evaluation model to provide a theoretical basis
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and decision-making basis for realizing the ecological
safety construction of coal cities.

Materials and Methods
Study Area

The study area is located in the northern part of
Anhui Province, China, between latitude 31°54'-34°39'N
and longitude 114°52'-118°11'E, with a total area
of 9,379 km?. The coal resources reserves in the study
area rank among the top ten in China [36]. The study
areca is the core energy base of the Huaihe River
ecological economic belt [43]. The Yangtze River flows
through the province where water transportation is
convenient. In 2019, Anhui's total energy production
amounted to 89.44 million tons of standard coal,
including 109.90 million tons of raw coal, with a GDP
of 3.71 trillion yuanThe population density was
2,663.61 people per square kilometer, which is nearly six
times that of Anhui Province. The vast population size
affects the high-quality and sustainable development
of coal cities. Anhui Province has sixteen cities as the
reference area. Five coal cities, including Huainan,
Suzhou, Huaibei, Bozhou and Fuyang, are selected as
the study area, as shown in Fig. 1.

The Evaluation System

This paper integrates the concept of production-life-
ecology (PLE) [44], transforms the traditional natural
resources, social resources and economic resources
subsystems into production resources and life resources
subsystems, as well as retains the original ecological
resources subsystem. The idea comes from China's
strategy for rural revitalization, and coal cities also
need revitalization and transformation development.
Considering the influence of various resources on
the RRCC evaluation model and combining the
characteristics of the study area, ten evaluation
indicators (Table 1) are selected to construct the
comprehensive evaluation system of RRCC [29, 33-36,
39].

Productive Resources Subsystem

In this paper, water resources, agricultural land
resources, scientific and technological resources
and industrial enterprise resources are taken as four
elements of the production resources subsystem. Water
and soil resources are the basic guarantee of human
activities, so the total water resources are selected as
the measurement standard of water resources. As the
administrative area of the city basically does not change
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Fig. 1. Map showing the location of the study area in China.
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Table 1. The RRCC comprehensive evaluation indicator system of coal cities.

Target layer | Element layer Sub-element layer Indicator layer
C]-Water resources Total water resources
Production C,-Agricultural land resources Effective irrigated area
resources C,-Scientific and technological resources R&D development expenditure
C,-Industrial enterprise resources Number of industrial enterprises above designated size
The RRCC C,-Economic resources GDP
chifi(e):l Life resources C,-Education resources Number of studelrlll‘i?‘j:r;)i{[(iiélslary colleges and
C_-Medical resources Number of staff in medical and health institutions
C,-Forestry resources Afforestation area
EZ;)(I)?E;? C,-Ecological compensation resources Ecological environment water replenishment
C,,-Disaster prevention resources Investment in geological disaster prevention&control

much, the effective irrigated area is selected as the
measurement indicator of land resources to evaluate the
level of agricultural production. It is relatively common
for scholars to study energy resources in coal cities, and
the accuracy of energy resources data acquisition is low.
Therefore, two major resources, science&technology
and industrial enterprise, are selected in this paper for
comprehensive investigation. Taking R&D development
expenditure and the number of industrial enterprises
above designated size as measurement indicators,
the influence of scientific and technological input and
enterprise size on energy production are studied.

Life Resources Subsystem

The subsystem of life resources includes three parts:
economic resources, educational resources and medical
resources. In the past, the research objects were usually
social resources and economic resources. Combining the
concept of "new education and new medical treatment",
this paper replaces social resources with educational
resources and medical resources. The number of
students in ordinary colleges and universities and the
number of staff in medical and health institutions are
selected as the evaluation indicators, and the GDP is
selected as the measurement indicator of economic
resources. High-quality socio-economic development in
coal cities has improved people's quality of life.

Ecological Resources Subsystem

The subsystem of ecological resources is constituted
from three dimensions: forestry resources, ecological
compensation resources and disaster prevention
resources. Scholars mostly choose the total capital
investment in urban greening and environmental
protection as the research focus. However, from the
perspective of ecological compensation, this paper
selects afforestation area, ecological environment water

replenishment, and investment in geological disaster
prevention&control as the measurement indicators to
comprehensively investigate the ecological resources
level of coal cities.

Data Source

The research data in this paper come from
the Statistical Yearbook of Anhui Province of
China(2011-2020), the Statistical Yearbook of each
city (2011-2020) and the relevant data provided by the
Statistics Bureau of Anhui Province and five cities.
Some data are calculated according to the Yearbook
data.

Evaluation Model

Based on PLE model, RRCC model is improved
to calculate the RRCC of coal cities. The weight
of indicators are calculated and sorted by entropy
method [23,45]. Then, combined with the catastrophe
progression method [46-48], the index and grade of each
subsystem and RRCCC are obtained, and the spatio-
temporal dynamic evolution analysis is conducted.
Finally, the resistance model is used to identify the
critical resistance factors.

PLE Model
The RRCC of 10 resource indicators in three

subsystems of Production resources-Life resources-
Ecological resources (PLE) are calculated:

P 1
C,=—X%0,
O (1)
Among them, C, represents the population

accommodated by a certain resource, P is the total
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population of the reference area, Q, is the total resource
in the reference area, and Q,’ is the total resource in the
study area.

EM-CPM Model

EM-CPM model is composed of entropy method and
catastrophe progression method to evaluate the relative
resource carrying capacity. Catastrophe progression
method is proposed based on catastrophe theory [48].
CPM first divides the evaluation elements according
to the level, and selects the corresponding potential
function according to the number of control variables.
Because the units of control variables are not unified,
the normalization formula should be derived through
the bifurcation set to solve the problem. Finally, the
total membership grade is calculated, then the ranking
analysis is carried out according to the size. The
common types of catastrophe are shown in Table 2.

(1) Data Standardization:
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Table 2. The four types of catastrophe models.

(2) Calculating entropy:
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(4) The catastrophe type and the corresponding
potential function are determined according to the
number of indicators at each level. The indicators
at each level are sorted from large to small, so as to
eliminate the subjective error of artificial sorting.

(5) The standardized data are substituted into the
normalization formula to calculate the catastrophe
progression of each control variable. Then the
catastrophe progression of the subsystem is taken as
the control variable of each indicator of the upper
evaluation system. Because of the complementarity
among the resource indicators in the evaluation system,
it belongs to the complementary catastrophe model, the
mean value method is selected.

Type of catastrophe Number'of control Potential function Bifurcation set Normalization
model variables formula
1
Folding model 1 f(x)=x"+ax a=-3x> X =a?
L=
1
a=—-6x> x, = a?
Cusp model 2 f(x)=x"+ax’ +bx 1
b == 8x3 xb — bE
1
a=—6x> x, = a?
Swallowtail model 3 f(x) 15+1 3+1bz+c b=8: ;
wallowtail mode X)=—x +—ax" +—=bx X = —
57730 T2 x X, =b’
4 1
C= _3.x xc — C4
1
a= _1Ox2 xa — aE
b=20x x. = b3
Butterfly model 4 f(x) 1x"’-irlax“+1b3+1 >+ d ’
== - —bx’ +—=cx X
utterfly mode 6 4 3 5 . i
C= —15)6 xc — c4
5 1
d=4x x,=d°
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Table 3. The RRCC index and grade criteria.
Grade Control variables | Ecology/Life RCCC index | Production RCCC index RRCC index RRCC grade

I [0,0.2) [0, 0.567) [0, 0.606) [0,0.822) Low load

I [0.2,0.4) [0.567,0.722) [0.606, 0.749) [0.822,0.893) Relatively low load

11 [0.4,0.6) [0.722, 0.833) [0.749, 0.850) [0.893,0.938) Medium load

v [0.6,0.8) [0.833, 0.923) [0.850, 0.931) [0.938,0.972) Relatively strong load

v [0.8,1.0] [0.923,1.000] [0.931,1.000] [0.972,1.000] Strong load

(6) Establishing evaluation grade standard. Because
the difference of membership grade calculated by
EM-CPM is usually relatively small, it is difficult to
compare. In order to make the study more valuable, this
paper establishes the evaluation grade standard [47],
selects the control variable {0.2,0.4,0.6,0.8,1}, calculates
the membership grade of each level step by step, and
finally obtains the total membership grade, so as to
determine the value interval of each evaluation grade
(Table 3).

Resistance Model

To accelerate the development and transformation of
coal cities, it is of great significance to identify the pros
and cons of the influencing factors. With the help of
the resistance model [49], the critical resistance factors
affecting the RRCC of coal cities are diagnosed. The
formula is as follows:

©)

Among them, the resistance value O represents
the resistance degree of the factor; The skewness is

Sl.j =1- X which represents the difference between the
factor and optimal value.

Results

Time Series Change of RCC
of Various Resources

During the study period, the population of coal
cities increased steadily from 22.29 million in 2010
to 24.98 million in 2019, an increase of 12.1%. Taking
Anhui Province as the reference area, formula (1) is
used to calculate the RCC of various resources in coal
cities from 2010 to 2019, as shown in Table 4.

In terms of the mean value of the RRCC, the total
population was 23.54 million, which exceeds the mean
values of various resources' RCC. Moreover, the RCC
of various resources was greatly different, and the
ranking was based on the mean value: agricultural land
resources>medical  resources>industrial ~ enterprise
resources>economic  resources>forestry  resources>
ecological compensation resources>education resources
>water resources>scientific and technological resources
>disaster prevention resources.

Among them, agricultural land resources were
the closest to the total population, exceeding the RCC

Table 4. The RCC of various resources in coal cities from 2010 to 2019.

Year | C, C, C, c, C, C, C, C, C, c, pogl‘;lzlion
2000 | 583 | 2190 | 594 | 1181 | 1422 | 1004 | 1811 | 1359 | 1100 | 132 | 2229
2011 | 772 | 2220 | 605 | 1354 | 1383 | 1004 | 2062 | 1044 | 558 | 025 | 2231
2012 | 688 | 2253 | 638 | 1397 | 1390 | 983 | 2087 | 1060 | 634 | 032 | 2237
2013 | 819 | 2123 | 617 | 1508 | 1391 | 959 | 2105 | 890 | 655 | 050 | 22.60
2014 | 801 | 2151 | 595 | 1557 | 1389 | 939 | 2124 | 1474 | 641 | 038 | 22.84
2005 | 611 | 2419 | 572 | 1644 | 1426 | 947 | 2146 | 1497 | 652 | 220 | 24.10
2016 | 605 | 2446 | 560 | 1679 | 1429 | 954 | 2222 | 1535 | 1286 | 039 | 2436
2017 | 1094 | 2494 | 575 | 1736 | 1429 | 959 | 2220 | 1223 | 1936 | 138 | 24.63
2018 | 1141 | 2534 | 623 | 1747 | 1430 | 963 | 2270 | 994 | 1887 | 110 | 24587
2019 | 733 | 2568 | 617 | 1655 | 1511 | 1026 | 2233 | 1123 | 1787 | 750 | 2498
Mean | 7.84 | 2340 | 600 | 1546 | 1420 | 974 | 2129 | 1220 | 1114 | 153 | 2354




Analysis on Spatio-Temporal Dynamic Evolution...

1519

of other kinds of resources. Its RCC was 23.40 million,
which was only 0.14 million less than the total
population of coal cities. Moreover, Anhui Province is
a traditional agricultural province, so agricultural land
resources are crucial for promoting the development of
coal cities in Anhui Province. Compared with Anhui
Province, its coal cities also had relatively adequate
medical resources, with the RCC of 21.29 million,
laying a critical foundation for steady population
growth. However, the RCC of other kinds of resources
were far lower than the total population. According
to the data, the total population of coal cities put the
greatest pressure on disaster prevention resources, as
well as scientific and technological resources and water
resources were also at a relatively scarce level.

From the time series change trend of various
resources, it can be seen from Fig. 2 that the RCC of
agricultural land resources showed a steady growth
trend with a small increase, but it exceeded the actual
population resources from 2015 to 2019. It indicates that
the agricultural land management of coal cities strived
for steady progress, and agriculture is an indispensable
part of the development of coal cities. The RCC of
medical resources and industrial enterprise resources
had a relatively large increase in 2011, and then showed a
steady upward trend with a small increase and declined
slightly in 2019. The change trend of the two kinds
of resources were consistent, indicating that medical
resources was protecting the healthy development of
industrial enterprises while protecting the population
resources. The RCC of economic resources, educational
resources and scientific and technological resources
remained basically stable, and the development of social
economy, science and education in coal cities were
relatively stable.

The RCC of forestry resources showed a fluctuating
downward trend: the fluctuation decreased from 2010
to 2013, reaching the lowest level of 8.90 million
in 2013. After a sharp increase from 2014 to 2016, it
remained stable, but then showed a downward trend
and rebounded slightly in 2019. While ensuring
steady economic development in coal cities, there is
a lack of protection of forest resources, as well as the
supervision of forestry departments is inadequate.
The RCC of ecological compensation resources varied
greatly, with the fluctuation interval ranging from 6.34
million to 19.36 million, which was closely related
to the ecological protection and the investment of
environmental governance in coal cities. The RCC of
water resources showed a fluctuating trend, with two
rising trends from 2010 to 2016. However, in 2016, it
basically remained the same as in 2010. In 2017-2018,
it increased significantly and remained stable, however,
it tended to be lower in 2019, which was related to the
uneven rainfall in coal cities and unreasonable water
replenishment of ecological environment. The RCC
of disaster prevention resources increased by 467%
during the study period, but there was a very serious
gap with the actual population resources, which
obviously could not meet the current standard of natural
disaster prevention and control for coal cities in Anhui
Province.

Change of RRCCC of Coal Cities

On the basis of standardized data of wvarious
resources, EM-CPM model and the four catastrophe
models shown in Table 2 can be used to obtain the
RRCCC index of coal cities in Anhui Province from
2010 to 2019.
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Fig. 2. The time-series change of RCC of various resources in coal cities from 2010 to 2019.
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Fig. 3. The changing trend of RRCCC index of coal cities from
2010 to 2019.

During the study period, the RRCCC index of coal
cities showed a steady growth trend, with an overall
growth rate as high as 150.26%, as shown in Fig. 3.
The lowest level was 0.382 in 2010, which increased
to 0.641 in 2011 with an increase of 67.80%. It broke
through 0.8 in 2013, was between 0.8 and 0.9 from
2013 to 2016, broke through 0.9 in 2017, and reached
a peak of 0.956 in 2019. According to the RRCC grade
standard shown in Table 3, the evolution process of the
RRCCC grade of coal cities was as follows: low load-
relatively low load-medium load- relatively strong load.
The overall trend of development is good, with a trend
towards strong load. This indicates that the RRCCC is
in the rising stage, which is conducive to promoting the
high-quality development of coal cities.

Spatio-Temporal Evolution of the RRCCC
of Each Coal City

The RRCCC index and grade of each coal city
were calculated by using EM-CPM model and RRCC
grade standard in 2010, 2015 and 2019. Combined with
Table 5 and Fig. 4, we can see the time series change

Table 5. The RRCCC index and grade level in each coal city.

characteristics and spatial distribution differences of the
RRCCC of each coal city.

It can be seen from Table 6 that the uneven grade
level distribution of the RRCCC of each city was
related to the difference of regional location. Huainan
and Huaibei had relatively large index changes, while
Bozhou was the only city with relatively large grade
changes.

Fuyang was the only city with a higher level of
RRCCC, which changed from strong load to relatively
strong load and tended to medium load. As a growing
resource-based city, Fuyang has sufficient coal reserves,
and the production subsystem and life subsystem were
at a strong load level, but the ecological subsystem
reduced from a relatively strong load level to a relatively
low load level, which led to a downward trend in the
level of RRCCC..

The cities with relatively low level of RRCCC were
Suzhou and Bozhou. The RRCCC of Suzhou had a
small change. The index increased as high as 0.242, but
the grade was only upgraded from low load to relatively
low load. All subsystems were at a low load level and
would remain at a relatively low load level for a long
time. Suzhou had many industrial enterprises, but the
lack of scientific and technological resources, education
resources, disaster prevention resources and ecological
compensation resources led to the average level of life
resources in all aspects. Bozhou's grade changed greatly,
but the index changed little. The grade decreased from
relatively strong load to relatively low load, but the
index only decreases by 0.093. Bozhou's ecological
subsystem generally maintained at a relatively strong
load level, and the life subsystem was originally at a
strong load level. But the production subsystem was
reduced from a medium load level to a low load level,
finally the life subsystem was at a low load level, and
the RRCCC dropped to a relatively low load level.

Huainan and Huaibei were the cities with low level
of RRCCC. Although Huainan was at a low load level,
it reached a relatively low load level in 2015, showing
an overall upward trend. In 2010, Huaibei's grade was
identified as a relatively low load, but it had been in a
low load level since then, showing a downward trend
as a whole. Huainan and Huaibei are the two cities
with the largest energy output in Anhui Province,
but their economic development mainly depends on
the coal industry. However, Huainan belongs to the

City 201.0 2010 201.5 2015 20 1.9 2019
RRCC index RRCC grade RRCC index RRCC grade RRCC index RRCC grade
Huainan 0.477 Low load 0.866 Relatively low load 0.806 Low load
Suzhou 0.625 Low load 0.876 Relatively low load 0.867 Relatively low load
Huaibei 0.867 Relatively low load 0.467 Low load 0.568 Low load
Bozhou 0.941 Relatively strong load 0.814 Low load 0.848 Relatively low load
Fuyang 0.978 Strong load 0.966 Relatively strong load 0.943 Relatively strong load
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Table 6. The grade changes of the subsystems’ RRCC in each coal city.
2010 2010 2010 2015 2015 2015 2019 2019 2019
Production Life Ecological | Production Life Ecological | Production Life Ecological
City subsystem | subsystem | subsystem | subsystem |subsystem | subsystem | subsystem | subsystem | subsystem
RRCC RRCC RRCC RRCC RRCC RRCC RRCC RRCC RRCC
grade grade grade grade grade grade grade grade grade
Huainan | Low load | Low load Relatively | Relatively |Relatively | Relatively Low load Relatively Low load
low load low load | low load low load low load
Suzhou | Low load Medium Low load Relatively | Medium | Relatively | Relatively Medium load | Low load
load low load load low load low load
Huaibei Relatively | Relatively | Relatively Low load | Low load | Low load Low load Low load Low load
low load | strong load | low load
Medium Strong Relatively | Relatively Relatively Relatively
Bozhou load load strong load | low load Low load low load Low load Low load strong load
Strong Relatively | Relatively Strong Relatively Relatively
Fuyang | Strong load load strong load | strong load load strong load Strong load | Strong load low load

mature resource-based city, while Huaibei belongs to
the declining resource-based city. Except for scientific
and technological resources and forestry resources, the
RCC of various resources in Huainan were better than
that in Huaibei.

Resistance Diagnosis of RRCC in Coal Cities

According to Formula (5), the resistance values
of the RRCC of coal cities from 2010 to 2019 were
calculated, and the resistance values of each evaluation
index and each subsystem were obtained (Table 7 and
Fig. 5).

Table 7 showed the top three resistance factors of
coal cities in 2010, 2015 and 2019 according to their
resistance values, and Fig. 5 showed the resistance
values of coal cities' subsystems, showing significant
differences in the change trends of the three subsystems.

As can be seen from Table 7, the resistance
factors restricting the RRCC in 2010 were mainly
concentrated in the ecological subsystem, with
ecological compensation resources as the first resistance

Table 7. The ranking of critical resistance factors in coal cities.

Year Index ranking First Second | Third
Resistance factor C, C, C,
2010
Resistance value/% | 20.978 | 20.092 9.630
Resistance factor C, C, C,
2015
Resistance value/% | 31.011 | 25.578 9.263
Resistance factor C C, C,
2019
Resistance value/% | 54.226 | 33.134 | 12.641
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Fig. 5. The changing trend of subsystem resistance values in coal cities from 2010 to 2019.

factor and disaster prevention resources as the second
resistance factor. The second was the production
subsystem, whose agricultural land resources were
the third resistance factor. The resistance factors
in 2015 were also concentrated in the ecological
subsystem. The top two resistance factors were
the same as in 2010, followed by the production
subsystem, whose water resource were the third
resistance factor. By 2019, the resistance factors were
concentrated in the production subsystem. In 2015, the
third resistance factor became the first resistance factor,
but industrial enterprise resources became the third
resistance factor, followed by the ecological subsystem,
whose forestry resources became the second resistance
factor.

As can be seen from Fig. 5, although the ecological
subsystem showed a fluctuating downward trend, the
resistance value was in a dominant position from 2010
to 2018, which is much larger than that of the other
two subsystems. The resistance value of the production
subsystem was in a fluctuating downward trend from
2010 to 2018, and did not occupy a dominant position
until 2019. The resistance value of the life subsystem
had the least influence, which was only slightly higher
than that of the production subsystem in the three years
from 2016 to 2018, and was 0 until 2019.

Therefore, while promoting high-quality
development, coal cities should improve the linkage
mechanism of regional risk management and integrate
various resistance factors of production, life and
ecology for coordinated development.

Discussion
The research area is five coal cities in northern

Anhui, so Anhui province is chosen as the reference
area to calculate the RRCC of coal cities. From the

comprehensive analysis of coal cities’ RRCC in the
internal and external aspects, the internal is the RCC of
various resources, and the external is the RRCCC. From
2010 to 2019, the RRCCC of coal cities showed a steady
upward trend, from a low load level to a relatively
strong load level, and tended to a strong load level.
The RCC of the internal agricultural land resources
and medical resources were close to the actual total
population resources, but there was still a gap. There
was an obvious gap between the RCC of other resources
and the actual total population resources. The RCC
of disaster prevention resources was the smallest,
and it was also the second critical resistance factor
in 2010 and 2015. The pressure of actual population
resources on disaster prevention resources should not be
underestimated.

From 2010 to 2018, the ecological subsystem had
the greatest resistance to RRCCC in coal cities, which
had been dominant. However, by 2019, the resistance
of production subsystem was greatest, followed by
the ecological subsystem, and the life subsystem had
no resistance. This shows that while carrying out coal
exploitation, coal cities have been improving the level
of geological security in the mining area and realizing
the coordination between coal resources development
and ecological environment protection. Because the
urban economy is mainly driven by the coal industry,
the intensity of industrial production is bound to
increase at the same time as the capital investment to
protect the ecological environment is strengthened.
However, the guarantee of residents' life quality has
always been the core task of sustainable development in
coal cities.

There were regional differences in RRCCC
level in coal cities. Fuyang as a growing resource-
based city, RRCCC was a strong load level, and the
production subsystem was always at a strong load level,
indicating that it was beginning to carry out large-
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scale development and utilization of resources. The life
subsystem was above the relatively strong load level for
a long time, indicating that the life quality of residents
was more comfortable, which was suitable for the
sustainable development of the city. Bozhou, Suzhou
and Huainan are all mature resource-based cities.
RRCCC of Bozhou and Suzhou were relatively low load
level, while RRCCC of Huainan was close to relatively
low load level. This indicates that the exploitation
of resources has been carried out for a certain period
of time. At this time, it is particularly important to
promote green exploitation technology according to
local conditions. The RRCCC of Huaibei was at a low
load level and belongs to a declining resource-based
city, facing the pressure of industrial transformation
and upgrading.

Based on the improved RRCC evaluation model,
this paper measured the RRCC of coal cities in Anhui
Province. In addition to rating RRCC, it also explored
the supporting factors and resistance factors affecting
urban development. This study not only fills part of the
gap in the research field of RRCC, but also provides
theoretical support for the sustainable and high-quality
development of coal cities. However, in future studies,
it should also consider how to select more appropriate
evaluation indicators and reference areas.

Based on the above analysis, the current exploitation
mode of coal cities in Anhui Province is not conducive
to their sustainable development. Suggestions are as
follows: (1) Enterprises should exploit coal resources
rationally, optimize coal exploitation layout, strengthen
green technology research and development, and
increase investment in scientific and technological
resources, so as to alleviate the pressure of coal
resources consumption. (2) Coal cities should accelerate
the industrial linkage, change the economic growth
model, accelerate industrial transformation and
upgrading,and promote the development of emerging
industries, thus reducing regional differences. (3) The
relevant departments should optimize the allocation
of urban water and soil resources to ensure the
development level of agriculture and forestry. At
the same time, the government should strengthen
comprehensive ecological management and urban
cooperation, intensify ecological compensation and
disaster prevention, and raise residents' awareness of
resource protection. (4) The government should increase
financial input, improve the level of education resources,
implement medical security resources, attract and retain
high-level talents, improve the rights and interests of
social security services, and achieve the real integration
of production, life and ecology.

Conclusions
To better realize the ecological safety construction

and high-quality development of coal cities, based
on the concept of production-life-ecology, this paper

improved the RRCC model to obtain the PLE-EM-CPM
model. From 2010 to 2019, this article analyzed the
RCC of various resources and the RRCCC of coal cities
in Anhui Province dynamically, evaluated the spatio-
temporal dynamic evolution of the RRCCC of each
city, and diagnosed the critical resistance factors. The
evaluations of coal cities are summarized as follows:

(1) The RCC of agricultural land resources was
the largest, followed by that of medical resources, and
that of disaster prevention resources was the lowest.
However, the RCC of various resources was less than
the actual total population resources.

(2) The overall development trend of RRCCC was
good, with the grade of RRCCC rising from low load
level to relatively strong load level, and showing a
development trend toward strong load level.

(3) The grade level of RRCCC in Fuyang was the
highest, followed by Suzhou and Bozhou, and that of
Huaibei was the lowest. The RRCCC of Huainan and
Suzhou showed an upward trend, while that of other
cities showed a downward trend.

(4) The resistance value of the ecological subsystem
was dominant until 2019, when it became that of the
production subsystem. The first critical resistance
factors are also determined by the dominant subsystem.
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