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Urban comprehensive carrying capacity determines the scale and development direction of
a city and is an important factor in the optimization of main function areas, the arrangement of
urban development order, and the demarcation of urban development boundaries in China’s
new national spatial planning system. Using the constructed “pressure-capacity-potential”
model as a theoretical basis, this study combines human factors and natural factors and
calculates the urban carrying capacity index by means of multi-factor weighted summation,
graded assignment, stepwise correction, and subsection variable weight. From the
perspective of the integration and coordination of “three forces,” urban development
rules are established, and an urban development order based on the framework of
“three districts and six types” is put forward. The results reveal four key findings. First,
the “pressure-capability-potential” conceptual model analyzes the urban carrying capacity
from the perspective of the integration of externality and internality, which can effectively
support the orderly arrangement and rational layout of urban development. Second, the
urban carrying pressure of Shandong province is general, and the urban carrying capacity is
high. The results also showed that the urban carrying potential is low and the urban
comprehensive carrying capacity is high. Third, in the “3+6” urban development pattern of
Shandong province, priority development and key development zones are the main areas.
For the most part, these zones are distributed in the Jiaodong Peninsula, the
Jinan-Ta’an-Jining development zone, and the surrounding areas of Weifang, Linyi,
Liaocheng, and Heze. Moderate development zones are concentrated in Nansi Lake
and the Yellow River Delta. Fourth, the urban development in Shandong province is
mainly restricted by landform, water resources, environmental capacity, and geological
disasters. Under the premise of ensuring resource conservation and environmental
friendliness, using policies and engineering measures to revitalize stock space is an
effective way to foster urban development in the 14th Five-Year Plan period. This study
can provide reference for the evaluation of urban comprehensive carrying capacity and the
establishment of development order in Shandong province and other similar areas.
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environment, and transportation (Tian and Sun, 2018; Wang
et al., 2020b; Sun et al., 2020; Zhou, 2021; Shen et al., 2022a; Shen
et al,, 2022b; Gao et al., 2022). The DPESBR model (Peng and
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development pattern, Shandong province
INTRODUCTION
With the rapid advancement of industrialization and
urbanization, problems such as resource shortages,

environmental pollution, and strained relationships between
humans and the land have emerged in various regions (Bai
et al,, 2014; Long and Liu, 2016; Qu et al, 2021a). Especially
in urban areas, the tension between limited resources and
unlimited development demand is becoming increasingly
prominent (Chen et al., 2016; Dong et al., 2021; Jiang et al,
2021). To solve this problem, it is necessary to evaluate urban
carrying capacity, which is also an important basis for reasonably
delimiting the city grade, development order, and expansion
boundary (Liu et al., 2018; Li and Li, 2019; Wang W et al,
2020). In recent years, with the continuous renewal and
development of theories related to urban development and
construction, the concept of urban carrying capacity has
attracted a great deal of attention (Shen et al, 2020; Weng
et al, 2020; Ren et al, 2021) and become an important
representation of the relationship between man and nature. It
has also emerged as a basis for measuring the coordination
between urban development and construction and
environmental contexts (Shen et al., 2020; Qu et al., 2021a; Qu
et al, 2021b). Therefore, the scientific evaluation of urban
comprehensive carrying capacity and the construction of
effective urban development and construction orders are of
great theoretical and practical significance for effective
resource allocation and territorial space planning.
Comprehensive carrying capacity is an important concept that
originated from ecology. It refers to the maximum limit of the
number of individuals under specific environmental conditions
(Meng et al., 2020; Shen et al., 2020). Subsequently, the concept of
carrying capacity has been expanded and extended in various
fields of environmental science, economics, geography, and
sociology (Sun et al., 2018; Wang et al., 2019; Peng and Deng,
2020) and is often used to study the extent to which the
development of something in a region is limited. At present,
research on urban carrying capacity tends to be diversified (Liu
et al., 2020; Wang et al., 2020a; Zhao et al., 2021). In terms of
research objects, most of the current research involves resources
and environment carrying capacity (Wu H et al., 2021; Zhou
etal,, 2021; Zhang et al., 2022), water and land resources carrying
capacity (Zhang and Zhu, 2022), land resources carrying capacity
(Sun et al,, 2020), infrastructure carrying capacity (Wang et al,,
2020b), ecological carrying capacity (Wu M et al, 2021),
atmospheric carrying capacity (Shen et al., 2022a), and traffic
capacity (Gao et al., 2022). With respect to the research area,
scholars have mainly focused on single cities or urban
agglomerations (Wang W et al, 2020; Gao et al, 2021; Shen
et al., 2022a; Zhang and Zhu, 2022). From the perspective of
research, the analysis of carrying capacity of land resources and
water resources has developed into a comprehensive evaluation of
the carrying capacity of human factors, such as population,

Deng, 2020) and three-dimensional balance model (Zhang et al.,
2022) have been introduced to urban carrying capacity
evaluation, resulting in richer research methods and more
novel research ideas and perspectives (Shen et al., 2020; Wang
etal., 2020a; Shen et al., 2022b; Zhang and Zhu, 2022). In terms of
regulation mechanism, conversations around the relationships
between urbanization and carrying capacity (Tian and Sun, 2018;
Shen et al, 2022b), coordinated development of economic
development and environmental protection (Wu H et al,
2021), and urban resilience to emergencies (Shao et al., 2020)
have outlined measures and countermeasures that can be adopted
to improve or enhance urban comprehensive carrying capacity.

These achievements enrich the theory and method system of
urban carrying capacity research and serve as useful references for
this study. However, existing studies on urban comprehensive
carrying capacity tend to focus on carrying capacity evaluation,
and the research results mostly reflect the carrying state with the
maximum carrying capacity of the region (Liu et al, 2021), for
example, whether the city is overloaded, but ignore the
comprehensive carrying pressure and potential of the city, which
reduces the practical guiding significance of the research results.

The comprehensive evaluation of the urban comprehensive
carrying capacity, pressure, and potential is the key to optimizing
the spatial pattern of land and formulating the development order
reasonably. Building from existing research that focuses on the
measurement of urban carrying capacity, this study introduces
the two variables of carrying pressure and carrying potential and
constructs a comprehensive urban carrying capacity model based on
“pressure-capacity-potential.” The evaluation system of urban
comprehensive carrying capacity is constructed from a
perspective that combines human and natural factors. This study
analyzes the urban carrying capacity of 137 administrative units in
Shandong province by means of multi-factor synthesis, step-by-step
correction, and comparative evaluation. From the perspective of the
size and coordination of the “three forces,” order rules of urban
development are constructed, the restrictive factors of urban carrying
capacity are identified, and the regulation and control strategies of
urban development and construction oriented to “three districts and
six categories” are put forward, providing effective support for the
new round of main function zone construction and territorial space
planning.

THEORETICAL FRAMEWORK AND
RESEARCH METHODS

Theoretical Framework

In this study, urban comprehensive carrying capacity is defined as
the maximum amount of human social and economic activities that
can be carried by urban construction space under the premise of
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FIGURE 1 | Conceptual model of urban comprehensive carrying capacity.

ensuring ecosystem security and stability within a certain regional
scope in the face of the pressure that human activities and social and
economic development exert on the demand for urban construction
space, make full use of existing resources, and explore the bearing
potential through policy or engineering technology adjustment.
Therefore, the comprehensive carrying capacity is decomposed
into carrying pressure, carrying capacity, and carrying potential.
From the perspective of “three forces” coupling and coordination,
this study analyzes the carrying level of urban space and
systematically answers questions linked to the pressure state faced
by urban construction space in a certain period, how much carrying
capacity it has, and the extent to which it can carry intense human
activities. The conceptual model is shown in Figure 1.

First of all, the demand for urban construction land increases
with population growth and accelerated urbanization. In order to
meet construction needs, urban land presents a “spread out” type
of expansion. In addition, pollution caused by industrialization
damages the ecological environment and strains the supply of
water and land resources. This is the root of “stress.” Before the
emergence of pressure, various elements of regional resource and
environment background together constitute the carrying
capacity due to the heterogeneity of the resource environment.
The gap between carrying capacity and pressure reflects the state
of supply and demand of urban carrying capacity. If the capacity
is greater than the pressure, it means that the planned area for
urban construction can meet the needs of human production and
persist at the present stage. If the capacity is less than the pressure,
it means that human demand for construction land cannot be
effectively met, which requires the development of new land to
fill. In this process, people will employ engineering measures or
policies, such as land remediation projects. These measures act on
the leading factors of regional development and improve the
relationship between the supply and demand of regional land
resources or water resources. “Potential” refers to newly added
land that is suitable for development as construction land and
does not need to occupy ecological land and permanent basic
farmland (Liu et al., 2021).

Pressure represents human activities that consume resources and
destroy the ecological environment and is the reason for the decline
in carrying capacity. Carrying capacity is the comprehensive
performance of various environmental elements, and its change
provides support for carrying potential. When the carrying capacity
decreases, it stimulates the implementation of relevant policies and
technology applications and then taps into the potential of stock land
to release the potential, which is also the reason for the increase in
carrying potential. There are two sources of feedback for carrying
potential. One is feedback on resource and environment systems. For
example, engineering measures improve the background conditions
of regional resources and environments and promote the carrying
capacity so that the resource and environment system can better
support the pressure brought on by human activities. The other is
direct feedback to stress. The increase in carrying potential makes
cities and towns more resilient to pressure, and an increase in
potentially developable land area can directly meet the needs of
human economic activities for construction land. With the
continuous advancement of urbanization, in order to meet the
needs of social and economic development, the demand for
urban construction space and the consumption of resources will
increase day by day, bringing new pressure that will be conveyed to
the carrying capacity through the feedback process and guide the
tapping and release of carrying potential. This kind of “three forces”
circulatory feedback action constitutes the urban construction space
carrying capacity model. The comprehensive carrying capacity of
urban construction is a system composed of pressure, capacity, and
potential, which is interrelated and cyclically feedback.

Evaluation Method of Urban

Comprehensive Carrying Capacity
Calculation of Urban Carrying Pressure Index

Urban carrying pressure refers to the intensity of human activities
carried by the city. The greater the intensity of human activities,
the greater the pressure carried by the city. Human activities are
usually closely related to land, water resources, and environment,
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TABLE 1 | Evaluation index of urban carrying pressure.

Indicator

Population pressure
Land pressure

Water resource pressure
Environmental pressure

Urban population density (Y+)
Urban development intensity (Ys)
Per capita water consumption (Yz)

and population is a direct reflection of the intensity of human
activities. Therefore, this study comprehensively evaluates the
urban carrying pressure from four aspects: population pressure,
land pressure, water resource pressure, and environmental
pressure (Table 1). Population pressure is represented by
urban population density. The greater the population density
and the greater the construction space required by urban
residents for production and living, the greater the pressure.
Land pressure is represented by urban development intensity.
The larger the construction land area, the greater the land
pressure. Water resource pressure is characterized by per
capita water consumption. The greater the per capita water
consumption, the greater the water resource pressure. The
environmental pressure is reflected through the relationship
between GDP and waste discharge. The greater the waste
discharge per unit of economic output, the greater the
environmental pressure.

The urban carrying pressure index is calculated using the
multi-factor comprehensive weighting method. Since all the
indicators have positive effects on the carrying pressure, the
positive range standardization method (Liu et al, 2021) is
adopted to normalize the indicators. Then, the entropy weight
method is used to calculate the weight of each indicator, and the
weighted summation model (Formula 1) is used to calculate the
pressure index:

Yizzwyixyi (1)

where Y; is the urban carrying pressure index, w,; is the weight
value of each pressure indicator, and y; is the normalized standard
value of each pressure indicator.

Urban Carrying Capacity Index Calculation

Urban carrying capacity refers to the maximum carrying capacity
that a city can produce by making full and reasonable use of its
resources and environment endowment. Urban resources and
environment endowment mainly include water resources, land
resources, climate, and environment, and geological disasters will
have a great impact on urban resources and environment
endowment. Therefore, this study selects indicators from land,
water, climate, environment, and disaster factors to
comprehensively evaluate urban carrying capacity (Table 2).
The height and slope of land factors are selected to reflect the
impact of topographic conditions on urban carrying capacity. The
steeper the terrain, the lower the carrying capacity. Water
resource elements are represented by total water resources. As

Industrial wastewater discharge per 10,000 yuan of GDP (Y,4)
Industrial SO, production of 100-million-yuan GDP (Ys)
Production of 10,000 yuan of industrial solid waste (Yg)

Economic Growth and Greener Urbanization

Computing method Effect Weight
Urban population/land area + 0.26
Urban construction land area/urban built-up area + 0.24
Water consumption/population + 0.24
Discharge of industrial wastewater/GDP + 0.10
Industrial SO, production/GDP + 0.08
Production of industrial solid waste/GDP + 0.08

the basis of “city size is determined by water quantity,” the greater
the total amount of water resources, the greater the carrying
capacity. Climate factors mainly consider the comfort index,
which is used to reflect the temperature and humidity of the
city. Appropriate climate conditions can enhance the carrying
capacity of the city. Disaster factors mainly consider indicators
such as earthquakes and geological disasters. An earthquake is
reflected by active fault distance and peak acceleration of ground
motion, and geological disaster is reflected by landslide flow,
ground subsidence, and ground collapse degree. The greater the
degree of disaster, the lower the carrying capacity of the city.

The urban carrying capacity index is calculated using single-
factor graded assignment and the integrated correction method
(Formula 2). First of all, the carrying capacity indicators were
divided into five grades and assigned values (5, 4, 3, 2, and 1)
(Table 1) in descending order based on the methods outlined in
“the Guidelines for Evaluating the Carrying Capacity of
Resources and Environment and suitability of Territorial Space
Development (Trial).” Then, using the principle of short board,
based on the grade of land resource elements, the evaluation
results of water resources, climate conditions, environmental
capacity, and disaster are used to revise them successively. For
the lowest value of each individual evaluation, the base grade
result is reduced by one level. The carrying capacity of high grade
and relative high grade is regarded as high carrying capacity.
Those rated as medium and relatively low are classified as
medium carrying capacity, and those rated as low are
classified as low carrying capacity. Finally, high, medium, and
low carrying capacity are assigned the values 3, 2, and 1. The
weighted average is carried out according to the proportion of
grade area to obtain the urban carrying capacity index of each
evaluation unit (Formula 3).

N; :min(Nlj:N2j>N3j>N4j>N5j) (2)
N,-j=Zaij><Nj (3)

where Nj; is the urban carrying capacity index, a;; is the area
proportion of different carrying capacity grades, N ; is the single-
factor modified grade score, and Nij, N3j, N3j, Nyj, and Ns; are
the grade scores of land resources, water resources, climate,
environment, and disaster factors, respectively.

Urban Carrying Potential Index Calculation

Urban carrying potential refers to the difference between urban
carrying capacity under current utilization state and optimal
combined utilization state, including theoretical potential and
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TABLE 2 | Evaluation index of urban carrying capacity.

Economic Growth and Greener Urbanization

Indicator Grading assignment

1 2 3 4 5

Land resource Slope () (N4) >25 15-25 8-15 3-8 <3
DEM/m (Ny) >50 30-50 20-30 10-20 <10

Water resource Total water resources/(m®/km?) (Ng) <5 5-10 10-20 20-50 >50
Climate Comfort level (N4) <32 or >90 32-41 or 82-90 41-51 or 73-82 51-60 or 65-73 60-65
Environment Atmospheric environmental capacity index (Ns) <0.2 0.2-0.4 0.4-0.6 0.6-0.8 >0.8
Water environmental capacity (/km?) (Ng) <0.04 0.04-0.14 0.14-0.39 0.39-0.96 >0.96
<0.8 0.8-2.9 2.9-7.8 7.8-19.2 >19.6

Disaster Distance from fault zone (m) (N) <30 30-100 100-200 200-400 >400
Ground motion peak acceleration (g) (Ng) >0.30 0.20 0.15 0.10 <0.05

Land subsidence accumulated settlement (mm) (Ng) >2400 1600-2400 800-1600 200-800 <200

The comfort level was characterized by temperature and humidity index, THI = T-0.55 x (1-f) x

(T-58), where THI is temperature and humidity index, T is the monthly mean temperature

(Fahrenheit), and F is the monthly mean relative humidity of the air. The water environmental capacity is controlled by COD and NH3-N.

TABLE 3 | Evaluation Index of urban carrying potential.

Indicator Computing method Effect Weight

Theoretical Urban idle land revitalization potential (P4) The size of unused land within cities and approved land acquisition or conversion of + 0.40
potential agricultural land, but not supplied

Industrial and mining abandoned land Scale of industrial and mining land to be restored and reclaimed + 0.25

reclamation potential (Po)

Rural residential land remediation potential (Ps)  Scale of land consolidation for rural residential areas + 0.35
Correction Per capital GDP (P) GDP/total population + 0.35
factors Local financial revenue (Ps) The local financial revenue of each county (city, district) + 0.30

Urban land price level (Pg) Average price of urban commercial, residential, and industrial land + 0.35

practical potential. The urban carrying potential index is selected
according to the theoretical potential and the influencing factors
of its release (Table 3). Among them, theoretical potential
includes urban 1idle land revitalization potential, rural
residential land remediation potential, and industrial and
mining abandoned land reclamation potential. The correction
factors include per capita GDP, local fiscal revenue, and urban
land price level, which, respectively, represent the investment
capacity and output benefit of national and local governments.
The greater the investment capacity, the higher the output and
efficiency, and the greater the possibility and enthusiasm for the
utilization of urban stock land.

The urban carrying potential index is calculated using the
factor correction method (Qu et al., 2012). First, the theoretical
potential and socio-economic correction coefficient of urban
carrying capacity are calculated using a multi-factor weighted
model. Then, the potential index of different administrative
units is calculated using the potential correction model
(Formula 4).

P =P(Ty) x f(C) )

where P; is the urban carrying potential index, P(T;) is the
theoretical potential of urban carrying capacity, and f (C;) is the
correction coefficient of the theoretical potential of urban

carrying capacity.

Calculation of Urban Comprehensive Carrying
Capacity Index

For urban comprehensive carrying capacity, the greater the
pressure, the more the demand for urban construction space.
As a result, the city will continue to expand outward, and the
supply capacity of resources and the environment will decrease
accordingly. The government will take policy and engineering
measures to tap into the supply potential of urban construction
land and improve the carrying capacity so as to better meet the
development needs for construction space. Urban comprehensive
carrying capacity is a complex system based on the relationship
between development pressure and supply capacity and
supplemented by potential exploitation. When the supply
capacity is higher than the development pressure, the role of
potential exploitation is weak, the cost of urban development is
low, and the urban comprehensive carrying capacity mainly
depends on the carrying capacity. When the supply capacity is
lower than the development pressure, the role of potential
exploitation is enhanced. The development cost driven by the
revitalization of urban stock land is high, and wurban
comprehensive  carrying  capacity depends on the
comprehensive effect of carrying capacity and carrying
potential. Therefore, the method of subsection and differential
weight (Formula 5) is adopted to calculate the urban
comprehensive carrying capacity index:
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TABLE 4 | Urban development order rules based on pressure—capacity—potential model.

Zones Pressure-capacity—potential

Priority development zone N>Yand Q=Y
N<Yand Q=Y
N>Yand Q<Y
N<Yand Q<Y

Key development zone

Moderate development zone

Cci:{ (X]Ni‘f‘ﬁlpi,(NiZY,‘) (5)

szN,‘ +/32P,‘ 5 (N, <Y,’)

where CC; is the urban comprehensive carrying capacity index
and N, P;,Y; are urban carrying capacity, potential, and pressure
indexes, respectively. ay,a,,f;,, respectively represent the
weight values of the “three forces” under different
relationships. In order to reflect the difference in carrying
capacity and potential under different scenarios, the values of
a1, &, B, B, are 0.75, 0.5, 0.25, and 0.5, respectively.

Construction of Urban Development Order
Based on Carrying Capacity Combination

It is necessary to comprehensively consider the grade and
coordination degree of the city carrying pressure, capacity, and
potential and construct the urban development order pattern
according to the priority relationship (Table 4) (Gao et al., 2022).
Firstly, the “three forces (Y, N, Q)” index score is divided into
three grades from small to large using natural breakpoint method
and is represented by 1, 2, and 3, forming the relationship
combination of pressure, ability, and potential expressed by 3-
bit coding. The first digit indicates the pressure level, the second
digit indicates the ability level, and the third digit indicates the
potential level. Then, the comprehensive goal of urban
development is to alleviate carrying pressure, ensure carrying
capacity, and enhance carrying potential. Taking Y value as a
reference, the size differences of Y, Q, and N are compared,
respectively. According to the grade intensity relationship of
“three forces,” the basic evaluation unit is merged, and the
urban priority development zone is divided. Furthermore,
considering the coordination among different grade
combinations of the “three forces” and the principle of “high-
level coordination first, middle-level coordination second, and
low-level coordination last,” the development types of each
evaluation unit are identified in turn to form the urban
development and construction system of “three districts and

six types.”

STUDY AREA AND DATA SOURCES
Study Area

Shandong province is located on the east coast of China in the
lower reaches of the Yellow River and has the longitude and
latitude range 114°20' E-122°43' E (Figure 2). It is mountainous
at its center with low-lying flat and gentle hills to the east. The

Carrying types Codes

| 122,123,132,133,233

1l 111,222,223,333

1l 112,113,213,212,313,323
\" 221,231,232,331,332,121,131
\ 211,322

provenance also has a warm temperate monsoon climate. With
16 prefecture-level cities and 137 county-level administrative
regions under its jurisdiction, the province is the third most
populous province in China and one of the country’s most
developed and rapidly developing provinces. In 2020, the
urbanization rate of Shandong province was 62%, and the
gross regional product was 7312.9 billion yuan. The tertiary
industrial structure was 7.3:39.1:53.6, and the commercial
service industry with the city as the carrier was absolutely
dominant. According to the main data bulletin of the third
land survey in Shandong province, the area of construction
land in Shandong province in 2019 was 4,588,239.02 ha.
Among them, the land area of towns, villages, industry, and
mining is 2,806,478.74 ha, the land area of transportation is
446,405.05ha, and the land area of water and water
conservancy facilities is 1,325,355.23 ha. In 2019, China put
forward a strategy for ecological conservation and high-quality
development of the Yellow River Basin. Shandong province, as an
important urban agglomeration in the Yellow River Basin, plays
an important role in the high-quality development of the Yellow
River Basin. In addition, Shandong province is also a national
comprehensive pilot zone for the transformation of old and new
driving forces. In recent years, with the increasing intensity of
urban development in the province, the problems of fragile
ecological environment, resource background degradation, and
insufficient leading role of central cities are prominent. Given this
context, it is crucial to comprehensively consider natural and
socio-economic factors while evaluating urban comprehensive
carrying capacity and exploring reasonable development plans.

Data Sources

The data used in this study consist of social and economic data
and resource and environment data. The social and economic
data include population and economic development data that
were mainly pulled from the 2020 statistical yearbook of
Shandong province and prefectural cities. The resource and
environment data include information about land resources,
water resources, environment, meteorology, disasters, and the
ecological environment. The land-use status data were collected
from the third Land Resources Survey database of Shandong
province (2019). The land-use planning data come from the
general land-use plan of Shandong province (2006-2020). The
administrative division data are from the National Basic
Geographic Information Center (http://www.ngcc.cn/). The
digital elevation and MODISNDVI data come from the
geospatial data cloud (http://gscloud.cn/) with a resolution of
30 m. The water resources data were obtained from long-term
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FIGURE 2 | Study area.

precipitation observation data that were gathered by
meteorological stations in the study area and adjacent areas in
2019. The soil data were obtained from a detailed investigation of
soil pollution status that was conducted in the study area and
surrounding areas in 2019, and the soil pollutant content
distribution layer was obtained by analyzing the main
pollutant content at each point and spatial interpolation.
Based on the multi-year average daily temperature and active
accumulated temperature > 0°C of meteorological stations in
2019, the Kriging spatial interpolation method was used to obtain
active accumulated temperature layers. Geological disaster data,
such as active fault and land subsidence, were obtained from the
2019 geographical National Conditions survey data of Shandong
province. On this basis, all kinds of maps are transformed into a
unified coordinate system to form the basic database of urban
comprehensive carrying capacity evaluation.

RESULT AND ANALYSIS

Analysis of Urban Comprehensive Carrying
Capacity

Carrying Pressure

The urban carrying pressure index of cities in Shandong province
ranges from 0.23 to 0.92, with an average value of 0.45. The
carrying pressure is general, and there are obvious differences
among counties. The carrying pressure is divided into three
grades using the natural breakpoint method (Figure 3A). The
carrying pressure of Shandong province is mainly at the first level,
which includes 61 counties that account for 44.53% of the area
and are concentrated in the east, central, and southwest of
Shandong province. The secondary region includes 54 counties
that account for 39.42% of the area and are concentrated in the
northwest, southwest, and southeast coastal areas of Shandong
province. The tertiary region includes 22 counties that account
for 16.06% of the area and are mainly distributed in the municipal
districts of Dongying, Zibo, Yantai, Linyi, and Dezhou. The
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differential distribution of pressure index in Shandong
province is closely related to population and the endowment
conditions of water and soil resources. Among them, the first-
level regions are rich in land resources, especially in the south of
Shandong province, which is abundant in water resources and
can meet the needs of an increasing urban population with little
pressure. The secondary regions are mainly distributed in densely
populated areas, and the population increase intensifies the
supply pressure of urban land resources and water resources,
especially in the case of the serious water resource shortages in
southeast Shandong. Water resource shortages are the main
source of pressure in the third-level regions, especially in the
northern Shandong province, where the demand for water
resources for urban industrial and living development is not
fully met, which increases the pressure on urban development
and construction.

Carrying Capacity

The urban carrying capacity index of Shandong province is
between 0 and 1 with an average value of 0.63, indicating that
the overall carrying capacity is high and the spatial
agglomeration characteristics are significant. The urban
carrying capacity is divided into three grades using natural
breakpoint method (Figure 3B). The first-level region
consists of 38 counties that account for 27.74% of the area
and are mainly distributed in southwest Shandong, southeast
Shandong, east Shandong, and north Shandong. This region is
mainly affected by mountain and hill landforms and geological
disasters, and its urban carrying capacity is low. The second
grade includes 34 counties that account for 24.82% of the area
and are relatively concentrated in the coastal areas of western
Shandong and northern Shandong. The main restricting factors
are the low environmental volume in western Shandong and the
relative shortage of water resources in the northern Shandong
coastal area. The third level consists of 65 counties that account
for 47.45% of the area and are mainly distributed in the central
and northwestern and eastern coastal areas of Shandong
province. These counties have developed river systems, flat
terrain, no obvious geological disasters, and good resources
and environment, which are factors suitable for urban
development and construction.

Carrying Potential

Shandong province’s urban carrying potential index is between
0.08 and 0.78 with an average of 0.28. The overall potential level is
low, and the spatial distribution is relatively scattered. The urban
carrying potential index is divided into three grades using the
natural breakpoint method (Figure 3C). The first-level region
includes 49 counties, accounting for 35.77% of the area. It is
slightly similar to the first-grade bearing capacity region and has
relatively high theoretical potential. At the same time, the low
level of social and economic development affects the release of
theoretical potential to a certain extent. The second-level region is
the largest, covering 60 counties that account for 43.80% of the
area and are mainly distributed in central Shandong, western
Shandong, and part of the Peninsula. These regions have average
theoretical potential, relatively high levels of social and economic
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development, and medium levels of comprehensive potential.
The third level includes 28 counties that account for 20.44% of the
area and are mainly distributed in the vicinity of municipal
districts. The potential of existing cities and industrial and
mining land is large, and the social and economic
development level is relatively high, which is conducive to the
release of potential.

Comprehensive Carrying Capacity

The index of comprehensive urban carrying capacity in
Shandong province is between 0.04 and 0.93 with an average
of 0.54, indicating a high level of comprehensive carrying
capacity on the whole (Figure 3D). There are 41 counties
whose urban carrying capacity index is lower than the urban
carrying pressure index, accounting for 29.93% of the area. The
comprehensive carrying capacity index is low, ranging from
0.04 to 0.7 with an average of 0.21, which is also the main area of
first-level carrying capacity. Among these counties, the urban
carrying pressure of northern Shandong is large, and the urban
carrying capacity and potential are low. Other regions are
relatively low in urban carrying pressure, capacity, and
potential.

There were 96 counties whose urban carrying capacity index
was higher than the stress index, accounting for 70.07% of the
total. The comprehensive carrying capacity index was relatively
large, ranging from 0.28 to 0.93 with an average of 0.69, and the

spatial distribution was relatively balanced. Among these
counties, the secondary carrying capacity region includes 46
counties that are mainly distributed to the west of central
Shandong province. The urban carrying capacity is mainly
middle-low level, and the urban carrying capacity and
potential are mainly middle-high level. The region with the
largest comprehensive carrying capacity includes 50 counties,
mainly cities, counties, and the surrounding areas of each city.
The urban carrying capacity is mainly medium-low level, while
the carrying capacity and potential are high.

Type and Pattern of Urban Development

The spatial agglomeration characteristics of the six types of urban
development and construction and the three regions constituted
by them are obvious in Shandong province (Figure 4A). In terms
of the priority of development order, the number of counties from
class I to class VI was normally distributed, and there were
slightly more counties in class III and only two in class VL
The corresponding development areas are mainly key
development zones, including 62 counties. The number of
priority development zones and moderate development zones
is 56 and 19, respectively. The details are shown in Figure 4B.

Priority Development Zone
Under the conditions of the potential released by the existing
resources and environment, funds, engineering measures, and

Frontiers in Environmental Science | www.frontiersin.org

July 2022 | Volume 10 | Article 935498


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Lietal

Economic Growth and Greener Urbanization

Legend

I
J\! Vv

Pattern of urban development
#Z2 Priority development zone
JKey development zones

Tpye of urban development

FIGURE 4 | (A) Pattern of urban development order and (B) quantity proportion in Shandong province.

VI ﬁl

Pattern
g
o

0 10 20 30
Quantity proportion (%)

policies, the urban carrying capacity and potential can cope with
the pressure of urban development and construction brought on
by social and economic development. These areas can give
priority to urban construction and development at the
beginning of the 14th Five-Year Plan. There are 27 counties in
the category I region, accounting for 19.71% of the total, and
mainly distributed in the belt area of Jiaodong Peninsula and
Jinan, Tai’an, and Jining. This type of region has low urban
bearing pressure, high capacity and potential, strong
comprehensive urban carrying capacity, and few restricted
factors and is the core of the three development areas of
Shandong province (the Jiaodong City cluster, the provincial
capital city cluster, and the southern Shandong City cluster).
During planning, the construction land index should be given
priority over urban development and construction in this region.
Class II includes 29 counties, accounting for 21.17% of the total,
mainly distributed in the periphery of class I and the municipal
districts of Linyi, Jining, Liaocheng, and Dezhou. The urban
carrying pressure, capacity, and potential of this type are
relatively coordinated and all at a high level. Favorable social
and economic conditions provide an important guarantee for
unleashing potential, while abundant potential provides
sustained support for social and economic development.

Key Development Zones

Only one aspect of the existing resources and environment and
stock space potential can cope with the pressure of urban
development. Among them, class Ill includes 33 counties,
accounting for 24.09% of the total and are concentrated in
Dezhou, Liaocheng, Jining, and Binzhou and scattered in
Weifang and Yantai. The relationship between the urban
carrying capacity of this type is relatively moderate, and the
background condition of resources and environment is relatively
superior, but it can release less potential. With the increasing
pressure of economic development on urban development and
construction, it is difficult to continuously meet the demand for
construction land. In the future, intensive utilization of land

supply should be strictly implemented, and the potential of stock
space should be fully explored at the same time. Category IV
includes 29 counties that account for 21.17% of the total and are
mainly located in Heze, Linyi, Weifang, and Rizhao. The
coordination of urban comprehensive carrying capacity of this
type is also at a medium level. The existing resources and
environment cannot cope with the demand pressure of urban
development and construction. However, the potential scale is
relatively large, and the potential should be fully released in the
future to eliminate the potential risk of increased pressure.

Moderate Development Zone

The carrying system of urban construction is in an unbalanced
state, and the long-term carrying pressure destroys the resources
and environment. Even though increasing support for
engineering measures and policies can help, it is difficult to
effectively alleviate the pressure of urban development and
construction. Category V includes 17 counties, accounting for
12.41% of the total and are mainly distributed in the vicinity of
Nansihu Lake in southern Shandong and the Yellow River Delta
in northern Shandong. The urban carrying capacity and potential
of this type are less than the pressure, and the combined force of
the two can basically support the needs of urban development. In
the future, we should control the scale of urban development and
construction, pay attention to the full combination of the
utilization of current resources and the utilization of stock
space, and take measures to ensure urban development.
Category VI includes two counties, which are distributed in
the estuary of the Yellow River in Dongying. The urban
carrying capacity and potential of this type are far less than
the pressure, and the coordination is seriously unbalanced.
Although it is located in a plain area, this region’s resources
and environment are obviously limited, and the ecological
importance is more prominent. Large-scale urban development
and construction activities should be banned in the future, and
human activities can be carried out appropriately on the premise
of ensuring the stability of the ecosystem.
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The Limiting Factors and Control Strategies
of Urban Development in Different Types of
Regions

The diagnostic model of obstacle factor was used for reference,
and the evaluation value and optimal value of each index of
carrying pressure, capacity, and potential were compared. The
weight of each indicator was taken as the contribution degree.
The equivalence of “three forces” was taken as the basis for
distinguishing significant obstacle factors. The restrictive factors
of urban development and construction in different types of
regions are obtained (Figure 5), and differentiated control
strategies are put forward.

(1) The obstacle factors of urban comprehensive carrying
capacity in development zones are less and include Y3,
N1, N2, N3, and P3. These zones are mainly limited by
water resource shortages, terrain conditions, and low
potential for urban industrial and mining utilization.
Therefore, this region should improve quality and
efficiency, give full play to its own economic advantages,
increase the construction of water resource guarantee
projects, and guarantee the water resource supply for
urban development through water diversion, storage, and
water-saving measures. In addition, with the formulation of a
new round of territorial space planning comes reasonable
demarcation of urban development boundaries. Ecological
protection should be strengthened in mountainous and hilly
areas located outside of the city. Low hills within the city
should be laid out as urban parks. The coordination between
urban construction and ecological protection according to

)

local conditions should also be promoted. At the same time,
on the premise of ensuring the intensive use of urban land
resources, we should implement certain policies, such as
comprehensive land improvement, across the whole region
and link the increase and decrease in urban and rural
construction land. By tapping into the potential of rural
construction land and replacing urban and rural land, we
will solve the problem of insufficient land supply in order to
pave the way for future urban development and constantly
improve the competitiveness of cities.

There are many limiting factors of urban comprehensive
bearing capacity in key development zones, including nine
factors: Y1, Y2, N1, N2, N5, N8, N9, P2, and P6. The main
problem lies in the large pressure of population and land and
factors such as topographic conditions, environmental
capacity, geological disaster sensitivity, urban and rural
construction land potential, and urban land price restrict
urban development. Therefore, the region should stick to the
path of new-type urbanization and green development. We
should give priority to the control of urban water and air
environment and the reduction and prevention of disasters,
strengthen the construction of pollution reduction and
disaster-fighting infrastructure, encourage enterprises to
develop energy conservation and emission reduction
technologies, reduce the discharge of pollutants, and
gradually change the urban living environment. At the
same time, we should intensify the improvement of
existing construction land, focusing on the reconstruction
of villages in cities, and the improvement of abandoned
industrial and mining land. We should also promote the
renewal of old urban areas, increase space for flexible urban
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development, guide the directional expansion of cities,
promote the stability and improvement of urban land
prices by improving the quality of cities, and promote the
high-quality development of the regional economy.

The moderate development zone has the most limiting
factors, including Y1, Y2, Y4, Y5, Y6, N3, N5, N6, P1, P2,
P4, P5, and P6. The main problem is that the development
and construction of cities are restricted by factors such as
poor terrain conditions, insufficient water resources, low
environmental capacity, low stock potential, and weak
economic capacity under the conditions of large
pressure on population, land, and environment.
Therefore, the region should fully implement the
strategy of ecological protection and high-quality
development. First of all, the system of carrying
capacity control, regional access, and permission for
conversion of ecological space should be implemented
to ensure that the area of ecological space is not
reduced, the ecological function is not reduced, and the
ability to guarantee ecological services is gradually
improved. At the same time, we should implement
water-saving and  emission reduction  policies,
strengthen the production technology improvement of
enterprises that use large amounts of water resources
and discharge serious pollution, gradually improve the
quality of regional air and water environment, and
improve the purification effect of the environment.
Secondly, scientific planning of urban development
space, rational optimization of industrial structure,
strict control of urban development scale, increase per
unit of land input, and improve the efficiency of urban
land use. Moreover, we should properly tap into the
potential of construction land in urban and rural areas
in the region. On the premise of giving priority to rural
development, surplus targets should be wused to
supplement the needs of urban development and
promote integrated urban-rural development in the
region.

3)

CONCLUSION AND DISCUSSION

Based on the concept of urban carrying capacity, this study
synthesizes external and internal urban factors and constructs
the concept model of “pressure-capacity-potential” urban
comprehensive carrying capacity and the corresponding
evaluation index system.

By using the methods of multi-factor weighed summation,
graded assignment, and graded modification, we were able to
calculate subsection variable weight, the carrying pressure index,
the capacity index, the potential index, and the comprehensive
carrying capacity index. We then set urban development order
rules using the two aspects of comprehensives and coordination
and formed the urban development pattern of “three districts and
six types.” Finally, the study puts forward differential suggestions
for the restrictive factors of urban development of different
carrying types. The research results of this study have strong
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practicability and can provide guidance for the optimization of
regional main function areas and the orderly arrangement of
urban development. The main conclusions of this study are as
follows:

Firstly, comprehensive evaluation of urban comprehensive
carrying capacity from three aspects of urban carrying
capacity, carrying pressure, and carrying potential is helpful
for decision-makers to accurately and comprehensively
understand the characteristics of urban carrying capacity, and
then formulate development strategies in line with reality.

Second, the urban carrying pressure in Shandong province
is closely related to population and water and soil resource
endowment conditions. The carrying pressure in Shandong is
mainly medium and low, but there are a few areas with high
pressure. These areas account for 16.06% of the province and
are mainly distributed in the municipal districts of Dongying,
Zibo, Yantai, Linyi, and Dezhou. The overall urban carrying
capacity of Shandong province is high, and the high- and
middle-grade capacity areas account for 72.26% of the total
and are mainly distributed in the central, western, and
northeastern coastal areas of Shandong. The low-grade
capacity areas are mainly affected by mountain and hill
landforms and geological disasters. The overall urban
carrying potential of Shandong province is low, and the
potential areas of middle and low grades account for
79.56% of the total, which is mainly restricted by low
theoretical potential and unbalanced social and economic
development. The overall level of urban comprehensive
carrying capacity in Shandong province is high, and regions
where the urban carrying capacity is higher than the carrying
pressure are dominant. The unbalanced and low level of “three
forces” in some regions restricts its comprehensive carrying
capacity.

Third, the urban development pattern of “three districts and
six categories” proposed by the study has obvious spatial
agglomeration characteristics. The number of counties (cities
and districts) in the three main areas of priority development,
key development, and moderate development decreased
successively, accounting for 45.26, 40.88, and 13.87% of the
total, respectively. On the whole, it is suitable for urban
development and construction. The number of counties (cities,
districts) of urban development types from class I to class VI was
normally distributed. The high-grade types are mainly distributed
in Jiaodong Peninsula, the Jinan-Tai’an-Jining development belt,
and the municipal districts of Weifang, Linyi, Liaocheng, and
Heze. Moderate development zones are concentrated in Nansihu
Lake and the Yellow River Delta.

Four, the urban development of Shandong province is mainly
restricted by landform, water resources, environmental capacity,
and geological disasters. The degree of constraint varies in
different development areas and types. Priority development
zones should focus on improving quality and efficiency and
give full play to their economic advantages to solve the
problem of insufficient water and land resources. Key
development zones should follow the path of new-type
urbanization and green development and address problems
such as low urban quality and inadequate supporting facilities.
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Moderate development zones should fully implement the strategy
of ecological protection and high-quality development and
coordinate ecological protection and restoration with urban
and rural integrated development.

It should be noted that due to the limitation of difficult data
acquisition, this study only analyzed the urban comprehensive
carrying capacity in Shandong province in 2019. It will provide
more effective information to analyze the spatio-temporal
variation characteristics of urban comprehensive carrying
capacity based on big data.
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