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As a highly developed spatial form of integrated cities, urban agglomeration has
become an important fulcrum for promoting economic development and regional
growth. Green urban efficiency is the key to achieving green growth in a country. This
study propose a slack-based model with undesirable output to evaluate the green
urbanization of 18 urban agglomerations in China. Analysis was performed using the
integrated barycenter coordinate method, standard deviation ellipses, and the
geographic detector model to determine the spatial–temporal characteristics of
green urbanization efficiency and the factors that influence urban agglomerations.
We found that the green urbanization efficiency of urban agglomerations in China,
when plotted, revealed a curve with the shape of “∧,”which increased at first and then
decreased. The spatial differentiation characteristics were not obvious as the gapwas
narrowing. The center of green urbanization efficiency in China’s urban
agglomerations has always been located in the Central Plains, with a small overall
span and a relatively fixed position. The barycenter coordinates showed a trend of
shifting from east to north, but the transfer speed and rhythm were relatively slow.
The explanatory power of the various factors influencing the spatial differentiation of
green urbanization efficiency of urban agglomerations differed markedly. The
magnitude of importance was in the order of: urban population scale >
investment growth > technology level > economic development > industrial
structure.
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1 Introduction

Urbanization has promoted the development of social and economic goals and is important
as a support for modernization (Yang et al., 2023). China’s urbanization process has advanced
rapidly, increasing from 17.92% in 1978 to 59.58% in 2020, with an average annual increase of
1.09%. According to the three-stage theory of urbanization, China’s urbanization will still be in
the accelerating stage in the next 10 to 15 years (Zeng et al., 2022). The rapid development of
urbanization has accelerated the solution to the problems of “agriculture, rural areas, and
farmers,” promoted a balance between urban and rural areas, and promoted overall social
progress. However, the driving force in this rapid development has been cheap land and labor,
and the extensive development based on high input, high consumption, and high pollution has
caused a series of negative impacts on the sustainability of regional development (Zhao et al.,
2022). Traditional urbanization has created a significant urban–rural divide, resulting in strong
urban growth on the one hand and widespread deflation in rural areas on the other. As a result,
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urbanization has been a major contributor to China’s uneven and
inadequate socioeconomic development.

Green development has become a significant trend in the world’s
urban development with the goal of higher efficiency, higher output
level, and greater sustainability. Green urbanization involves a deep
integration of urbanization and greening, requiring that the region
achieve a low-carbon footprint, and a circular, inclusive development
with the goal of seeking a balance between economic growth and
environmental protection. China’s urbanization rate has reached 50%
for the first time in 2011, indicating that the country is no longer a
rural society, but instead is transitioning to an urban one. In order to
guarantee the stable and healthy development of society as well as the
economy, it has become an inescapable choice for future urbanization
development to reform the present policies, give attention to green
leadership, and support the green urbanization process (Luo et al.,
2022).

With the acceleration of green urbanization, urban agglomeration
has become an important fulcrum to promote economic development
and regional growth (Qian et al., 2022). It can accumulate resources
for production, promote the development of industrial clusters, and
effectively exploit the agglomeration and radiation effects of central
cities (Zhu et al., 2023). Compared with a single city, urban
agglomeration produces a highly effective platform for rapid
economic growth and national participation in global competition.
It is currently the main form of urbanization, and developers must pay
more attention to green methods. By 2020, the 18 urban
agglomerations recognized in China’s planned growth only
accounted for 29.1% of the national area, but they produced more
than 80% of GDP and actually utilized 92% of total foreign investment,
which constitutes absolute support for China’s development (Tan
et al., 2022). However, the overall development of cities in urban
agglomerations in China is quite different from that of other countries,
showing an uncoordinated development status. In 2020, the level of
urbanization in Wuhan, the central city of the Yangtze River urban
agglomeration, was 84.31%, while that of its neighbor city Huanggang
was only 47.55%. The urbanization of Xiamen, the urban
agglomeration on the west side of the Straits, was 86.99%, while
that of Meizhou was only 45% with great regional difference. The
regional differences between neighboring cities require us to pay
attention to the spatial structure of urban agglomerations.
According to the “green development” concept, urban
agglomerations are responsible for both economic growth and
green development, and carbon peaking and carbon neutrality are
the objectives that must be met in the future. Optimizing the spatial
structure of urban agglomerations and constructing green barriers
become, especially important in planning for green urbanization
efficiency. In view of the typical regional spatial differences of
urban agglomerations, exploring their green urbanization efficiency
from a spatio-temporal perspective is not only conducive to clarifying
the current development trend but also to promoting the linkage effect
among cities in the region and achieving balanced growth of large,
medium, and small towns. It has important theoretical and practical
value for optimizing the spatial layout, improving cluster efficiency,
and realizing regional coordination.

In consideration of the problems of unbalanced regional
development of the 18 typical urban agglomerations in China,
this paper utilizes the section data of 2009, 2014, and 2019 to
suggest integrating resources and environmental elements into the
construction of an urban efficiency index system and applying the

SBM (slack-based measure) model, which takes undesirable output
into account in measuring efficiency. The spatio-temporal
evolution characteristics and green urbanization efficiency of the
urban agglomerations were determined using the barycenter
coordinate and standard deviation ellipse methods. The
geographic detector model was used to determine the impact of
specific factors that influenced green urbanization efficiency,
providing a reference for the formulation of regional strategies
of local governments at all levels.

2 Literature review

Academic research on green urbanization has been
accompanied by the rise in green urbanism, highlighting green
urban change and transformation, involving research on “green
walls” and sustainability. At present, the green urbanization
practices in many countries have adopted distinctive models,
among which the most representative ones include ecological
low-carbon green city construction in the UK, ecological
sustainability and urban “smart growth concept” in the US, and
the compact model of land use. The formation and development of
green concepts provides a logical starting point for the study of
green urbanization (Fang and Yu, 2017). At this stage, “green
urbanization” is primarily concerned with “ecological civilization”
and “new urbanism,” and it is seen as a path toward “ecological
balance and harmony between man and nature” by combining
urban expansion with green concepts (Wang et al., 2023). This new
urbanization model incorporates intensive urban development
with green practices and harmonizes urban population growth
and economics with wise resource use and environmental
stewardship. The current development path of green
urbanization is constrained by population, resources, economy,
ecological environment, etc. The imbalanced growth of
metropolitan areas and their excessive structural scale generate
a number of problems. With the intense urban expansion,
excessive consumption of soil resources, and serious ecological
effects of environmental pollution, the efficiency of green
urbanization has aroused widespread concern in the academic
community (Yu et al., 2020). Excessive energy consumption, land
degradation, and environmental damage have always been
important factors limiting urban expansion. Green urbanization
efficiency has likewise been inseparable from population, land,
energy efficiency (Miao et al., 2021), environmental pollution
(Yasmeen et al., 2020), economy (Chen et al., 2023), society
(Reichenbach et al., 2021), and carbon emissions (Bai et al.,
2019; Ma et al., 2019). Wang established an index system to
generate an urbanization quality score, including population,
economy, society, and space (Wang et al., 2019), while Zhang
selected land, capital, and labor as the core elements to evaluate
urbanization efficiency (Zhan et al., 2018). Kuang focused on the
land, labor, agriculture, machinery, chemical fertilizers, the
economy, and society (Kuang et al., 2020). Koroso et al.
evaluated the consequences of urban land use and found that
rapid urbanization and expansion were key factors in ULUE
(Koroso et al., 2021). Green competitiveness and green
industrial development were dominant in the green economic
development of urban agglomerations (Wang Y. et al., 2021),
and resources and environmental factors have become
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important constraints on high-quality urban development (Zhang
and Chen, 2021).

Research on urban agglomeration originated in the early 20th
century with Howard’s “The Garden City of Tomorrow.” He
considered the city and surrounding countryside as a whole from
the perspective of spatial organization and content dynamics and
believed that the manifestation of a city included not only the area
occupied by the city but also the garden areas surrounding it (Vasenev
et al., 2021). Geddes studied urban agglomerations from the
perspective of the aggregation of cities and believed that the rapid
suburbanization of cities would produce aggregation patterns in space,
emphasizing spatial overlap (Cao et al., 2022). Since then, Cottmann
has put forward the concept of a megalopolis, studied the
phenomenon of urban spatial agglomeration with New York City
as the center, and began to pay attention to the spatial performance of
urban agglomerations (Ramos-H et al., 2020). Kipnis linked urban
agglomeration with industrialization, arguing that urban
agglomeration provided a good regional environment for
innovation and entrepreneurship, emphasizing spatial zonal
distribution (Kipnis, 1984). Zhu et al. described the zonal
distribution of cities around big cities with regional characteristics,
gradually forming a consensus on urban agglomeration. Yang
explored the multiple effects of urbanization on riverine and
terrestrial organisms (Yang et al., 2022). Urban agglomerations are
composed of multiple cities, which are increasingly connected with
each other and jointly influence regional development. The relevant
research on urban agglomeration has gone through four stages: urban,
megalopolis, ecumenopolis, and urban agglomeration, focusing on
urbanization level, economic growth of urban agglomerations,
industrial structure, spatial structure, and land, environment, and
ecological problems (Peng et al., 2022; Wang et al., 2022; Xiao et al.,
2022).

Environmental concerns in urban development are receiving
increasing attention from the government and local officials, and
environmental protection has become a major component of urban
development. Spatial pattern research has provided important new
data, useful in analyzing urban problems. Jiang et al. proposed a novel
approach for determining the potential spatio-temporal exposure risk
of residents by capturing human behavior patterns from spatio-
temporal data on parking lot availability (Jiang et al., 2021). Sun
established a spatial econometric model of environmental health to
investigate the direction, intensity, and spatio-temporal heterogeneity
of the impact of haze pollution and its spillover effects on public health
in urban agglomerations (Sun et al., 2022). Jana et al. (2020) analyzed
the spatio-temporal pattern of urban expansion and its effects on
changes in green space and thermal behavior in the Doon Valley
between 2000 and 2019. Urbanization is associated with significant
changes in the soil, vegetation, and climate, and it is important to
explore its impact on soil function given its spatial–temporal
variability (Vasenev et al., 2021). Zhou incorporated spatial analysis
with geographical detection, to assess the urban air pollution
occurrence in 337 Chinese cities (Zhou et al., 2021). Wang
developed an improved method for quantitatively representing
urban communities based on multiple periodic spatial–temporal
graphs of human mobility (Wang et al., 2018). Wiatkowska
analyzed spatial–temporal land use and land cover changes in
urban areas using geographic data (Wiatkowska et al., 2021). The
spatial analysis method allows scholars to study the internal
relationships of cities.

The methods for assessing the evolution of spatial linkages of
urban agglomerations have becomemore diversified and progressively
better. From a single process to a combination of approaches, the
barycenter coordinate method, standard deviation ellipse, and
geographic detector model are the most generally used. Researchers
in GCC countries and abroad have carried out comparatively
thorough studies on the spatial organization of well-developed
urban agglomerations, but they often focus on a single
agglomeration. According to the report of the 19th National
Congress of China, urban clusters should serve as the main
component of a coordinated urban development pattern, and it is
crucial to examine the geographical distributions of large, medium,
and small urban clusters.

3 Methodology

3.1 Research context

In comparison to other nations, China has experienced
industrialization and urbanization at a faster rate and on a
larger scale, resulting in the emergence and expansion of several
new cities. Urban agglomeration has developed into a crucial
fulcrum to support economic development and regional growth
as green urbanization has accelerated. Urban agglomerations suffer
from a number of inherent difficulties, particularly with regard to
the effects of climate change and environmental degradation. How
the process of urbanization can strike a balance between increasing
the population and preserving the environment is a complex topic
that has yet to be thoroughly explored. Based on the National New
Urbanization Plan (2014–2020), the thirteenth five-year plan
(2016–2020), and related research results on the definition of
urban agglomeration (Lu et al., 2022; Wu and Li, 2022; Yu et al.,
2023), 18 urban agglomerations including Harbin–Changchun,
Central and South Liaoning, Beijing–Tianjin–Hebei, Shandong
Peninsula, and the Yangtze River Delta were selected for the
study area (Figure 1) because of the availability of data and
potential for statistical analysis. The code related to the
18 urban agglomerations (Table 1) is as follows.

3.2 Green urban efficiency

In view of the importance of the impact of resources and
environmental factors on green urbanization, this paper
constructed a framework (Figure 2), which considered resource
consumption as a new input factor along with land, capital, labor
and resources, and assumed green urbanization as the output. The
output index of green urbanization is the urbanization level of each
city. However, urbanization is a comprehensive evolutionary process
of population, economy, and society, so this study deconstructs the
green urbanization output into the separate elements of population,
economic, social, spatial, and environmental urbanization. This
division allows the study to characterize the impact of green
urbanization in terms of population change, economic
development, social inclusion, spatial equity, and environmental
consumption status, respectively. In the model, environmental
consumption is taken into account as an undesirable outcome, in
an effort to reflect the concept of people-oriented green development
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in green urbanization. The details of index selection are shown in
Table 2. The data were derived from the China Statistical Yearbook,
the China City Statistical Yearbook, and the China Energy Statistical
Yearbook in 2010, 2015, and 2020.

3.3 Methodology

3.3.1 SBM model
The SBM model proposed by Tone is introduced to measure the

urbanization efficiency of urban agglomerations because it not only
resolves the slack problem with input–output variables but also makes
use of the non-radial and non-angled processing of undesired outputs
resulting in more accurate calculation results (Li et al., 2022; G; Liu S.
et al., 2022; S; Liu G. et al., 2022):

ρ* � min

1 − 1
m
∑m
i�1

s−i
xi0

1 + 1
s1 + s2

∑s1
r�1

sgr
yg
r0

+∑s2
r�1

sbr
yb
r0

⎛⎝ ⎞⎠
s.t.

x0 � Xλ + s−

yg
0� Ygλ + sg

yb
0� Ybλ + sb

s− ≥ 0, sg ≥ 0, sb ≥ 0, λ≥ 0

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
where ρ* is the urbanization efficiency of the urban agglomeration,

which takes a value between [0, 1]; s-, sg, and sb are the slack variables
of factor input, expected output, and undesired output, respectively;
and λ is the weight vector.

3.3.2 Barycenter coordinate method
The physical meaning of the term ‘barycenter’ is the location

where the combined forces of gravity operate on an object. It is
derived from geometrical mechanics. The barycenter method was
first used in a study of population in 1874 by F. Volker and then

FIGURE 1
Overview of the study area.

FIGURE 2
The framework of green urban efficiency.

TABLE 1 Code of 18 urban agglomerations.

Number Urban agglomeration Number Urban agglomeration

No. 1 Harbin–Changchun No. 10 Beibu Gulf

No. 2 Central and South Liaoning No. 11 Pearl River Delta

No. 3 Beijing–Tianjin–Hebei No. 12 Central Yunnan

No. 4 Shandong Peninsula No. 13 Central Guizhou

No. 5 Yangtze River Delta No. 14 Chengdu Chongqing

No. 6 West Coast of the Straits No. 15 Guanzhong

No. 7 Jinzhong No. 16 Lanxi

No. 8 Central Plains No. 17 Ningxia Yanhuang

No. 9 Middle Reaches of the Yangtze River No. 18 Hubao Eyu
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gradually spread to social economics and other fields. It reflects the
mobility of regional factors in the spatial layout, facilitating the
exploration of regional development trends over time and laying
the foundation for the rational allocation of production factors. The
barycenter coordinate method from the field of mathematics was
introduced to analyze the spatial changes in urbanization efficiency
in urban agglomerations and to describe the agglomeration
characteristics and deviation trajectory of spatial attributes
(Wang et al., 2021a).

X �
∑n
i−1
PiXi∑n

i−1
Pi

Y �
∑n
i−1
PiYi∑n

i−1
Pi

In the formula: X and Y are the longitude and latitude of the
geographic center coordinates, respectively; p is the score of the
urbanization efficiency of urban agglomerations.

3.3.3 Standard deviation ellipse
The standard deviation ellipse proposed by Professor Lefever

was introduced to reveal the spatial distribution, spatial movement
direction, and discrete characteristics of the urbanization efficiency
in urban agglomerations (Liu et al., 2023). The fundamental
measurement parameters are rotation angle, major axis standard
deviation, and minor axis standard deviation. The direction of the
spatial distribution of the factors is represented by the rotation
angle, which is a clockwise rotation from true north to the long axis.
The direction of the major trend in the spatial distribution of

urbanization efficiency in urban agglomerations is represented by

the standard deviation of the major axis, whereas the range in the

spatial distribution of urbanization efficiency in urban

agglomerations is reflected by the standard deviation of the

minor axis. The larger the ratio of the major axis to the minor

axis, the more concentrated is the centripetal force of the data. A

smaller ratio corresponds to a greater degree of dispersion of the
data.
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���������������������������������∑n
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′2
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√
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′
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,

σx �

����������������������∑n
i�1

wix′
i cos θ − wiy′

i sin θ( )2
∑n
i�1
w2

i

√√√√

σy �

����������������������∑n
i�1

wix′
i sin θ − wiy′

i cos θ( )2
∑n
i�1
w2

i

√√√√
,

where tanθ is the rotation angle; σx and σy are the standard deviation of
the x-axis and the standard deviation of the y-axis, respectively; (xi, yi)
are the coordinates of the research object i; wi is the weight; x’i and y’i
are coordinate deviations from different research objects to the
average center.

3.3.4 Geographic detector model
The geographic detector model proposed by Wang Jinfeng was

introduced to determine the intensity of each factor’s effect on the
spatial differentiation of urbanization efficiency in urban
agglomerations (Song et al., 2020). This method can not only
detect numerical data and qualitative data but also explain the
interaction of multiple factors.

TABLE 2 Index system of green urbanization efficiency.

Category Secondary indexes Tertiary indexes

Input Resource Energy consumption of 10,000 yuan GDP (ton standard coal)

Per capital water consumption (m3)

Per capital electricity consumption (kw·h)

Land Proportion of built-up area in total area (%)

Capital Investment in fixed assets (100 million yuan)

Expenditure from the general budget of local finance (100 million yuan)

Amount of foreign capital actually used (USD 10,000)

Labor force Employees (10,000)

Output Population Proportion of urban population (%)

Economy Proportion of output value of secondary and tertiary industries (%)

Society Retail sales of consumer goods (100 million yuan)

Space Proportion of built-up area in total area (%)

Environment Industrial wastewater discharge (10000 tons)

Industrial emissions (100 million cubic meters)

Industrial solid waste production (ten thousand tons)
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q � 1 −
∑L
h�1

Nhσ2h

Nσ2
,

where q is the explanatory power of a certain influencing factor on
the spatial differentiation of urbanization efficiency in urban
agglomerations, with values between [0, 1]. The smaller the
value, the smaller the influence of a certain factor on the
urbanization efficiency in urban agglomerations; the larger the
value, the greater the influence. When q = 0, it means that the
influencing factors have nothing to do with the spatial
differentiation of urbanization efficiency in urban
agglomerations; q = 0 indicates that the influencing factors can
completely explain the spatial differentiation of urbanization

efficiency in urban agglomerations; h is the dependent variable Y
or the stratification of influencing factor X; Nh and N are the
number of samples in the h layer and the study region,
respectively; and σ2h and σ2 are the variance of the Y-value of
the h layer and the Y-value of the study region, respectively.

4 Results and discussion

Figure 3 and Figure 4 show the spatial distribution pattern of green
urbanization efficiency of urban agglomerations in 2009, 2014, and 2019.
The regional color blocks indicate the green urbanization rates of the city
clusters, while the yellow points represent the green urbanization rates of
each individual city. The green urbanization rates of the 18 city clusters
and the cities inside them were utilized to assess the regional green
development.

4.1 Spatial distribution patterns of green
urbanization efficiency in urban
agglomerations

The graph of the overall green urbanization efficiency of China’s urban
agglomerations has the shape of a “∧,”which indicates a sharp rise followed
by a steep fall. The average green urbanization efficiency in the 3 years was
0.777, 0.889, and 0.886 respectively. This represents remarkable progress in
urbanization development, continuous improvement in the urban system,
and a tendency toward coordination in the development of urban and rural
areas after implementation of the eleventh five-year plan, especially since
the 2010 National Main Function Zone Plan accepted urban
agglomeration as an important carrier for urbanization. However, the
high-density urban agglomerations caused high-risk threats to resources
and the environment; highly sensitive ecosystems were negatively affected,
which diminished the continuous improvement of green urbanization
efficiency. A graph of the green urbanization efficiency of the Pearl River
Delta and Central Yunnan has the shape of a “∨,” with an initial decrease
followed by a sharp increase. In contrast, the green urbanization efficiency

FIGURE 3
Spatial distribution pattern of the urban agglomerations in 2009, 2014.

FIGURE 4
Spatial distribution pattern of the urban agglomerations in 2019.
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of the five urban agglomerations of Beijing–Tianjin–Hebei, central and
southern Liaoning, Shandong Peninsula, the central Shaanxi plain, and
Harbin–Changchun showed an upward trend year by year. The green
urbanization efficiency increased from 0.656, 0.720, 0.655, 0.563, and
0.563 in 2009 to 0.855, 1.000, 0.965, 0.938, and 0.938 in 2019,
respectively. The largest increase was in the Harbin–Changchun urban
agglomeration, which has been actively exploring new urbanization paths
in major grain producing areas by accelerating the transformation of the
development mode, promoting foreign cooperation, overcoming obstacles
in the system andmechanism, and fully implementing green ecology in the
context of the comprehensive revitalization of the old industrial base.

The spatial differentiation characteristics of green urbanization
efficiency in China’s urban agglomerations have decreased. The
standard deviations of green urbanization efficiency in the 3 years were
0.130, 0.085, and 0.084, respectively. The green urbanization efficiency of
the urban agglomeration along the Yellow River in Ningxia (mean 0.981)
was the highest. This region covers 43% of Ningxia’s land area and
accounts for 80% of its cities, 90% of its urban population, and more
than 90% of its GDP and fiscal revenue. The region exhibited high land use
efficiency and has become a strategic area for regional economic

development, along with the six functions of the economic lifeline line,
ecological landscape line, characteristic city line and cultural display line,
and others still to be built. The green urbanization efficiency of the Yangtze
River Delta urban agglomeration (mean 0.931) was the second highest. Its
urbanization program developed early, and it has always been in the
forefront of China’s urbanization development by improving key urban
functions, optimizing urban population distribution, and promoting
integrated construction. The green urbanization efficiency (mean 0.726)
of the urban agglomeration in central Guizhou was the lowest. The
backward level of economic development, extensive economic growth
mode, fragile ecological environment, and limited development space were
the main factors restricting its development. From the perspective of
173 prefecture-level cities, the green urbanization efficiency (mean 1.000) of
26 cities including Beijing, Shanghai, and Nanjing has reached an ideal
state, which indicates that under certain input conditions of capital and
resources in the process of urbanization, these cities can achievemaximum
output. Jiujiang’s green urbanization efficiency (mean 0.442) was the lowest
among the prefecture-level cities. Its environmental pollution, aging
population, and imbalance between consumption in urban and rural
areas led to serious inefficiency and waste in its urbanization
development (Figures 3, 4).

4.2 The spatial–temporal evolution
characteristics of green urbanization
efficiency in urban agglomerations

The barycenter coordinate and standard deviation ellipse model were
used to obtain the barycenter coordinate and standard deviation ellipse of
green urbanization efficiency of China’s urban agglomerations in 2009,
2014, and 2019 by using ArcGIS10.2 software for data processing.

From the perspective of the distribution of barycenter Table 3, the
centers of green urbanization efficiency of China’s urban agglomerations in
the 3 years are all located in the Central Plains urban agglomerations, which
is between 113°55′E ~ 114°21′E and 32°25′N ~ 33°52′N, showing that the
overall span is small and the location is relativelyfixed. This is closely related
to the location advantage of the Central Plains urban agglomeration linking
east to west and north to south, the better urban spatial aggregation form,
the strong industrial cluster advantage, and the policy of “1+4” Zhengzhou
metropolitan area. In addition, the National New Urbanization Plan
(2014–2020) clearly points out that the Central Plains urban
agglomeration should be built into an important growth pole that
promotes balanced development of land and space and leads regional
economic development in the future, so as to provide demonstration
samples for promoting urbanization development of urban
agglomeration as the main form. All these make the urbanization of
Central Plains urban agglomeration present a trend of factors

FIGURE 5
Dispersion trends of spatial distribution pattern.

TABLE 3 Gravity center evolution of the spatial layout.

Year Barycentric
coordinate

Deflection
direction

Corner
(θ/0)

Standard deviation along the
X-axis/km

Standard deviation along the
Y-axis/km

2009 113°55′E, 32°25′N — 24.98 1,355.26 2,126.23

2014 114°09′E, 33°32′N Northeast 25.73 1,290.06 2,128.43

2019 114°21′E, 33°52′N Northeast 26.61 1,276.71 2,193.82
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aggregation, win–win cooperation, and rapid rise. In general, the barycenter
coordinate of green urbanization efficiency in China’s urban
agglomerations shows a trend of shifting to the east-north. It can be
seen that the green urbanization efficiency of urban agglomerations in
northeastern China has been improved to a certain extent, but the speed
and pace of improvement are relatively slow, which is more restricted by
medium-high economic growth, declining demographic dividend and
prominent environmental problems.

From the standard deviation ellipse (Figure 5), the green urbanization
efficiency of China’s urban agglomeration shows a northeast-southwest
trend, indicating that urban agglomerations with high green urbanization
efficiency are mostly distributed along the northeast-southwest direction.
The green urbanization efficiency of urban agglomerations in the southeast
of the ellipse axis improved faster than that in the northwest. The rotation
angle θ in the 3 years has increased from 24.980 to 26.610, and it rotates
counterclockwise to the west. It can be seen that the implementation of the
“Belt and Road” Initiative, new urbanization construction, and regional
coordinated development strategy have provided strong impetus and new
guidance for the urbanization development of the urban agglomeration
along the Yellow River in Ningxia, the central Shaanxi plain, and other
western regions. The agglomeration capacity of factors has been
continuously improved, the urban system has been improved, and the
urban connection has been increasingly closed. From 2009 to 2019, the
distribution range of the standard deviation ellipse of green urbanization
efficiency in urban agglomeration decreased first and then increased, and
the standard deviation ellipse areas of the 3 years were 226.32 × 104 km2,
215.65 × 104 km2, and 219.98 × 104 km2, respectively. The standard
deviation of the long axis and the short axis changed to varying
degrees, among which the long axis has increased from 2,126.23 km in
2009–2,193.82 km in 2019, and the short axis has decreased from
1,355.26 in 2009 to 1,276.71 km in 2019, indicating that although the
spatial distribution of green urbanization efficiency in China’s urban
agglomerations has begun to disperse, its spatial distribution pattern
remains stable. The spatial spillover effect is still not obvious, and it is
still dominated by the northeast-southwest direction, while the influence of
the northwest-southeast direction is weak.

4.3 Analysis of influencing factors of green
urbanization efficiency in urban
agglomerations

Combined with the urbanization development characteristics of urban
agglomerations (Fang and Yu, 2017), this paper believes that urban
population size, economic development, industrial structure,
technological level, and investment are the main influencing factors of
green urbanization efficiency in urban agglomeration (Ningyi Liu, 2022;

Tan et al., 2022;WangY. et al., 2021). Specific indexes are selected as shown
in Table 4. The natural break point method in ArcGIS is used to divide
these factors into five levels for data discretization. The effects of these
indicators on the regional differentiation of urban agglomeration green
urbanization efficiency are analyzed using the geographic detector model.
The result shows that the explanatory power of different influencing factors
on the spatial differentiation of green urbanization efficiency in urban
agglomerations is different, and the order of explanatory power is urban
population size > investment > technological level > economic
development > industrial structure, and the corresponding detection
factor q values are .4603, .3334, .2941, .1903, and .0906, respectively.
We can find that:

The size of the urban population is the most important factor affecting
the spatial differentiation of green urbanization efficiency in urban
agglomerations. Among them, the urban population in the eastern
urban agglomerations such as the Pearl River Delta,
Beijing–Tianjin–Hebei, Yangtze River Delta, and Shandong Peninsula
accounts for more than 65% of the total population. The geographical
environment, better economic foundation, supporting public services, and
related preferential policies make people from small and medium-sized
cities and rural areas continue to gather in these regions on a large scale,
thus realizing regional industrial transformation and upgrading and
continuously enhancing development vitality. The urban agglomerations
of Chengdu–Chongqing, BeibuGulf, central Guizhou, and central Yunnan
account for only about 40% of the urban population, and they are facing
the dilemma of population shrinkage. The labor supply has encountered
bottlenecks, and the endogenous driving force for economic growth is
insufficient. On the basis of improving the soft and hard environment, the
attraction of external population should be the focus of their future work.

Investment is a secondary factor affecting the spatial differentiation of
green urbanization efficiency in urban agglomerations, which is particularly
important when the proportion of fiscal expenditure decreases in high-
quality stage of the economy. Among them, the central Guanzhong, Lanxi,
and other urban agglomerations are important inter-provincial urban
agglomerations in western China. Under the influence of the “Belt and
Road” construction and the development of the Yangtze River Economic
Belt, fixed asset investment accounts for more than 120% of the regional
GDP. It aims to effectively build a newpattern of opening up both internally
and externally and to create an important growth pole leading northwest
China’s development by connectingmulti-level transportation network and
improving communications and water conservancy facilities guarantee
ability. In comparison, the proportion of total investment in fixed assets
in GDP in the central and southern Liaoning urban agglomeration is only
31.52%. The fundamental crux is the deep-seated contradiction between
system and structure. In the future, we should continue to further promote
the reform of “delegate power, improve regulation, and upgrade services,”
strengthen the construction of convenient service platform, improve the

TABLE 4 Result of the factor detector.

Detector factor Corresponding influencing factors q-value

Proportion of urban population in total population Urban population size .4603

GDP per capita Economic development .1903

Proportion of output value of the Tertiary industry Industrial structure .0906

Proportion of science and technology expenditure in public finance expenditure Technological level .2941

Proportion of total investment in fixed assets in GDP Investment .3334
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service efficiency, and focus on improving the soft environment for
investment.

Technological level, economic development, and industrial
structure are important factors influencing the spatial
differentiation of green urbanization efficiency in urban
agglomerations, mainly manifested in the relatively poorer
ability of independent innovation, the lower level of local
transformation of achievements, and the failure to effectively
integration various scientific research force. Urban function
positioning and labor division are unclear, driving and radiation
capabilities of the core city are weak, small, and medium-sized cities
and towns on the periphery are insufficient, and the polarization
phenomena are still readily apparent. Accordingly, the
enhancement of innovation driving force based on the
construction of collaborative innovation system, the high-quality
economic development based on the "five-sphere integrated plan”
overall promotion, and the industrial structural transformation
based on the construction of modern industrial system should
become the focus of improving the green urbanization efficiency
of urban agglomeration in the future.

5 Conclusion

In this study, we integrated resources and environment elements,
barycenter coordinate method, standard deviation ellipse, and geographic
detector model to understand the spatial–temporal characteristics of
green urbanization efficiency in 18 urban agglomerations and to study
the population size, economic development, industrial structure,
technological level, and investment effects on the green urbanization
efficiency. Our empirical study in the 18 urban agglomerations
demonstrates that the spatial differentiation of urban agglomerations
is shrinking, and the specific performance is as follows:

1) The overall green urbanization efficiency of China’s urban
agglomerations shows a “∧” characteristic. The average green
urbanization efficiency of the 3 years is .777, .889, and .886.
Only the green urbanization efficiency in the five urban
agglomerations of Beijing–Tianjin–Hebei, central and southern
Liaoning, Shandong Peninsula, Guanzhong, and
Harbin–Changchun is increasing year by year. The spatial
differentiation characteristics are not obvious, and the gap is
narrowing. The standard deviation of green urbanization
efficiency in the 3 years was .130, .085, and .084. The Ningxia
Yanhuang was the highest, while that in central Guizhou urban
agglomeration was the lowest, with a difference of 1.35 times.

2) The center of green urbanization efficiency in China’s urban
agglomerations has always been located in the Central Plains
urban agglomeration, with a small overall span and a relatively
fixed position. The barycenter coordinates of green urbanization
efficiency in urban agglomeration show a trend of shifting from east
to north, but the transfer speed and rhythm are relatively slow.With
the passage of time, the spatial distribution of green urbanization
efficiency in urban agglomerations starts to disperse, and the green
urbanization efficiency in western urban agglomerations continues
to improve, but the spatial distribution pattern is still stable, with the
northeast-southwest direction dominating, and the northeast-
southeast direction having a weak influence.

3) Different influencing factors have different explanatory powers on
the spatial differentiation of green urbanization efficiency in urban
agglomerations. The order of explanatory power is urban
population size > investment > technological level > economic
development > industrial structure. The values of corresponding
detection factor q are, respectively, .4603, .3334, .2941, .1903, and
.0906. Among them, the urban population size is the most
important factor and talent attraction is the most important
with the improving environment. The investment is the
secondary factor, which is particularly important in the high-
quality stage of economic development.

In conclusion, the research on green urbanization efficiency of urban
agglomeration under the restrictions of resources and environment
involves the scientific construction of the input–output index system, a
comprehensive grasp of the connotation of urbanization quality, which is a
long-term systematic project and requires gradual progress. The research
results of this paper on the spatial–temporal evolution of green
urbanization efficiency of urban agglomerations in China and its
influencing factors are relatively preliminary, and further research is
needed in the future: First, a long time panel data will be used to
analyze green urbanization efficiency in urban agglomerations so as to
accurately grasp the spatial–temporal evolution rules and systematically
summarize problems. Second, we can measure and compare the green
urbanization efficiency of different types and grades in urban
agglomerations, including national urban agglomerations, regional
urban agglomerations, and local urban agglomerations, discussing and
proposing different strategies to improve the green urbanization efficiency
in urban agglomerations. Third, we can try to build the research framework
system of green urbanization efficiency in urban agglomeration from other
perspectives such as integration, innovation, and openness and promote
all-round improvement of urbanization quality in urban agglomerations.
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