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Abstract: The sustainability of economic development is constrained by issues such as the depletion
of global resources and environmental deterioration; therefore, assessing the effectiveness of green
development is crucial for ensuring both economic and social sustainability. The superefficient,
slacks-based measures–data envelopment analysis (SBM-DEA) model and the Malmquist–Luenberger
productivity index are used in this study to quantify and analyze the level of green development
efficiency of the three major city clusters in the Yangtze River Economic Belt. Using techniques such
as the Dagum Gini coefficient and Kernel density estimation, this research study also focuses on the
regional disparity distribution, dynamic evolution patterns, and risk factors affecting the green and
balanced development of city clusters. The results show that, firstly, the green development efficiency
of the city clusters presents an overall fluctuating downward trend, and that the low efficiency
of resource utilization due to diseconomies of scale is the main obstacle to its growth. Secondly,
super variable density and intra-cluster gap are the primary causes of the risk of green and balanced
development. There is insufficient momentum to improve green development efficiency. Given these
results, the focus of policy implementation to reduce the risk of green development transformation
should be on maximizing the driving force of technological progress, improving resource allocation
efficiency, and increasing the level of synergistic development within cities.

Keywords: green development efficiency; city clusters; green technology innovation; green development
disequilibrium risk

1. Introduction

According to relevant data from the National Bureau of Statistics, China’s contribution
to the net growth of global energy consumption in 2019 exceeded 75%, and the amount
of energy consumed in China in 2021 reached 3.97 times that of 1990, with a cumulative
total of more than 295,517,700 tons of sulfur dioxide. In the past, China’s economy has
relied heavily on high inputs and high consumption to maintain high economic growth.
The overuse of natural resources, the deterioration of the ecological environment, and
the imbalance in regional growth were all simultaneously caused by this reliance [1,2].
Therefore, a shift to green, sustainable development is an important tool for alleviating the
unyielding pressure on resources and the environment and for broadening the scope of
economic growth [3]. Green development is a sustainable development model that takes
the ecological and environmental capacity as constraints to achieve the goal of overall
coordinated development among the three systems of economy, society, and nature [4].
Green development efficiency is an assessment of input–output efficiency that concurrently
weighs the advantages to the environment and the rate of economic growth [5]. Therefore,
the level of sustainable development may be gauged by assessing how effective green
development is [6], and it is crucial to urgently analyze the effectiveness of regional green
development in light of the current conditions of China’s economic development.

The Yangtze River Economic Belt is one of China’s high-density economic corridors
with a prominent ecological status and huge development potential. The three major
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national-level city clusters it covers, represented by the Yangtze River Delta, the middle
reaches of the Yangtze River city cluster, and the Chengdu–Chongqing city cluster, play a
crucial role in China’s pattern of regional development [7]. By measuring and evaluating
the green development efficiency of the three city clusters, the downside and risk of the
green development efficiency of city clusters and the risk of regional imbalance can be
identified, which are important for promoting national and regional green transformation
and upgrading and coordinating development.

Many scholars have conducted many studies on green development efficiency, focus-
ing on three major aspects: measuring its level [8], evaluating regional disparities [9], and
analyzing its driving factors [10]. The methods for measuring the level of development
are mainly divided into two categories: the indicator system method and parametric or
non-parametric mathematical models. The application of the former is reflected in the
selection of indicators by Chinese scholars that are mainly based on the Green Devel-
opment Indicator System issued by four ministries to calculate the weighted composite
index of the green development level, while the latter is widely used to measure the effi-
ciency of the green economy. For example, Yan constructs an indicator system by taking
287 cities in China as the research object to evaluate sustainable economic and social de-
velopment by regarding natural resources and social welfare as input and output factors,
respectively [11]. Given that the indicator system method is highly subjective in selecting,
constructing, and assigning indicators, mathematical models are widely used to measure
green development efficiency at different regional levels. Moreover, the model has also
been widely extended to evaluate, for instance, the efficiency of carbon emissions [12],
air environment efficiency [13], water use efficiency [14], and agricultural and industrial
production efficiency [15]. In addition, some scholars have combined the model approach
with the indicator system method. For example, Wu Yiqing introduced the coefficient of
posture effect to construct a green total factor production model based on the extension of
the C–D production function, which was used to conduct a nationwide evaluation of the
level of green development in provincial areas [16].

Western scholars have pioneered and developed the choice and application of the
model. The key to the problem is determining how to reasonably incorporate non-desired
outputs into the model. Pitman argued that a failure to consider non-consensual output
would lead to biased productivity measures and, for the first time, included pollution
control costs when comparing enterprise productivity measures [17]. Fare incorporated
non-desired and desired outputs into the same model by proposing directional distance
functions under the “radial” and “angular” measures [18]. However, this method did not
address the problem of slack variables, which led to distortions of the estimated efficiency
values. Tone proposed a slacks-based measures model (SBM) based on a non-radial, non-
angular measure of slack to overcome the previous defects and, in the same year, proposed
a super efficient SBM model, which was further improved by Fukuyama and Weber to
make the model more operational [19,20].

Drawing on previous research results, Chinese scholars have measured green devel-
opment efficiency at different regional levels, including the national, provincial, river basin,
and city cluster levels. To this end, they have used the three-stage model of data envelop-
ment analysis (DEA) [21], the DEA–Banker, Charnes and Cooper (BCC) model [22], the
super efficient SBM model, and the Malmquist–Luenberger productivity index to analyze
the spatio-temporal evolution trends, spatially unbalanced distribution, and steady-state
convergence characteristics. From the perspective of city clusters, Li Ping used the direc-
tional distance function and the Luenberger index to measure and compare the differences
in environmental economic efficiency between the Yangtze River Delta and the Pearl River
Delta city clusters [23]. Ke Chengdao used the SBM-DEA model to measure green total
factor productivity (GTFP) at the provincial level and broke down its dynamic evolution
trend in combination with the Malmquist–Luenberger index [24]. Li Kaifeng used the same
modeling approach to measure GTFP in the Yellow River Basin, and the result shows that
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technical efficiency and technological progress jointly contribute to the improvement of
GTFP [25].

The free flow of capital factors brings the risk of regional non-equilibrium in green
development. Some scholars further analyzed the regional uneven development and its
motivation through measuring efficiency values. Based on the results of measuring the level
of GTFP in the Yangtze River Economic Belt by using the SBM-GML model, its convergence
and coefficient of variation was calculated to analyze the equilibrium steady-state trend
and disparities between cities in the Yangtze River Economic Belt [26]. Using the Thiel
index, Wu Chuanqing analyzed the green development efficiency gap in the Yangtze River
Economic Belt and examined its driving factors with the spatial Durbin model [27]. Given
that the above analytical methods for regional gaps cannot measure the contribution of
inter-subgroup gaps and inter-cluster cross-over to the overall gap, Guo Bingnan broke
down the total green development efficiency gap in the Yangtze River Economic Belt into
intra-cluster gap, inter-cluster gap, and hyper-variance density to further clarify the source
of overall regional disparity using the Dagum Gini coefficient method [28].

Existing studies on measuring green development efficiency in the Yangtze River
Economic Belt are relatively abundant; however, the following shortcomings exist. Firstly,
the present literature on gauging green development efficiency in the Yangtze River Eco-
nomic Belt rarely decomposes indices to identify the precise sources of uncertainty in green
development. Secondly, most of these studies are mainly based on measurements at the
provincial level, lacking evidence of testing and analysis at the city level, making it difficult
to accurately identify the efficiency of the inputs and outputs at the city-circle level. Finally,
the Dagum Gini coefficient and its decomposition, along with Kernel density estimation,
are rarely used in the analysis of the dynamic evolution trend of green development effi-
ciency in the Yangtze River Economic Belt. Thus, this paper takes the sample data of the
three major city clusters as the research object, measures the green development efficiency
of the three major city clusters using the super efficient SBM-DEA model, and further
disaggregates it into green technological progress and green technological efficiency using
the Malmquist–Luenberger productivity index to clarify the main driving force behind
green development efficiency improvements and the specific sources of downside risks. In
addition, characteristics of the uneven risk of green development efficiency are analyzed
using the Dagum Gini coefficient and decomposition, and its dynamic evolution trend
is visually portrayed in the form of three-dimensional images through Kernel density
estimation. The marginal contribution of this article is to resolve systemic risks facing the
green development transition of medium and micro entities and provide a reference for
policy planning.

2. Materials and Methods
2.1. Data Collection

The Yangtze River Economic Belt covers 9 provinces and 2 cities in the basin, cutting
through the three regions to the east and west, and accounting for 21.34% of China’s land
area and carrying 46.2% of the country’s population. According to the National Bureau of
Statistics, the regional GDP of the 11 provinces and cities reached 45.8 trillion yuan in 2019,
accounting for 45% of China’s total economic scale [29]. This study divides the Yangtze
River Economic Belt into three major city clusters: Chengdu–Chongqing, the middle reaches
of the Yangtze River, and the Yangtze River Delta in accordance with the State Council’s
city cluster economic development plan. In light of the data’s accessibility, 74 of these
cities were chosen for the study, among which the Yangtze River Delta inter-cluster in
the downstream region mainly includes 26 cities: Shanghai, Nanjing, Wuxi, Changzhou,
Suzhou, Nantong, Yancheng, Yangzhou, Zhenjiang, Taizhou, Hangzhou, Jiaxing, Huzhou,
Zhoushan, Jinhua, Shaoxing, Taizhou, Ningbo, Xuancheng, Chuzhou, Chizhou, and Hefei.
The city cluster in the middle reaches of the Yangtze River includes 26 cities: Nanchang,
Jingdezhen, Pingxiang, Jiujiang, Xinyu, Yingtan, Yichun, Shangrao, Wuhan, Huangshi,
Jingzhou, Yichang, Xiangyang, Ezhou, Jingmen, Xiaogan, Huanggang, Xianning, Changsha,
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Zhuzhou, Xiangtan, Hengyang, Yueyang, Changde, Yiyang, and Loudi. Furthermore, the
Chengdu–Chongqing city cluster, in the upper reaches, includes 22 cities: Chongqing,
Chengdu, Zigong, Zucca, Yichang and Loudi, Chongqing, Chengdu, Zigong, Luzhou,
Deyang, Mianyang, Suining, Neijiang, Leshan, Nanchong, Yibin, Guang’an, Dazhou,
Ziyang, Meishan, Ya’an, Guiyang, Zunyi, Anshun, Kunming, Qujing, and Yuxi. This paper
mainly selects the data from 2007 to 2019, and the data are obtained mainly from the China
Urban Statistical Yearbook, the China Environmental Statistical Yearbook, as well as the
statistical yearbooks of various provinces and relevant statistical bulletins, in which some
missing data are completed by interpolation or moving average method.

2.2. Measurement of Green Development Efficiency

There are two main methods to comprehensively evaluate efficiency: parametric
analysis represented by the stochastic frontier approach (SFA) and non-parametric analysis
based on data envelopment analysis (DEA) [30]. The stochastic frontier method is based
on econometrics. It uses an econometric model to statistically estimate the parameters of
the frontier production function, while the non-parametric method evaluates the relative
effectiveness of comparable units of the same type with the help of linear programming for
multiple inputs and outputs [31]. The former method considers the influence of random
errors. Although the dispersion of the calculation results is small, it requires a strict sample
size. Furthermore, the calculation of the frontier function is complicated, therefore it is
rarely used at present in measuring technical efficiency. The DEA is not bound by the
theoretical constraints of the production function. There is no need to dimensionalize
the data, and the determination of the weights is unaffected by subjective factors. As a
result, the evaluation results are more comprehensive and objective [32]. Therefore, this
paper uses the DEA model to measure the green development efficiency of urban clusters.
The traditional DEA model does not consider the slackness of the variables and cannot
accurately measure efficiency values where there are non-desired outputs. Additionally,
the enhanced non-radial, non-angular SBM model cannot compare decision units with
efficiency values of 1 concurrently. The efficiency values measured by the super efficient
SBM model that considers non-desired outputs are not limited to 1, which improves the
comparability of efficiency between different decision units [33]. Therefore, this paper
includes exhaust gas, wastewater, and sludge emissions as non-expected outputs in the
input–output index system of economic efficiency to measure green development efficiency.

Among them, labor, capital, as well as energy are used as input indicators [34]. Fur-
thermore, labor input is expressed by the number of employees per unit at the end of the
year and the society’s total consumption of electricity indicates energy input. Additionally,
capital input is estimated by drawing on the perpetual inventory method pioneered by
Goldsmith [35], the formula for which is Kit = Kit−1 (1 − δit) + Iit, where i denotes region,
t denotes time, K denotes capital stock, δ indicates an economic depreciation rate, whose
value is 9.6%. I denotes fixed asset investment, and 2007 is used as the basis period. The
capital stock in the base period is equal to the total fixed asset investment in 2007 divided
by 10%.

Real GDP is used in this study as the expected output indicator. The nominal GDP of
each city is adjusted to the real GDP in order to remove the impact of price in the GDP de-
flator calculation, which uses 2007 as the base period. The non-desired output is expressed
as a combination of the three urban waste emissions, including industrial wastewater,
industrial fixed waste, and industrial sulfur dioxide emissions. Equations (1)–(5) com-
prise the specific formula for calculating the efficiency value. Its specific meaning is that
k (k = 1, . . . , K) decision units used n (n = 1, . . . , N) inputs xk

n to obtain m desired outputs
yk

m and i non-desired outputs bk
i . Additionally, zk are the weights of the decision units [27].

ρ∗l =

(
1
n

N

∑
n=1

xl
n − sx

n
xl

n

)
/

[
1

M + I

(
M

∑
m=1

yl
m + sy

m

yl
m

+
I

∑
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i + sb

i

bl
i

)]
(1)
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s.t.
K

∑
k=1

zkyk
m − sy

m = yl
m, m = 1, . . . ., M (2)

K

∑
k=1

zkbk
i + sb

i = bl
i , i = 1, . . . ., I (3)

K

∑
k=1

zkxk
n + sx

n = xl
n, n = 1, . . . ., N (4)

zk ≥ 0, sy
m ≥ 0, sb

i ≥ 0, k = 1, . . . ., K(k 6= l) (5)

2.3. Dagum Gini Coefficient and Its Decomposition

The coefficient of variation, the Thiel index, and the Dagum Gini coefficient can
measure regional disparities. Compared to other methods, the Thiel index and Dagum
Gini coefficient can disaggregate regional differences, specifically inter-regional and intra-
regional disparities. Furthermore, the Dagum Gini coefficient can solve the problem of
inter-cluster crossover and thus provide a more comprehensive decomposition of the
source of the overall regional disparity, i.e., identifying the contribution of hyper-variance
density to the overall disparity [36]. Therefore, this paper uses the Dagum Gini coefficient
method to analyze the green development efficiency gap of the three major city clusters in
the Yangtze River Economic Zone, by which the unbalanced risk characteristics of green
development efficiency evolution and its intrinsic motivations can be reflected. The specific

formula is as follows: G =
k
∑

j=1

k
∑

h=1

nj

∑
i=1

nk
∑

r=1

∣∣yji − yhr|/2n2y, where j(h) denotes any city group

and i(r) denotes any city in the city group. Furthermore, yji (yhr) is the green development
efficiency of any city in city group j(h), y is the average of the green economic development
efficiency values for each city group, n is the number of cities, k is the number of city groups,
G is the overall Gini coefficient, and nj (nh) denotes the number of cities included in city
group j(h).

In addition, to facilitate the calculation of the Gini coefficient, the decomposition of
the Gini coefficient is carried out by ranking the city clusters according to the average value
of green development efficiency Yh ≤ . . . ≤ Y j ≤ . . . Yk, and by decomposing the Gini
coefficient into three components: the contribution of intra-inter-cluster variation Gw, the
contribution of inter-inter-cluster variation Gnb, and the contribution of hyper-density Gt,
i.e., G = Gw +Gnb +Gt. Equations (6) and (7) denote the Gini coefficient of inter-cluster j Gjj
and the contribution of intra-inter-cluster variation Gw, respectively. Equations (8) and (9)
denote the Gini coefficient Gjh and the contribution of intra-urban variation Gnb for urban
groups j and h and Equation (10) denotes the contribution of hyper-variance density Gt [37].

Gjj =

1
2Y j

nj

∑
i=1

nj

∑
r=1

∣∣yji − yjr
∣∣

n2
j

(6)

Gw =
k

∑
j=1

Gjj pjsj (7)

Gjh =

nj

∑
i=1

nh
∑

r=1

∣∣yji − yhr
∣∣

njnh
(
Y j + Yh

) (8)

Gnb =
k

∑
j=2

j−1

∑
h=1

Gjh
(

pjsh + phsj
)

Djh (9)
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Gt =
k

∑
j=2

j−1

∑
h=1

Gjh
(

pjsh + phsj
)(

1− Djh

)
(10)

where pj = nj/n, sj = njY/ny, Djh denotes the relative impact of green economic efficiency
between city clusters j and h, which is defined in Equation (11). Furthermore, djh denotes
the difference in green economic efficiency between city clusters, and pjh denotes the
hypervariable first-order moment, both of which are defined in Equations (12) and (13),
respectively.

Djh =
djh − pjh

djh + pjh
(11)

djh =
∫ ∞

0
dFj(y)

∫ y

0
(y− x)dFh(x) (12)

pjh =
∫ ∞

0
dFh(y)

∫ y

0
(y− x)dFj(x) (13)

2.4. Kernel Density Estimation

The Kernel density estimation can visually portray the evolutionary trend of a random
variable through a continuous smooth kernel density curve, which helps to reflect the dy-
namic information, such as the overall evolutionary pattern and polarization characteristics
of the study’s object. The basic principle is that the kernel estimate of the density function is
obtained from the empirical distribution function, where the empirical distribution function

is Fn(y) = 1
N

N
∑

i=1
I(Xi ≤ y), where N denotes the number of observations, I(z) denotes the

indicative function, Z denotes the conditional relationship equation, I(z) = 1 when Z is

true. Conversely, I(z) = 0. The kernel density is estimated as f (x) = 1
Nh

N
∑

i=1
K
(

Xi−x
h

)
, where

h is the bandwidth, Xi is the independent identically distributed observations, x is the
mean value, and K(x) is the kernel function. As a weighting or smoothing function, differ-
ent expressions of the density function correspond to different types of kernel functions.
Drawing on the practice of most scholars, this paper uses the radial basis function for
estimation, the specific expression of which is K(x) = 1√

2π
exp

(
− x2

2

)
. The choice of band-

width is particularly important in estimating the kernel density function. The following
conditions are generally satisfied between the bandwidth (h) and the observations (N):
lim

N→∞
h(N) = 0 lim

N→∞
Nh(N) = N → ∞ [38].

3. Results
3.1. Evolution of Overall Green Development Efficiency and Its Risk Analysis

As is shown in Figure 1, overall, green development efficiency evolution faces greater
uncertainty. The green development efficiency of the Yangtze River basin shows a fluctu-
ating downward trend, with the average value decreasing from 0.7613 to 0.5729 over the
period 2007–2019. Prior to 2012, the Yangtze River Delta, the Chengdu–Chongqing city
cluster, and the middle reaches of the Yangtze River city cluster all showed a reduction
in the efficiency of green development. The distribution of the Chengdu–Chongqing city
cluster, the middle reaches of the Yangtze River, and the Yangtze River Delta, in that order,
decreased progressively after 2012.
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Figure 1. Evolution and comparison of green development efficiency values among the three major
city clusters.

The results of the Malmquist–Luenberger productivity index and its measured de-
composition terms are shown in Table 1. The Malmquist–Luenberger index and its de-
composition reflect changes from period t to period t + 1, and, in this work, all of the
index values for the base period 2007 are “1”. Therefore, Table 1 only reports results for
period 2008–2019. In general, the Malmquist–Luenberger indices of the three major city
clusters show a general “W-shaped” fluctuation trend. The average value of the basin-wide
Malmquist–Luenberger index is greater than one but tends to decline overall. In the past
five years, the Yangtze River Delta and Chengdu–Chongqing and Middle Yangtze River
city clusters all saw a decline in the Malmquist–Luenberger productivity index. Notably,
the Yangtze River Delta saw the most significant drop. In terms of decomposition, the
green technology efficiency of the Yangtze River Economic Zone is less than 1 during the
sample period. In contrast, green technical progress is greater than 1 except in 2013, which
shows that the contribution of both green technical efficiency and green technical progress
to green development efficiency is significantly different.

Table 1. Comparison of the results of the decomposition of the green development efficiency.

Malmquist–Luenberger Index Green Technology Efficiency Green Technology Progress

Up Mid Down Up Mid Down Up Mid Down

2008 1.2402 1.1423 1.1601 1.0492 0.9856 0.9682 1.2002 1.1681 1.2025
2009 1.0747 1.2503 1.1232 0.9807 1.1954 1.0479 1.1108 1.0581 1.0753
2010 1.1628 1.0816 1.1241 1.0330 0.9529 1.0283 1.1279 1.1354 1.0978
2011 1.1042 1.1265 1.0050 0.9409 1.0163 0.8594 1.1767 1.1166 1.1767
2012 1.1236 1.1164 1.1261 0.9930 1.0148 0.9929 1.1339 1.1008 1.1360
2013 1.0939 1.0386 0.9682 1.1461 1.0428 1.0271 0.9650 1.0084 0.9413
2014 1.0792 1.1243 1.0401 0.9660 1.0426 0.9587 1.1214 1.0851 1.0905
2015 1.1304 1.0329 1.1850 0.9793 0.9299 1.0384 1.1569 1.1192 1.1438
2016 1.2286 1.2007 1.3347 0.9544 0.9974 0.9862 1.2914 1.2059 1.3514
2017 1.0246 0.9304 1.0586 0.9804 0.9301 0.9415 1.0451 0.9922 1.1261
2018 1.2103 1.0958 1.1231 1.0865 1.0226 0.9985 1.1184 1.0822 1.1240
2019 1.0421 1.0502 1.0909 0.9112 0.9477 0.9509 1.1626 1.1105 1.1498
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3.2. Spatial Gap Evolution and Uneven Risk of Green Development Efficiency
3.2.1. Basin-Wide Analysis of Differences in Green Development Efficiency and
Their Sources

As is shown in Table 2, the overall Gini coefficient ranges from 0.22 to 0.15 over the
sample period and shows a slight downward trend, which indicates a small risk of non-
equilibrium across the region. The evolution shows a “V-shaped” change before 2013 with
a local minimum around 2010. The overall Gini coefficient is decomposed into intra-urban
cluster disparity, inter-urban cluster disparity, and hyper-variable density to analyze the
source of non-equilibrium risk, where the hyper-variable density contribution reflects the
impact of cross-over effects between regions on overall differences. In terms of contribution,
the contribution of hyper-variable density to the overall disparity is largest during the
sample period, and remains at around 50%, followed by intra-urban cluster disparity,
whose contribution remains at around 31%. Furthermore, the disparity between city
clusters has the smallest contribution, which shows that the disparity in green development
efficiency mainly comes from the contribution of hypervariable density. Specifically, there
is little fluctuation in the intra-urban cluster gap contribution, from 31.93% in 2007 to
32.44% in 2019, with an average annual increase of 0.15%, while the inter-urban cluster gap
contribution rate has greater fluctuations with an overall decline. Additionally, its local
minimum appeared in 2011 and 2012 when the inter-urban cluster gap contribution rate
was 0.6365% and 1.66%, respectively. In contrast, the contribution rate of hyper-density
reached its highest in 2011 and showed an overall fluctuating upward trend with an average
annual increase of 2.01%.

Table 2. Comparison of Dagum Gini Coefficient decomposition results.

Intra-Cluster Gini
Coefficient

Inter-Cluster Gini
Coefficient Source of Contribution

Year

Overall
Gini

Coeffi-
cient

Up Mid Down Up–
Mid

Up–
Down

Mid–
Down

Contribution of
Intra-Cluster

(%)

Contribution of
Inter-Cluster

(%)

Hypervariable
Density

Contribution
(%)

2007 0.220 0.211 0.241 0.182 0.242 0.200 0.233 31.929 17.737 50.334
2008 0.207 0.215 0.207 0.169 0.236 0.198 0.210 31.298 19.644 49.058
2009 0.185 0.213 0.181 0.153 0.200 0.193 0.173 32.438 10.384 57.178
2010 0.177 0.196 0.175 0.146 0.193 0.178 0.176 31.922 19.513 48.565
2011 0.194 0.223 0.188 0.172 0.208 0.200 0.182 32.976 0.636 66.388
2012 0.200 0.246 0.174 0.181 0.214 0.217 0.179 32.796 1.664 65.540
2013 0.205 0.247 0.176 0.179 0.223 0.227 0.180 32.170 15.679 52.150
2014 0.188 0.223 0.180 0.140 0.205 0.202 0.174 31.753 21.416 46.831
2015 0.182 0.233 0.166 0.132 0.213 0.197 0.151 31.804 16.729 51.467
2016 0.187 0.243 0.188 0.120 0.221 0.196 0.159 32.102 13.566 54.332
2017 0.197 0.253 0.173 0.154 0.225 0.216 0.166 32.078 15.999 51.923
2018 0.188 0.240 0.129 0.175 0.203 0.222 0.157 31.605 21.964 46.431
2019 0.166 0.203 0.138 0.152 0.178 0.184 0.146 32.443 11.851 55.706

3.2.2. Evolution of Intra-Cluster Variation in Green Development Efficiency and the Risk of
Non-Equilibrium

From the results of the intra-cluster Gini coefficient and its evolution, it is evident
that the intra-cluster gap fluctuates less and is on a downward trend. Specifically, the
intra-cluster Gini coefficient of the Chengdu–Chongqing city cluster has undergone a
“W-shaped” change, first falling from 0.211 in 2007 to a low of 0.196 in 2010, and then
reaching local maximum in 2013 and 2017, respectively. The reason for this outcome is that
the creation of a “golden waterway” for domestic navigation and the implementation of
the goal of constructing a sustainable civilization in the basin, coupled with the promotion
of the Western Development Strategy, brings opportunities for green development in the
upper reaches of the Yangtze River. Against this background, Chongqing and Chengdu
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have the advantage of factor accumulation to widen the development gap between them
and neighboring cities under the siphon effect [39].

The intra-cluster Gini coefficient of the middle reaches has been declining almost
linearly over the sample period, with an average annual decline of 4.05%. The Yangtze
River Delta follows the same trend as the Chengdu–Chongqing city cluster, evolving in a
“downward–upward” cycle and reaching a local minimum in 2010 and 2016, respectively.
A very large value appeared in 2012 and 2018 with a Gini coefficient of 0.181 and 0.175,
respectively.

3.2.3. Evolution of Inter-Cluster Differences in Green Development Efficiency and the Risk
of Non-Equilibrium

The results of the inter-cluster Gini coefficients of the three major city clusters show
that, overall, the inter-cluster Gini coefficients are less volatile and are all on a downward
trend. Specifically, the gap between the Chengdu–Chongqing city cluster and the middle
Yangtze River city clusters and the gap between the Chengdu–Chongqing city cluster and
the Yangtze River Delta show a “falling–rising” cycle, while the gap between the middle
Yangtze River and Yangtze River Delta city cluster shows a stepped-down cycle. The first
stage was from 2007 to 2009, when the inter-cluster Gini coefficients fell from 0.203 to 0.193,
a drop of 25.72%. The second stage was from 0.177 in 2010 to 0.151 in 2015, a drop of 14%,
and then continued to fall until it reached 0.146 in 2019. The gap between the midstream
Yangtze River and the Yangtze River Delta inter-cluster is the smallest, at around 0.15 in
the past five years, with an average annual decrease of 3.54%. In contrast, the difference
between the Chengdu–Chongqing city cluster and the midstream or Yangtze River Delta is
relatively large.

3.3. Dynamic Distribution and Multipolar Analysis of Green Development Efficiency

As is shown in Figure 2, from the distribution position, the overall curve does not
show an obvious rightward shift. Furthermore, even the leftward shift in 2010 indicates
that the green development efficiency level of the whole Yangtze River Basin has not
been significantly improved. According to the previous static evolution trend of green
development efficiency, it was discovered that the Yangtze River Basin’s total degree
of green development efficiency is fluctuating and dropping, and that it needs to be
raised. In addition, from the distribution pattern, the height of the main peak is gradually
increasing, and the width of the peak is narrowing, reflecting that the gap between the
green development efficiency of the whole river basin is gradually narrowing [40].

From the results of the Kernel density estimation of the three major city clusters,
it can be seen that, firstly, from the distribution position, the center of the estimated
curve of the three major city clusters had different degrees of leftward shifts before 2010.
Furthermore, in recent years, the trend of change in the center of the curve is not obvious,
indicating that the three major city clusters have insufficient momentum to improve green
development efficiency, and the development of green efficiency has slowed. Secondly,
regarding distribution patterns, the main peak heights of the three major city clusters are
all on an upward trend, with the Chengdu–Chongqing city cluster remaining stable after a
sharp rise in 2010, whereas the middle reaches of the Yangtze River remain basically flat
at the beginning and then rise rapidly in 2015, and the Yangtze River Delta shows a slow
increase in average speed after two phased rises.
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In addition, the crest widths of the three major city clusters are narrowing, with the
Yangtze River Delta showing the most pronounced trend of narrowing crest widths. This
outcome shows that the green development efficiency gap in the Yangtze River Delta has
narrowed considerably compared to the middle and upper reaches of the river and that
the integrated and synergistic development strategy has been effective. Finally, in terms of
polarization and extension, in line with the basin-wide trend, all three major city clusters
show a single-peaked distribution and no obvious polarization or trailing distribution.
Evidently, the three major city clusters have insufficient backward force to improve green
development efficiency. The above findings also show that, although the strategic context of
the Yangtze River basin’s collaborative development has led to an increase in synergistic in-
teractions among cities and a gradual narrowing of regional non-equilibrium development
risk, the central cities within the city clusters have outstanding levels of green development
efficiency development by virtue of their comparative advantages in factor concentration;
however, problems such as their weak radiation-driving capacity to neighboring cities
still exist [41], which are not conducive to the free flow and rational allocation of factors,
resulting in increasing uncertainty of the green development efficiency improvement.

4. Discussion

Taking 2012 as the time point, the three major city clusters in the Yangtze River basin
show different trends in green economic efficiency (Figure 1). The potential explanation
for this outcome is that the Yangtze River Delta inter-cluster has a comparative advantage
in factor concentration due to its earlier accumulated economic base. Risk resilience has
specifically been improved by the accumulating effects of factors such as technological
innovation and human capital [42]. At the same time, the rapid economic development is
also coupled with a large consumption of resources and increasingly serious environmental
pollution in the blind pursuit of economic growth goals, which tends to reduce green
development efficiency. The Chengdu–Chongqing inter-cluster, in contrast, began slowly
and had a poor starting point. Therefore, with fewer inputs, it can quickly achieve a
corresponding output, consume fewer resources, and have a less negative external impact
on the environment. In addition, China’s current emphasis on western development has
increased investment in the upstream area, which promotes the release of the backward
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advantage of the Chengdu–Chongqing twin-city economic circle [43]. Therefore, in recent
years, the green development efficiency of the Chengdu–Chongqing twin-city economic
zone has been faster and even higher than other metropolitan clusters.

The magnitudes of the two decomposition terms of green development efficiency,
green technology progress, and green technology efficiency values differed significantly
within the sample period (Table 1), with green technology efficiency values being relatively
low and smaller than the standard value of 1. This indicates that the wastage of resources
caused by excessive scale expansion and the failure of the “efficiency dividend” are the
main factors impeding the improvement of green development efficiency [44], while the
green technology progress is the main path to green development efficiency improvement.
Moreover, in the past five years, the Yangtze River Delta city cluster has the largest contri-
bution of green technology progress to green development efficiency, and the Yangtze River
midstream city cluster has the lowest. Therefore, one of the paths to cope with the risk
of green development efficiency evolution involves integrating and optimizing resource
allocation and avoiding redundant inputs and inefficient outputs. In the meanwhile, it is
imperative to boost R&D spending, encourage technical advancement, and encourage the
use of resource-saving technologies [39].

In terms of the green development efficiency gap, the low overall Gini coefficient
indicates that the green development efficiency gap in the Yangtze River basin is small and
the unbalanced risk across the basin is low (Table 2). The main source of non-equilibrium
risk in green development efficiency in the Yangtze River Economic Zone is the overlap
and crossover effect between regions, which is expressed by the hyperdensity contribution.
Thus, there remain cities within the high green development efficiency city clusters that
are less efficient as those in the low green development efficiency city clusters. The pri-
mary contributor to this instability is the unequal spatial distribution and discrepancy in
development that characterize city clusters.

In terms of intra-cluster disparity, the inter-cluster Gini coefficients of the Chengdu–
Chongqing inter-cluster is largest, and the midstream city clusters follows. The Yangtze
River Delta inter-cluster has the lowest Gini coefficient due to its integration process,
which strongly encourages interconnection and collaboration among cities [45]. Within
the middle reaches of the Yangtze River inter-cluster, under the strategic layout of Wuhan,
Changzhutan, and the Nanchang urban areas, the three provincial capitals play a leading
role, driving the synergistic development of the sub-centers. This role is the main reason
for the narrowing of the green development efficiency gap within the middle reaches of
the Yangtze River inter-cluster [41]. The overall lower level of reduction indicates the
persistence of the gap between the city clusters in the Yangtze River basin and the unbal-
anced spatial distribution of green development efficiency (Table 2), and the steady-state
development trend of the narrowing gap among the three major city clusters also reflects
that, as the Yangtze River Economic Belt’s development strategy is further developed and
implemented, the gap is becoming less pronounced. The conclusions reflected are gener-
ally consistent with a previous paper [26]. The results of the basin-wide and three major
urban clusters nuclear density estimation (Figure 2) can dynamically and intuitively reflect
the changing trends of green development efficiency and disparity [38], and the conclu-
sions thus reflected are generally consistent with those derived from the Gini coefficient
estimation in the previous paper, which proves the robustness of the above conclusions.

This paper provides methodological and conceptual guidance for regional sustain-
able development efficiency level measurement, evaluation, and risk analysis, as well as
empirical reference for the overall balanced sustainable development of the region. The
limitations of this paper and potential areas for future research lie mainly in the following
aspects. Firstly, there are not enough indicators chosen. In this study, the input–output
index system for evaluating the effectiveness of green development is built using GDP
as the desired outcome and industrial wastewater, industrial fixed waste, and industrial
sulfur dioxide emissions as the non-desired outputs. However, the positive and negative
externalities of economic and social activities cannot be fully covered by these indicators.
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In addition, the research methodology needs to be improved. This paper focuses on the
degree of green development efficiency, regional differences, and the dynamic evolution
of the three major city clusters and analyzes the potential risk factors on this basis; how-
ever, according to the neoclassical growth theory, economic development will eventually
converge to a steady state [46], therefore the convergence of green development efficiency
needs to be explored in the future. Finally, empirical analysis can also be used to further
examine the explanations of the results. The analysis of the causes of the results in this
paper is primarily based on comparative inferences from previous studies; however, further
empirical analysis of other relevant factors affecting green development efficiency and its
disequilibrium differences through causal tests is required in subsequent studies.

5. Conclusions

In this study, we measure the green development efficiency of the three major city
clusters in the Yangtze River Economic Belt from 2007 to 2019 by means of the super efficient
SBM model. Further, the spatial and temporal evolution of green development efficiency is
represented by using the Dagum Gini coefficient and the Kernel density non-parametric
estimation method. In this regard, our results suggest the following:

(1) The green development efficiency of the city clusters in the Yangtze River Economic
Zone exhibits an overall fluctuating downward tendency, and green development
efficiency evolution is characterized by large uncertainties. The green development
efficiency level of the whole basin decreases from west to east. It is primarily enhanced
by advancements in green technology, and an underutilization of resources is the
primary factor contributing to the risk of ineffective green development;

(2) The difference in green development efficiency has a tendency to gradually decrease;
however, the overall green development efficiency is not in a fully effective state,
combined with gradually decreasing green development efficiency levels. In terms
of intra-cluster disparity, the disparity within the Yangtze River Delta city cluster is
the smallest, followed by the midstream, and it is the largest within the Chenghai-
Chongqing city cluster. In terms of inter-cluster disparity, the disparity between the
Yangtze River Delta and the midstream city cluster is the smallest, and the inter-cluster
disparity between the Chenghai-Chongqing and the other two city clusters is larger.
The sources of non-equilibrium risk in green development are mainly hyper-variable
density and intra-inter-cluster disparity;

(3) The Kernel density estimates, whether in the Yangtze River Economic Zone as a whole
or within the three major city clusters, suggest a single main peak distribution with
insufficient momentum for horizontal improvement. Furthermore, the gradually
increasing peak height and narrowing width further indicate a narrowing trend of
spatial differences.

In response to these findings, the following recommended measures should be consid-
ered. Firstly, technology should be used as a guide and efforts should be made to increase
efficiency in resource utilization. The research results show that the green development ef-
ficiency of the three major urban clusters has not reached a fully effective state, and there is
still much room for improvement. Given that green technology progress is essential for pro-
moting the advancement of green development efficiency, importance should be attached
to investing in technological factors and encouraging R&D and innovation, especially the
R&D of green and low-carbon technologies, to improve the efficiency of resource utilization
and reduce pollutant emissions. In addition, salary incentives and support facilities for
talents should be increased, while establishing a sound two-way circulation mechanism for
talents to contribute to high-quality labor supply for technological innovation.

Secondly, it is recommended that the division of functions within city clusters and
stimulating the radiation function effect of the central cities be optimized. Given that the
unbalanced development within city clusters is the main cause of the green development
efficiency gap, on the one hand, each city cluster should fully stimulate the radiation-
driven role of the central cities, promoting the efficient flow and orderly interaction of
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factors between the central cities and the surrounding cities. On the other hand, each
city should combine the endowment structure of each city, fully exploit its competitive
strength, rationalize the distribution of industries, and deepen the division of labor and
cooperation between cities to promote the upgrading of industrial structures and the
extension of industrial chains, as well as to enhance the inter-city linkage effect and the
overall synergistic development.

Thirdly, the Yangtze River Delta city cluster is dealing with a shift in the development
of green initiatives. According to this study, the Yangtze River Delta city cluster’s green
economy is less effective than those of city clusters with less established economies. Envi-
ronmental management and oversight should be strengthened in this area. Additionally,
while continuing to advocate for an integrated economic development plan, the synergistic
development of the ecological environment needs to be treated seriously in order to create
a reliable mechanism for cooperation for environmental conservation.
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