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The green and coordinated development of the Yangtze River Economic Belt (YREB) is of
great significance to the overall high-quality growth of the Chinese economy. Targeting
green developmental issues and regional disparities in the YREB, this article proposes a
method that combines the Super-EBM and Malmquist–Luenberger indexes to measure
the green economic efficiency (GEE) of 108 cities from 2003 to 2018. Moreover, we
adopted the dynamic spatial Durbin panel model to conduct a convergence test including
economic linkage, capital liquidity, talent mobility, and information sharing. The outcomes
pointed out that 1) the green economy shows a volatile growing trend, and technological
progress is the main source of the YREB’s GEE; 2) we have noticed the formation of spatial
differentiation in the three basins, especially in the central areas of big cities such as
Shanghai, Hangzhou, Wuhan, and Chongqing; 3) the GEE follows a global β-convergence
trend that narrows the gap in green economic efficiency. More specifically, the
downstream (11.48%) has the fastest convergence rate, followed by the midstream
(8.09%) and upstream (7.97%); 4) capital liquidity, governance, and economic
openness contribute a lot to maintaining the convergence trend. The primary
contributions of this study are the policy recommendations to promote green
development and narrow the gap in the YREB to ultimately achieve effective
coordinated development.

Keywords: green economic efficiency, convergence test, spatial network correlation, Yangtze River Economic Belt,
coordinated development

1 INTRODUCTION

Green economy takes efficiency, harmony, and sustainability as the development goal and is a matter
of global consensus in the 21st century. Targeting an effective development direction, many countries
and international organizations have been placing greater importance on the green economy
(OECD, 2012; World Bank, 2012; Aguiar et al., 2018), which is currently regarded as a means
to solve the worldwide crisis and guarantee human survival. Over the past decades, resource
depletion and environmental pollution have also become serious constraints for China’s sustainable
development (Ahmed et al., 2020; Lin et al., 2021). Since 2017, the country has implemented high-
quality developmental initiatives (Zhou et al., 2020) and adopted low-carbon development strategies
(Han et al., 2021), putting its national ecological environment in a crucial position.
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The Yangtze River traverses the east, the middle, and the west of
China and connects the eastern coast and the vast inland of the
country. It has unique advantages and great potential to build a new
economic belt through the river’s golden waterway (Chen et al.,
2018). However, high-intensity exploitation and unreasonable
resource utilization have caused degradation of the local
ecosystem functions, shedding light on ecological and
environmental issues (Zhang et al., 2019). The Plan for
Conservation of Aquatic Biodiversity in Key River Basins issued in
2018 reported that the number of threatened fish species of Yangtze
upstream accounted for 27.6% of the total. At the same time, Baiji,
white sturgeon, and shad became functionally extinct, and the
Yangtze finless porpoise and Chinese sturgeon became critically
endangered species. Moreover, according to the Announcement
on Soil Conservation in the Yangtze River Basin (2020), soil
erosion in the YREB reached 389,000 square kilometers in 2020,
accounting for 18.88% of the total land area.While China has already
started implementing the Yangtze River Protection Law to protect the
environment sinceMarch 2021, more practical efforts are still needed
to administer the other potential issues, for example, pollution,
biological protection, and soil conservation (Tickner et al., 2017).

Meanwhile, the deterioration of the ecological environment has
deepened the developmental gap between the regions of the YREB.
The upstream’s location, traffic, and social resources are inherently
poor. In addition to that, the deteriorating environment makes it
more difficult to attract funds and talents, exacerbating its
backwardness. According to 2021 China Statistical Yearbook, the
upstream, midstream, and downstream per capita GDP were about
58,635 CNY/person, 64,737 CNY/person, and 110,261 CNY/person,
respectively. The official report also highlighted that the downstream
per capita GDP was nearly twice as high as that of the upstream.
However, due to the fragile environment in the upstream, this gap
may continue to widen. Although the upstream ecological protection
ensures the safety and benefits of themidstream and downstream, the
upstream is not financially compensated. In short, environmental
protection is closely related to narrowing the developmental gap.
Particularly in the YREB, the green development and coordinated
development are inseparable. Both the aspects are the central topics of
this article that focuses on studying means to achieve coordinated
development in the area, strengthening its green economy.

This article contributes to promoting coordinated and sustainable
development in the Yangtze River Economic Belt. First, the green
economic efficiency indicators are constructed from considering the
region’s development quality. These indicators are used to measure
the green economy in theYREB fromdynamic and static perspectives
and outline the characteristics of spatial–temporal evolution and the
sources of economic growth. Second, due to the impact of
environmental protection on coordinated development, it is
necessary to include the regional differences and the changes they
promote in order to successfully analyze the factors that narrow the
green developmental gap. A spatial convergence test is conducted,
including economic linkage, capital liquidity, talent mobility, and
information sharing as variables. Finally, based on the results, we are
able to provide policy recommendations for improving the green,
harmonious development in the YREB.

The other sections of this article are structured as follows.
Literature Review reviews the literature and proposes

contribution margins. Materials and Methods constructs the
GEE’s evaluation index system and introduces the
measurement and convergence test methods. Results measures
the GEE, explores the growth sources, and analyzes the
convergence trend and influencing factors. Discussion and
Conclusion discusses, concludes, and puts forward policy
recommendations.

2 LITERATURE REVIEW

Affected by global warming and harsh ecological environment, the
green economy became a scholarly hot topic that has been explained,
analyzed, and studied by many authors worldwide (Bina, 2013;
Loiseau et al., 2016; Buseth, 2017; Maran and Nedelea, 2017). The
most recognized definition of “green economy” comes from United
Nations Environment Programme (UNEP) which defines it as an
economy that contributes to improving humanwell-being and social
equity and significantly reducing environmental risks and ecological
scarcity. Additionally, the concept of green economy also embraces
some mandatory features such as being low-carbon, resource-
efficient, and society-inclusive (UNEP, 2011). Moreover, the
green economic efficiency (GEE) is an indicator that meets the
sustainable development need, and comprehensively considers
resource and environmental costs (Yang and Wen, 2017).
Specifically in the YREB, improving the efficiency of the green
economy is an important way to build an ecological civilization and
promote economic transformation and development in the region
(Che et al., 2018).

Modern research on GEE mainly focuses on the measurement
analysis of regional differences and influencing factors. Some of the
most commonly used methods of measuring efficiency are the index
system evaluation (Gao et al., 2013), data envelopment analysis
(DEA) (Tong et al., 2019), and stochastic frontier analysis (Zhang
and Yang., 2020). Integrating multiple inputs (including capital,
labor, and energy) into the evaluation of GEE is currently a
widespread practice (Young, 2003; Tang and Qin, 2021). The
DEA methodology considers the substitution effects between the
various elements, relying on the radial and non-radial directional
distance functions to evaluate the GEE (Liu and Shang, 2020).
Meanwhile, many scholars have used ARCGIS software to exhibit
the spatial–temporal dynamic evolution characteristics of the GEE
(Lin et al., 2017; Li et al., 2021). The research on GEE’s temporal and
spatial differences in the YREB found a leading stage in the east,
followed by the west, and collapsing in the middle, and a registered
cascading rise from 2005 to 2016 (Lu et al., 2017). Significant spatial
spillover effects were also found in YREB’s green economy (Bai and
Xia, 2019). Scholars have also been systematically analyzing the
influencing factors in the region, which mainly includes
industrialization, urbanization, regional integration, government
investments, fossil fuel energy use, and financial development
(Hao et al., 2018; Zheng et al., 2018; Wang et al., 2019;
Dmuchowski et al., 2021; Wu et al., 2021; Wu and Wu, 2021).

The convergence trend of the green economy is an important
prerequisite and realistic basis for the regional, sustainable, and
coordinated development, and it is widely adopted in research
(Yang and Hu, 2010; Kinfemichael andMorshed, 2019; Zhu et al.,
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2020; Blampied, 2021; Desli and Gkoulgkoutsika, 2021). The
existing literature can be divided into two categories based on
whether or not spatial factors have been considered. Some studies
have used the traditional convergence test to testify the existence
of convergence in the YREB (Li and Tu, 2017; Chen et al., 2020).
However, some scholars’ estimation results may be biased due to
the neglect of spatial effects. Other scientists have relied on the
spatial convergence test, which takes into account the spatial
correlation of economic growth in different regions, so their
estimation results are more credible. Anselin (1988) attested that
the spatial correlation between regions had an important impact
on the convergence of the regional economy. Similarly,
Barthélemy (2011) also found that the structure and the
evolution of spatial networks were significantly linked to
urbanization and regional development. However, many
modern studies only considered proximity or geographic
distance to confirm the existence of convergence (Qian and
Liu, 2014; Xu and Zhao, 2015), leaving behind the flow and
impact factors of this dynamic.

To fill this literature gap, this study constructs spatial
correlation networks from four dimensions: economic linkage,
capital liquidity, talent mobility, and information sharing. This
methodology is suitable for the goals of this research because
economic linkage and interregional economic relevance are
regarded as the main channels of spatial overflow, which
means that the economic volume can represent the size of
overflow (Zhang and Zhou, 2012). Second, human resources
are the most important resources for talent mobility in the
21st century. Rational workers would move to those regions
with better employment conditions, more opportunities, and
more generous benefits to maximize their interests. This
dynamic leads to knowledge spillover and imitation learning
among different regions (Shao and Su, 2017). Regarding
capital liquidity, capital is an important means of production,
which expands production scale, attracts more talents, and
introduces advanced production equipment. This indicator is
mainly made of deposits and loans from financial institutions.
Capital is also allocated in areas with higher yields and lower risks
and dynamically flows across regions (Liu and Jia, 2019a). Finally,
for information sharing, if companies grasp information early,
that is, government policies, consumer demand changes, and
market news, they can seize opportunities and take initiatives to
gain advantages among competitors. In this context, the virtual
network breaks through the geographical restrictions, making
information transfer easier. Therefore, information sharing
increases opportunities for cooperation and regional
development (Li and Wang, 2014).

In summary, previous studies on GEE mainly relied on the
traditional DEA model, and their single indicators were simple,
which led to similar and unreliable results in different regions.
This study measures GEE by defining a novel, comprehensive
evaluation index system, which takes the main features of the
YREB into account, and combines the Super-EBM index and the
ML index into a new model. Therefore, it enriches the index
system and calculation methods already available in the field,
boosting the production of more reliable results and the
identification of GEE’s growth sources (Tone and Tsutsui,

2010). In addition, most of the studies on convergence have
been developed based on traditional convergence tests. We have
constructed new spatial correlation networks that comprise
multiple factors such as economic linkage, capital liquidity,
talent mobility, and information sharing, making the
convergence test results more credible. Finally, we also
identified that previous studies looked at GEE from a
provincial or municipal level and paid less attention to specific
areas similar to a certain watershed. One of the novelties of this
study is the discussion of GEE in the YREB and the region’s green
growing trends taken from a spatial perspective. Ultimately, the
outcomes presented here enrich the research on the sustainable
development of the Yangtze River.

3 MATERIALS AND METHODS

3.1 Study Area
Relying on the geographical advantages of the Yangtze River
waterway, the YREB has been developed with a high degree of
economic openness, a large concentration of outstanding
talents, complete modern industrial systems, and robust
economic growth. The area became an important engine to
promote the high-quality development of China’s economy
(Zhang et al., 2021). With dense cities and concentrated
economic activities, the YREB is an inland river economic
belt area with one of the world’s largest exploitations. With the
rapid development of resources and population growth, the
ecological environment of YREB cities has been under great
pressure in response to human activities. According to the
National Bureau of Statistics, the YREB is about 2.05 million
square kilometers, accounting for 21.4% of China’s total area.
The region also concentrates more than 42% of China’s
population, accounting for 46% of the country’s GDP in
2019. Based on the aforementioned features, we chose 108
cities as the study domain to research the green and
coordinated development in the YREB (shown in Figure 1).

3.2 Construction of Indicator and Data
Sources
We have defined an input–output indicator system fully
considering the resources and environmental factors according
to the connotation of GEE and existing research (Yang and Wen,
2017; Chen et al., 2020). This system reflects the variables urban
economic growth, social benefits, resource conservation, and
environmental protection (refer to Table 1). We have
considered information from 2003 to 2018 after examining
data availability and comprehensiveness. The relevant data
included in this study were extracted from China City
Statistical Yearbook and local statistical bulletins. The forward
(or backward) interpolation method was used to fill in any
missing data.

3.3 Methods
First, we referred to the methodology adopted in previous studies
to measure the green economic efficiency in the YREB and
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constructed a novel input–output indicator, combining the
Super-EBM and ML index models (Chen et al., 2020). Second,
to analyze GEE’s gap trends and factors, we built spatial

correlation networks and a spatial Durbin model for
convergence based on Liu and Jia’s (2019b) and Qian and
Liu’s (2014) outcome. In addition, to ensure the robustness of

FIGURE 1 | (A) represents the schematic of the locations of the 11 surveyed provinces—Shanghai, Jiangsu, Zhejiang, Anhui, Jiangxi, Hubei, Hunan, Chongqing,
Guizhou, Sichuan, and Yunnan in the Yangtze River Economic Belt, China. (B) shows the 108 cities, including two municipalities, five sub-provincial cities, and 101
prefecture-level cities.

Frontiers in Environmental Science | www.frontiersin.org May 2022 | Volume 10 | Article 8282074

Liu et al. Measurement and Convergence of GEE

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


the spatial effects, Moran’s I index was also used to test the spatial
autocorrelation effects (Moran, 1948).

3.3.1 Super EBM-ML Index
Tone and Tsutsui (2010) put forward an EBM model that
simultaneously takes into account the advantages of radial
and non-radial DEA models to evaluate the efficiency of the
decision-making unit (DMU). The decision-making unit is the
object of efficiency evaluation, which can be understood as the
entity that converts “input” into “output.” Following this
trend, Andersen and Petersen (1993) proposed a super-
efficiency DEA model to make coherent comparisons
between the effective DMUs. Based on the definition of
GEE, this study adopts a Super-EBM model with
unexpected outputs, which can be expressed as follows:

ρp � min

θ − εx∑M
i�1

W−
i S

−
i

xik

ϕ + εy∑N
r�1

W+
r S

+
r

yrk
+ εb∑I

p�1

Wb−
p Sb−p
bpk

,

s.t.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∑K
j�1,j ≠ j0

xijλj + S−i � θxik, i � 1, . . . ,M,

∑K
j�1,j ≠ j0

yrjλj − S+r � ϕyrk, r � 1, . . . , N,

∑K
j�1,j ≠ j0

bpjλj + Sb−p � ϕbpk, p � 1, . . . , I

λj ≥ 0, S−i , S
+
r , S

b−
p ≥ 0, j � 1, . . . , J,

(1)

where ρp is the best efficiency; (xij, yrj, bpj) represents the input,
expected output, and undesired output of the DMU; and
(W−

i ,W
+
r ,W

b−
p ) represents the index weight of the input,

expected output, and undesired output, which satisfies∑W � 1. (S−i , S+r , Sb−p ) is the relaxation vector of the input,
expected output, and undesired output. (εx, εy, εb) designs the
importance of the non-radial part in the calculation of the
efficiency value, which satisfies 0≤ ε≤ 1.

The dynamic GEE changes cannot be accurately measured
only with the Super-EBM model. Färe et al. (1992) were the first

to propose the calculation of the Malmquist index using the DEA
model and further decomposed it into technical efficiency change
(EC) and technological change (TC) to reflect the frontier shift in
the DEA. A few years later, Chung et al. (1997) introduced the
directional distance function into the Malmquist index to deal
with the problem of undesired output and officially named it
Malmquist–Luenberger (ML) index. The ML productivity index
of period t+1 with period t as the base period is calculated as
follows:

MLt+1
t (xt+1, yt+1, bt+1;xt, yt, bt)

� { [1 +Dt
0(xt, yt, bt;yt,−bt)]

[1 +Dt
0(xt+1, yt+1, bt+1;yt+1,−bt+1)]

×
[1 +Dt+1

0 (xt, yt, bt;yt,−bt)]
[1 +Dt+1

0 (xt+1, yt+1, bt+1;yt+1,−bt+1)]}
1
2

� [1 +Dt
0(xt, yt, bt;yt,−bt)]

[1 +Dt+1
0 (xt+1, yt+1, bt+1;yt+1,−bt+1)]

× {[1 +Dt+1
0 (xt, yt, bt;yt,−bt)]

[1 +Dt
0(xt, yt, bt;yt,−bt)]

×
[1 +Dt+1

0 (xt+1, yt+1, bt+1;yt+1,−bt+1)]
[1 +Dt

0(xt+1, yt+1, bt+1;yt+1,−bt+1)] }
1
2

� EFCHt+1
t × TECHt+1

t , (2)
where (xt, xt+1), (yt, yt+1), and (bt, bt+1) represent the input,
expected output, and undesired output of the DMU at time t
and t+1, respectively. (Dt

0, D
t+1
0 ) represents taking the

technological level of time t and t+1 as the reference
standard. EFCH and TECH reflect efficiency change and
technological progress. ML > 1, EFCH>1, and TECH>1
imply productivity improvement, technical efficiency
improvement, and technological progress, respectively.
Conversely, ML < 1, EFCH<1, and TECH<1 imply reduced
productivity, declining technical efficiency, and technological
regression, respectively.

3.3.2 Convergence Model
This study introduces a conditional β-convergence test to
examine whether the GEE of cities in the YREB has
convergence characteristics. Conditional β-convergence
represents the trend of approaching a steady state, considering

TABLE 1 | Input–output indicators and description of the green economic efficiency.

Index Variable Description

Non-resource input Labor (G1) Total number of employees (10,000 persons)
Capital (G2) “Perpetual inventory method” is used to estimate the capital stock (Li and Xu, 2018) (CNY 10,000)
Technology (G3) Expenditure of science and technology (CNY 10,000)

Resource input Land (G4) Area of urban construction land (10,000 square meters)
Water (G5) Water consumption (10,000 tons)
Energy (G6) Electricity consumption (10,000 kWh). There is a strong correlation between electricity and energy consumption (Lin, 2003)

Desirable output GDP (G7) GDP (CNY 10,000)
Social welfare (G8) Total retail sales of the consumer goods (CNY 10,000)

Undesirable output Air pollution (G9) Smoke dust pollution and sulfur dioxide emission (tons)
Waste pollution (G10) Industrial wastewater emission (10,000 tons)
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the different characteristics and conditions of each area. This
method takes into account regional differences to accurately test
the convergence trend and can also outline the factors that affect
convergence. According to Islam (1998), the conditional β-
convergence of regional GEE can be expressed as follows:

lnyi,t+T − lnyi,t � α + ρ lnyi,t + ϕ lnXit + εit, (3)
where yi,t and yi,t+T refer to the GEE of city i at periods t and t + T,
respectively, andXit is the control variable. If ρ< 0 significantly, it
means that the growth speed of GEE is negatively related to its
early value, attesting conditional β-convergence. Otherwise, there
is no conditional β-convergence. To account for business cycle
fluctuations and time interval lengths, the sample is divided into
four time periods on average, and the average value of each period
is chosen as the variable value, that is, T = 4. The convergence rate
λ can be calculated following Mankiw et al.’s (1992) method:

ρ � e−λT − 1. (4)
Affected by the gradient development model and spatial

strategy, the economic efficiency of various regions is spatially
linked through the “polarization effect” and “trickle-down effect”
(Lv and Yu, 2009). These two effects explain the economic
interaction and influence between economically developed
regions and economically underdeveloped regions. According
to Peng et al. (2020), regional energy eco-efficiency also has
spatial correlations. Therefore, the geographic spatial dependence
must be taken into account to obtain a more credible estimation
result. Our dynamic spatial Durbin panel model is constructed to
test the convergence trend of GEE, based on Yu and Lee’s (2012)
outcomes:

Lnyi,t+1 � α + ρ × Lnyi,t + η1 × WLnyi,t+1 + η2 × WLnyi,t

+ ϕLnXi,t + εi,t, (5)
where α, ρ, η1 , η2, and ϕ are the parameters to be estimated and
W is the spatial weight matrix. Xi,t is the control variable, that is,
(1) Rgdp, which is reflected by per capita GDP and represents
economic development; (2) Str, which is reflected by the
proportion of the total output value of the tertiary industry
and the secondary industry and represents the advanced
industrial structure; (3) Gov, which is reflected by the
proportion of local fiscal budgetary expenditures to GDP and
represents the government’s control capacity; and (4) Open,
which is reflected by the actual utilization of foreign capital as
a percentage of GDP and represents the degree of opening up.

3.3.3 Spatial Weight Setting
Social gravity law widely exists in human travel, population
migration, commodity trade, information communication,
scientific collaboration, and so on (Wang et al., 2021). There
are spatial interactions between the regions within a certain range,
which forms an increasingly complex network (Li et al., 2014).
Many scholars have applied the gravity model to the quantitative
analysis of the interaction between different regions (Ramajo
et al., 2008; Hou et al., 2009; Zhang and Zhou, 2012; Li andWang,
2014; Shao and Su, 2017; Liu and Jia, 2019a). The spatial

interaction of regional economic growth can be expressed as
follows:

Rij � Kij ×
Mi × Mj

Dij
, Wij � Rij × E, (6)

where Rij andDij represent the intensity of the interaction and
spherical geographic distance between areas i and j, respectively;
Mi andMj represent the element index in area i and j, respectively;
Kij is the contribution rate of area i in the spatial interaction,
assuming Kij � 1 (Hou et al., 2009); and E is the unit matrix.

The weight matrix under the spatial network connections is
introduced from the dimensions of economic linkage, capital
liquidity, talent mobility, and information sharing. First, per
capita GDP was used to measure economic growth since more
economically developed regions generally have more economic
linkage with other regions. Second, the total number of employees
in urban was used to measure the talent concentration and labor.
A higher number of employees represent a greater likelihood of
talent mobility. Third, the balance of deposits and loans in
financial institutions was used to measure capital. The more
the capital, the more active it is, and the greater is the scale of
capital liquidity. Finally, the number of Internet users is used to
measure the accessibility of information. The more the Internet
users, the greater the possibility of information sharing.

The adjacent weight and geographic distance weight were also
used to compare the differences in convergence with the
traditional weights. The adjacent weight is based on whether
the two regions are adjacent or not. If the areas i and j are
adjacent, Wij � 1, otherwise Wij � 0. The geographical distance
weight depends on the reciprocal square of distance (Dij)
between the areas i and j, that is, Wij � 1/D2

ij.

3.3.4 Global Spatial Autocorrelation
The data must first be verified for spatial dependencies when
determining whether the spatial econometric model should
be used as a part of the evaluation process. Spatial
autocorrelation is usually measured by Moran’s I index
(Moran, 1948), Geary’s C index (Geary, 1954), and Getis-
Ord’s G index (Getis and Ord, 1992). Although Moran’s I
index was proposed earlier, it is still widely used now
(Ganegoda et al., 2021; Cai et al., 2022) because it is more
sensitive to spatial correlation and is suitable for the
nonbinary nested spatial matrices. It is noteworthy that the
test here only provides preliminary evidence, and a more in-
depth analysis depends on the following multiple regression
model. Moran’s I index can be expressed as follows:

Moran’sI � ∑n
i�1∑n

j�1ωij(xi − �x)(xj − �x)
S2∑n

i�1∑n
j�1ωij

, (7)

where S2 is the sample variance and Wij represents the spatial
weight. Moran’s I ∈ (−1,1). Moran’s I > 0 implies positive
autocorrelation that a high value is adjacent to a high value,
and a low value is adjacent to a low value. Moran’s I < 0 implies
negative autocorrelation that a high value is adjacent to a low
value. Moran’s I = 0 implies no spatial autocorrelation.
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4 RESULTS

4.1 Measurement of the Green Economic
Efficiency
The results are calculated by MaxDEA Professional Edition and
are illustrated in detail in Figure 2. Three indexes show the
features of rising volatility around 1, indicating that the overall
level of green economic development in the YREB has improved
from 2004 to 2018. From the perspective of the sources of GEE,
the growth of the GEE in the YREB mainly relied on the
improvement of technological progress that contributed to
0.24% of the GEE. Meanwhile, the contribution of green
economy technological efficiency to the GEE was relatively
small, about 0.1%. This is mainly because the YREB has
greatly improved its green technology in new energy and
pollution control fields. The area has received increasing
financial subsidies, preferential development treatment, and
talent introduction. The improvement of green technology
efficiency is mainly based on optimizing the rational allocation
of resources and improving management, and its effects on GEE
are relatively moderate. Therefore, continuing to promote green
technical innovation, improving the market-oriented operating
mechanism, and optimizing the business environment will
further boost the green development of the YREB.

Figure 3 shows the spatial–temporal characteristics of GEE in
the YREB and presents significant spatial differentiation in 2003,
2008, 2013, and 2018. As illustrated, the GEE has formed the
spatial differentiation in the upstream, midstream, and
downstream, and high-efficiency regions are concentrated in
big cities, such as Shanghai, Hangzhou, Wuhan, and
Chongqing. From 2003 to 2018, cities with rising and falling
GEE had clear and distinct regional characteristics. The areas

where GEE increases are mainly concentrated in the upstream are
Chongqing, Zunyi, Zigong, Neijiang, Ziyang, Nanchong, and
Bazhong. Due to economic progress, the GEE has been rising
and progressing in the overall level of the YREB. These areas are
relatively fragile in ecology, but the country’s poverty alleviation
policy brings them development opportunities. These regions
achieve economic growth and ecological protection, ultimately
improving their GEE. The areas where GEE declines are mainly
located in Jiangxi Province (in the midstream) include Ji’an,
Fuzhou, Yingtan, Yichun, and Xinyu. This is because in that
region, the primary economic drivers are agriculture and
industries such as nonferrous metallurgy, coal, steel,
machinery manufacturing, and fertilizers. These heavy
industries cannot be easily transformed, and the development
of new energy and new materials industries requires more time.
In addition, these cities cannot compete with hubs like Shanghai
and Changsha for talents and capital to develop high-tech and
modern service industries, so they are in a backward position in
the development process.

In total, 26 cities, including Huai’an, Quzhou, Yichang, and
Bengbu, lagged in GEE in 2003. The cities with a medium degree
of GEE were Xuzhou, Yangzhou, and 27 other regions. The
remaining cities mostly had a relatively higher level of GEE,
and many of them were in backward economic development
stages with weak industrial sectors. These cities entered a period
of accelerated economic development after 2003.

In 2008, the relative differences of GEE significantly
narrowed; 38 cities were in the medium GEE development
period, and 33 cities, most of which were in the midstream of
YREB in 2008, lagged in GEE. The remaining regions,
including Wuxi, Taizhou, and Nanchang, also advanced in
GEE. Based on the GEE results between 2003 and 2008, it can

FIGURE 2 | Annual change of the ML index, EFCH index, and TECH index in the YREB over 2004–2018. TheML index, EFCH index, and TECH index represent the
GEE’s change, technical efficiency change, and technological change, respectively. Meanwhile, the ML index is the product of the EFCH index and TECH index.
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be concluded that most cities were paying more attention to the
harmonious development of economic and ecological systems,
consequently narrowing regional differences. From a spatial
perspective, downstream cities such as Wuxi and Taizhou
improved considerably, while midstream cities showed
insignificant improvement.

Overall, 33 cities, mostly agglomerated in Anhui Province, in the
midstream of YREB, lagged in GEE after 2008. 40 cities (including
Xinyu, Yichun et al.) remained in the medium development period
around the same time. The remaining 35 cities, including 16 regions
in the downstream, 11 cities in the midstream, and eight cities in the
upstream, also elevated their GEE level. Based on the GEE rates from
2008 to 2013, it can be concluded that Anhui Province and its
upstream cities developed slowly in GEE, limited by the economic
crisis since 2008. Midstream cities still need time to upgrade their
heavy chemical industry.

In 2018, 24 cities, includingWuhu and Chuzhou, lagged in GEE.
The cities with a medium degree of GEE were Huai’an, Shaoxing,
and 36 other locations. The remaining 48 cities had a relatively
higher level of GEE, many of them being big hubs and middle-sized
areas. Based on the GEE results from 2013 to 2018, it can be
concluded that spatial characteristics significantly changed during

this period. From a spatial perspective, big cities such as Shanghai
and Chongqing improved preferentially, tightly followed by
medium-size cities. On the other hand, small-sized cities showed
minor improvements. Finally, urban agglomerations in the three
basins were constantly forming and strengthening.

4.2 Spatial Correlation Test of the Green
Economic Efficiency
To gain insights into how these differences develop with economic
growth, we conducted a convergence test on the GEE. It was
necessary to clarify the spatial correlation of GEE to make the
procedure more accurate. From Table 2, it was concluded that
Moran’s I index of GEE in the YREB was greater than 0, andmost of
Moran’s I index passed the 5% significance level test. The results
showed that there was a strong spatial autocorrelation in the YREB
and proved the existence of typical spatial positive correlation
distribution characteristics of the high–high and low–low
agglomeration. The test could verify that the spatial interaction
between regions played an important role in the green economic
growth of the YREB and the correctness of our methodology using
the dynamic spatial Durbin panel model. Moran’s I index was the

FIGURE 3 | Distribution of low (yellow), medium (blue), and high (red) grades of GEE in the Yangtze River Economic Belt. It is made by Arcgis 10.6 and shown in (A)
2003, (B) 2008, (C) 2013, and (D) 2018, respectively.
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highest under the information sharing weight matrix and the lowest
under the capital liquidity weight matrix. Furthermore, the green
economic growth of the YREB under the information exchange
weight matrix showed more significant spatial agglomeration and
spatial dependence characteristics.

4.3 Spatial Convergence of the Green
Economic Efficiency
Table 3 reports the convergence test results of the GEE in the
YREB under full samples. Columns 1 and 2 are regressions based
on Eq. 3 without considering spatial effects, and based on the

traditional ordinary least square (OLS) estimation method.
Columns 3–8 are the regressions based on Eq. 5 considering
spatial effects, and columns 3 and 4 are regressions under the
adjacency weight and geographic distance weight matrices.
Columns 5 to 8 are regressions under the weights of economic
linkage, capital liquidity, talent mobility, and information
sharing. For Eq. 5, when the spatial term was included, the
estimator obtained using OLS was biased and inconsistent.
Therefore, we chose maximum likelihood estimation (MLE) to
estimate the model and introduce the lag period of the variables,
effectively solving the issue with missing variables and
endogeneity in the model.

TABLE 2 | Spatial correlation test of the green economic efficiency in the YREB.

Year Economic linkage Talent mobility Capital liquidity Information sharing

2003 0.012 0.012 0.005 0.020
2004 0.005 0.005 0.004 0.009
2005 0.026** 0.030** 0.024* 0.033**
2006 0.050*** 0.062*** 0.052*** 0.062***
2007 0.025** 0.028** 0.021 0.028**
2008 0.025** 0.026** 0.018 0.026**
2009 0.038*** 0.039*** 0.029** 0.039***
2010 0.039*** 0.041*** 0.031** 0.042***
2011 0.056*** 0.061*** 0.049*** 0.060***
2012 0.066*** 0.074*** 0.064*** 0.072***
2013 0.056*** 0.056*** 0.044*** 0.058***
2014 0.060*** 0.067*** 0.054*** 0.065***
2015 0.059*** 0.064*** 0.054*** 0.063***
2016 0.068*** 0.070*** 0.061*** 0.069***
2017 0.047*** 0.046*** 0.040*** 0.041***
2018 0.043*** 0.046*** 0.040*** 0.044***

Note: ***, **, and * represent being significant at the level of 1, 5, and 10%, respectively. The four columns indicate the degree of relevance under the spatial networks of economic linkage,
capital liquidity, talent mobility, and information sharing, respectively.

TABLE 3 | Convergence results of the green economic efficiency in the YREB.

Without spatial effect Traditional spatial weight Spatial network weight

(1) (2) (3) (4) (5) (6) (7) (8)

Ln(yi,t) -0.224*** -0.290*** -0.281*** -0.273*** -0.258*** -0.267*** -0.282*** -0.266***
(0.034) (0.034) (0.042) (0.049) (0.045) (0.046) (0.047) (0.045)

W*Ln(yi,t+1) - - 0.174*** 0.275*** 0.503*** 0.422*** 0.399*** 0.466***
- - (0.061) (0.076) (0.147) (0.150) (0.148) (0.147)

W*Ln(yi,t) - - -0.153** -0.277*** -0.622*** -0.490*** -0.272 -0.509***
- - (0.074) (0.091) (0.165) (0.173) (0.197) (0.175)

Ln(Rgdp) - 0.031*** 0.027*** 0.022** 0.011 0.015* 0.020** 0.015
- (0.008) (0.008) (0.009) (0.009) (0.009) (0.009) (0.009)

Ln(Str) - 0.057*** 0.050*** 0.049*** 0.049*** 0.051*** 0.050*** 0.050***
- (0.012) (0.012) (0.012) (0.012) (0.013) (0.013) (0.013)

Ln(Gov) - -0.027* -0.027* -0.034** -0.051*** -0.045*** -0.035** -0.046***
- (0.015) (0.016) (0.016) (0.017) (0.017) (0.016) (0.017)

Ln(Open) - -0.017*** -0.015*** -0.015*** -0.014*** -0.013*** -0.016*** -0.013***
- (0.004) (0.004) (0.004) (0.003) (0.004) (0.004) (0.004)

R2 0.610 0.677 0.886 0.886 0.888 0.887 0.884 0.887
Convergence rate 0.0634 0.0856 0.0825 0.0797 0.0746 0.0776 0.0828 0.0773
Half-life cycle 10.933 8.095 8.402 8.697 9.292 8.932 8.371 8.967

Note: Robust standard errors are shown in brackets; ***, **, and * represent being significant at the level of 1, 5, and 10%, respectively. Columns 1–2were regressionswithout spatial effect.
Columns 3–4 were regressions under the traditional spatial weight of adjacency and geographic distance. Columns 5–8 were regressions under spatial network weight of economic
linkage, capital liquidity, talent mobility, and information sharing.
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According to column 1 of Table 3, when the spatial effect is
not considered, the estimated value of the regression coefficient in
an absolute convergence test model is less than 0, so it passed the
1% level of significance tests. This shows that from 2003 to 2018,
there was a global convergence in the GEE of YREB, and the
overall convergence rate reached 6.34%, with a half-life cycle of
about 11 years. The regression results obtained by the dynamic
panel data model also support the existence of GEE’s global
convergence in the YREB. However, the overall convergence rate
has accelerated to 8.56%, and the corresponding half-life cycle has
been shortened to about 8 years. According to columns 3–8, when
considering spatial effects, the regression coefficients of the
spatial terms in the model under the spatial weight matrix
passed the 1% level of significance tests. This shows that the
spatial measurement model is more suitable than the traditional
one. The regression results under the spatial network weight
matrix show that the spatial interaction between different regions
has strengthened the communication and connection between
each other. It promoted the green economic growth rate of the
backward areas and made it faster than that of the rich regions.

In terms of convergence speed, the model regression results
under different spatial networks show slight differences. The
regression result of the model based on the capital liquidity
weight matrix reached the highest convergence rate of 8.28%,
with a half-life cycle of about 8.5 years. The convergence rate of
the model regression results under the weights of economic
linkage, talent mobility, and information sharing were roughly
the same: 7.46, 7.76, and 7.73%, respectively, with half-life cycles
of about 9.5, 9, and 9 years. The reason for this phenomenon is
that different spatial network weights represent different ways of
spatial interaction. Although there are solid developmental
differences between regions, the three basins of the YREB are
highly integrated and correlated. In this context, economic
development has led to a strong convergence trend of green
economic growth in the form of spatial interaction. In addition,
the different convergence speeds of regional economic growth
under different weights are also related to the strength of
interregional interaction. Therefore, we could further examine
the convergence trend of economic growth among subregions.

Regarding the control variables, the coefficients of government
governance and openness are negative and pass the 1%
significance test, showing that they have a positive impact on
convergence. This is mainly due to the Chinese government’s
targeted poverty alleviation and counterpart assistance policies.
These policies have promoted the development of
underdeveloped areas, for example, Chinese photovoltaic
poverty alleviation projects (Han et al., 2020), and the opening
up initiatives have increased resource sharing, for example,
capital-intensive land investments in Africa (Bergius et al.,
2018). These movements are conducive to the green
development of undeveloped regions. However, the coefficient
of industrial upgrading is positive and also passes the 1%
significance test, indicating that it has a negative impact on
convergence. In this case, the impact of economic growth is
not evident. Industrial upgrades in developed regions adopt low-
carbon and environmentally friendly technologies that can
increase productivity, save resources, and reduce pollution.

However, environmental pollution caused by economic growth
affects the development of the green economy, and the effect of
this context on convergence remains uncertain.

4.4 Regional Spatial Convergence of Green
Economic Efficiency
According to Table 4, the three basins in four weight matrices all
support the conditional β-convergence trend of the green
economic growth. The downstream had the fastest
convergence rate, with an average of 11.48%. The midstream
and upstream had roughly the same convergence rate, 8.09 and
7.97%, respectively. The rapid convergence rate of the
downstream was mainly due to the similar degree of urban
economic development. The small overall gap, complete traffic
network, strong industrial relevance, close regional economic ties,
and a high degree of integration most likely led to the positive
spatial spillover effects. However, only the spatial regression
coefficients of the explained variables in the downstream were
significant at the 1% statistical level, while the other regression
coefficients were not significant. This shows that the convergence
trend in the three basins was not linked to the spatial correlation
between club members, indicating that the correlation between
cities is weak.

Furthermore, the coefficients of control variables in the three
basins are considerably different. For the upstream and
midstream cities, the coefficient of opening up is negative and
has passed the 1% significance test, showing that opening up is
conducive to narrowing the gap and promoting convergence in
the two basins. For the downstream cities, the coefficient of
government governance is negative and has also passed the
1% significance test. This means that local governments can
further improve the governance effectiveness, strengthen
interconnection, and narrow the gap between central and
fringe cities.

5 DISCUSSION AND CONCLUSION

5.1 Discussion
First, we measured the GEE in the YREB and studied regional
differences and sources of the region’s GEE. The results
confirmed that GEE declined from the central to marginal
cities while forming three high-efficiency green economic
zones in the upstream, midstream, and downstream,
respectively. Our conclusion is consistent with the observations
made by Ye et al. (2021), who reported that the YREB presented
“block” green development characteristics characterized by urban
agglomerations. In addition, we could also verify that the
contribution of technological progress to green growth was
greater than technological efficiency. These results were consistent
with conclusions presented by He et al. (2021) and Albort-Morant
et al. (2016), who claimed that green technological innovation plays
an essential role in reducing or avoiding the destruction of the
ecological environment, further helping improve the green economy.
This provides a theoretical basis for green development through
promoting technological progress.
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Second, we observed that GEE in the YREB follows a global
convergence trend, in which the average convergence rate is 7.81%.
This outcome is consistent with the economic growth convergence
theory of neoclassical economics (Solow, 1956). Chen et al. (2020)
also proved that the YREB had prominent β-convergence
characteristics overall, which means that the green economy in
poor areas was growing faster than in wealthy areas. The speed
of convergence we identified was faster than the calculation results of
Liu and Jia (2019a), who calculated the convergence rate of China’s
regional economic growth as ranging between 0.4 and 2.3%.
Moreover, the speed detected by our methodology was also faster
than the results of Barro et al. (1991), who calculated the
convergence rate of the traditional economic growth as 2%.
There are mainly two reasons why our results are not consistent
with those reported in previous studies. On the one hand, the
research scope of our study is the Yangtze River Economic Belt,
and its regional gap is smaller than that of China. On the other hand,
existing studies have neglected the resource and environment
sacrificed by developed regions for economic growth. However,
resource and environmental issues cannot be ignored in this context
because they also affect the gap between developed and
underdeveloped regions. Furthermore, from the perspective of
spatial connection, GEE had the fastest convergence rate in
capital liquidity connection. This result was consistent with that
of Liu and Jia (2019a), who believed that capital liquidity was an
important transmission channel for economic spillover effects.

5.2 Conclusions
Taking into account the ecological protection, sustainability of
economic growth is the general trend of regional development.
Through the combination of the super-efficiency EBM and the
Malmquist–Luenberger index model, this study proposes a novel

methodology to accurately measure GEE and its decomposition
components in the YREB. Subsequently, we verified the regional
convergence of GEE from four spatial correlation networks and
explored its main factors. Our results show that the main source of
GEE is technological progress. On average, technological progress
contributed 0.24% to GEE, triggering the formation of spatial
differentiation in the upstream, midstream, and downstream.
Convergence analysis shows that economic linkage, capital
liquidity, talent mobility, and information sharing can promote
GEE’s convergence. A subsequential heterogeneous analysis
showed that GEE has a stronger convergence trend in the
downstream, where the linkage is stronger. Finally, capital
liquidity presented as an important transmission channel for the
GEE’s convergence and an analysis of influencing factors showed
that government intervention and opening up are equally important
in this context. However, economic growth and industrial structure
upgrading may restrain this process.

Based on the conclusions previously presented, we outline some
policy recommendations that may contribute to the green and
coordinated development. First, under the background of
accelerating technological change, the Chinese authorities should
focus on initiatives that can promote technological progress.
According to the findings of our study, technological progress
promotes green development. Local construction should be guided
by innovation and the gradual introduction of new, innovative
protection policies. Preferential policies should also be under
constant discussion, for example, fiscal subsidies, tax reductions,
and exemptions to innovative enterprises. At the same time, the
Chinese government should support and encourage the development
of green technologies, promote cleaner production, and strengthen
legislation and policy guarantees, especially low-carbon technologies.
It is equally important to make full use of modern information

TABLE 4 | Club convergence results of the green economic efficiency in the YREB.

Upstream Midstream Downstream

(1) (2) (3) (4) (1) (2) (3) (4) (1) (2) (3) (4)

Ln(yi,t) -0.272*** -0.271*** -0.275*** -0.274*** -0.276*** -0.277*** -0.275*** -0.277*** -0.346*** -0.375*** -0.380*** -0.371***
(0.068) (0.067) (0.069) (0.067) (0.050) (0.048) (0.048) (0.048) (0.100) (0.114) (0.109) (0.111)

W*Ln(yi,t+1) 0.093 0.136 0.152 0.116 0.219 0.239 0.214 0.259 0.534*** 0.565*** 0.448*** 0.568***
(0.209) (0.185) (0.173) (0.195) (0.187) (0.202) (0.219) (0.197) (0.148) (0.135) (0.164) (0.137)

W*Ln(yi,t) 0.132 0.234 0.237 0.303 -0.246 -0.185 0.137 -0.143 -0.540** -0.455 0.180 -0.474*
(0.385) (0.276) (0.230) (0.296) (0.284) (0.323) (0.367) (0.325) (0.212) (0.284) (0.353) (0.258)

Ln(Rgdp) 0.059* 0.051 0.048 0.053* 0.033* 0.039** 0.055*** 0.042** -0.004 -0.003 -0.006 -0.004
(0.031) (0.032) (0.031) (0.031) (0.018) (0.016) (0.019) (0.016) (0.012) (0.011) (0.012) (0.011)

Ln(Str) 0.004 -0.001 0.000 -0.000 0.048*** 0.048*** 0.051*** 0.049*** 0.134*** 0.139*** 0.133*** 0.138***
(0.027) (0.027) (0.026) (0.027) (0.016) (0.015) (0.015) (0.015) (0.022) (0.024) (0.026) (0.023)

Ln(Gov) 0.002 -0.001 -0.001 0.001 -0.022 -0.011 0.015 -0.007 -0.096*** -0.093*** -0.090*** -0.095***
(0.027) (0.024) (0.023) (0.024) (0.041) (0.038) (0.037) (0.038) (0.032) (0.032) (0.030) (0.032)

Ln(Open) -0.017** -0.015** -0.014** -0.016*** -0.023*** -0.023*** -0.021*** -0.022*** -0.001 -0.001 -0.001 -0.001
(0.007) (0.006) (0.006) (0.006) (0.008) (0.007) (0.008) (0.008) (0.007) (0.007) (0.007) (0.007)

Sigma2_e 0.004*** 0.004*** 0.004*** 0.004*** 0.005*** 0.005*** 0.005*** 0.005*** 0.003*** 0.003*** 0.003*** 0.003***
(0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001) (0.001)

R2 0.819 0.832 0.836 0.832 0.890 0.887 0.887 0.886 0.930 0.926 0.928 0.927
Convergence rate 0.0794 0.079 0.0804 0.0801 0.0807 0.0814 0.0804 0.0811 0.1062 0.1175 0.1195 0.1159
Half-life cycle 8.73 8.774 8.621 8.654 8.589 8.515 8.621 8.547 6.527 5.899 5.8 5.981

Note: Robust standard errors are shown in brackets; ***, **, and * represent being significant at the level of 1, 5, and 10%, respectively. The downstream includes Shanghai, Jiangsu,
Zhejiang, and Anhui. The midstream includes Jiangxi, Hubei, and Hunan. The upstream includes Chongqing, Guizhou, Sichuan, and Yunnan. Columns 1–4 were the regression under the
weights of economic linkage, capital liquidity, talent mobility, and information sharing.
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technologies, that is, communication technology and Internet sharing
platform to reduce the threshold of green innovation and promote the
transformation of green scientific and technological achievements.
Moreover, the government should attract modern high-tech
industries and offer possibilities for the green transformation of
key industries and fields. Finally, there is the need to highlight the
improvement of technical efficiency, management, and business
environment and give a solid space to the decisive role of the
market in resource allocation.

Second, it is necessary to strengthen the coordination and linkage
between cities in the YREB. On the one hand, our analysis of
influencing factors showed that government intervention and
openness could promote GEE convergence, so the role of public
authorities in coordinating all parties is essential in this context. The
Chinese government should speed up the transformation and
upgrading of the industrial structure and the rational allocation
of resources while adjusting the environmental regulation and
investment structure. This can be possible by setting up special
institutions to uniformly arrange and coordinate water resources
distribution, river regulation, and other affairs. At last, the authorities
in the midstream and downstream should give appropriate
compensation to the upstream, such as financial subsidies, talent
training, and paired assistance for their expenses, to protect the
ecological environment. Once the local YREB governance realizes
the complementarity of functions and industrial fit between cities, it
will be possible to further promote the interactive growth of urban
green development and coordinated development.

Third, relying on the spillover effect under the spatial connection
network, local authorities should give full play to the important role
of economic connection, capital liquidity, talent mobility, and
information sharing. These features are available to establish a
shared mechanism, acknowledge official documents among local
governments, and improve traffic accessibility to facilitate the flow of
elements. On the one hand, regions should improve the overall level
of development in the establishment of closer ties. In terms of
technology and talents, it is of great significance to ensure the
cultivation and supply of research talents in the frontiers of
technology and basic science. It is also important to encourage
investment attraction and opening-up focusing on green
innovation. Capital flows are essential channels to obtain
financial support by establishing a green financial system
that enables green investment, leveraging the role of private
capital. On the other hand, backward regions need to be
vigilant that developed regions are exploiting talents,
capital, industries, and other elements. This disadvantage
requires them to develop and expand featured industries
based on competitive elements and endowments and make
efforts to optimize their business and ecological environment
and improve their infrastructure.

This study extensively measures the GEE and explores the
convergence of GEE in the YREB based on economic linkage,
capital liquidity, talent mobility, and information sharing. The
results show the existence of convergence trends, which means
that the green economy in poor areas is growing faster than in

rich areas and the gap between regions will gradually narrow.
Meanwhile, there are factors such as government
governance and opening-up that are conducive to
narrowing the gap. The outcomes of our research pointed
out to three directions that deserved to be investigated by
complementary studies. First, we empirically verified the
convergence of GEE under different spatial correlation
networks, but we did not analyze the dynamic spatial
correlation networks that are changing over time.
Therefore, further study can incorporate dynamic spatial
correlation networks into research to explore the impact of
changes in the mobility of different factors on regional
development gaps. Second, this study investigates the
measurement and convergence of GEE. More in-depth
analyses can be useful to measure and compare
convergence in the inclusive green economic efficiency,
emphasizing equal opportunities and social equity, as well
as efficient and affordable green growth. Finally, considering
the goals of “carbon peaking” and “carbon neutrality” that
were put forward in 2020, reducing carbon emissions is a very
urgent task. Further research can strengthen the knowledge on
carbon emission policies, rights trading, and targets affecting
the green economic efficiency and promote green development
from the perspective of carbon reduction.
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