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Firstly, based on the data of 40 cities in the Yangtze River Delta from 2010 to 2019,
the paper uses the Unexpected Super-SBM model to estimate the green
innovation efficiency of each city. On this basis, the paper establishes a
Geographically Weighted Regression model to explore the spatial-temporal
heterogeneity of the effects of influencing factors on green innovation
efficiency. The findings indicate that: The direction and strength of each
influencing element on the green innovation efficiency of the Yangtze River
Delta cities are varied at the urban spatial scale. The degree of opening up
significantly boosts the green innovation efficiency, but the impact intensity
shows spatial differences. The green innovation efficiency is promoted by
government technology support, but its intensity tends to weaken. In addition,
financial support has a negative impact on most cities. Over time, the impact of
economic development level on urban green innovation efficiency has changed
from inhibition to promotion, and the impact intensity tends to weaken. Industrial
structure and environmental regulation tend to show two effects of promotion
and obstruction in different cities from weak inhibition. Industrial structure and
environmental regulation tend to show two effects of promotion and obstruction
in different cities from weak inhibition. The research conclusion of this paper has
important theoretical significance and practical value for accelerating the
construction of a green, low-carbon and circular economic system in the
Yangtze River Delta region, and achieving the “dual carbon” goal.
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1 Introduction

The Yangtze River Delta is one of China’s areas with the fastest economic growth,
greatest degree of openness. It significantly affects the Chinese economy. High intensity
development has led to very serious ecosystem damage and environmental pollution in it.
Under these circumstances, with ever-stricter environmental regulations, the green
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innovation has become a crucial choice for regions to achieve
economic growth and acquire competitive advantages since it is a
crucial component to achieving a win-win aim of environmental
conservation and technological advancement.

Fussler et al. (Fussler and James, 1996) originally put up the
concept of green innovation in 1996. Its core refers to the profitable
operations carried out by businesses to lessen environmental
degradation. Efficiency in green innovation catalyzes regional
economic development, which then influences the rate of
national economic growth. And the carbon reduction effect of
green innovation is not only highly valued by countries, but also
increasingly receiving widespread attention from the academic
community. Promoting green technology innovation and
achieving green and low-carbon transformation has become an
inevitable choice for China to build a new development pattern
and adapt to the new stage of development. Therefore, it is crucial to
investigate the driving forces behind the green innovation efficiency,
which has drawn significant attention from academics. In addition,
there are significant variances in the Yangtze River Delta’s
prefecture-level cities’ levels of resource endowment,
environmental conditions, technical advancement, and economic
growth (Yunliang et al., 2021). Then what is the heterogeneity of the
effect of each driving factor on green innovation efficiency in cities of
the Yangtze River Delta? In this regard, most studies on
heterogeneity are based on regional heterogeneity, industry
heterogeneity and quantile-based heterogeneity. Yun Yang and
Ying Wang explored the effect of environmental regulation on
green innovation efficiency from the perspective of regional
heterogeneity. The results showed that there was an obvious
U-shaped relationship between environmental regulation and
green innovation efficiency in China and the central and eastern
regions. And the impact of environmental regulation on green
innovation efficiency in the central and western regions was not
obvious (Yang andWang, 2021a). Tong Zhao et al. found that green
finance, environmental regulations, and green innovation efficiency
in the eastern region had a significant indigenous impact on regional
heterogeneity. The ratio of the output value of the tertiary industry
to the efficiency of green innovation in the central region had a
significant impact, passing the significance test of 1% (Zhao et al.,
2022). Feng Wu et al. divided the Yangtze River economic belt into
“upstream, midstream and downstream”. They explored whether
environmental regulation has an impact on the heterogeneity of
green innovation production efficiency (Wu et al., 2022). Yongcan
Yan et al. measured the green innovation efficiency of
29 manufacturing industries in China. The analysis found that
the green innovation efficiency of 29 manufacturing industries
differed significantly. And the convergence also differed in
varying degrees (Yan et al., 2021). Chun Yang Liu et al. used the
Quantile Regression method to study the influence degree and
regional differences of various influencing factors on the green
innovation efficiency of China’s high-tech industry under
different quantiles. The results showed that in each cluster
region, the factors that significantly affect the green innovation
efficiency of high-tech industries were different and the impact of
each factor on the innovation efficiency of different quantiles was
also different (Liu et al., 2019). Scholars’ discussion of heterogeneity
is still based on the assumption of homogeneity. Most of them use
regression to explore heterogeneity by grouping samples, and the

exploration of heterogeneity is insufficient. They also ignore the
differences of the samples themselves, that is, the differences in the
effects of various driving factors on the efficiency of green
innovation caused by the different spatial and geographical
locations of the samples.

The marginal contribution of this paper lies in: Based on the
research of scholars, this paper incorporates the geographical
location of each city into the regression parameters and uses the
Geographically Weighted Regression model. Further, the temporal
and spatial heterogeneity of the effects of various driving factors on
green innovation efficiency is explored at the level of cities.
Accurately grasping the spatial-temporal differences and dynamic
evolution of green innovation efficiency determinants can help
different cities determine the differentiated green development
path, provide theoretical guidance for the creation of
collaborative regional green innovation development policies, and
have significant practical importance for t the cross regional
collaborative improvement of innovation ability.

The other parts of this paper are organized as follows: Section 2
is the literature review of related topics. Section 3 is the Research
Design. Section 4 is about measuring the efficiency of green
innovation and analyzing its evolution patterns. Section 5 is
empirical analysis. Section 6 is the policy recommendations and
the shortcomings of this paper.

2 Literature review

Green innovation has “double externalities” (Feng and Chen,
2018) compared to conventional innovation, which can gain a “win-
win" of economic progress and environmental advantages.
Consequently, it is crucial to investigate the drivers for green
innovation. The elements that motivate efficient green innovation
have been extensively researched. Most scholars are based on
national, regional, provincial (Liming et al., 2018; Yongfeng et al.,
2020), and urban spatial scales. Other scholars start from specific
industries (Feng et al., 2018; Luo et al., 2019). From the perspective
of research content, it can be mainly divided into three categories.
One is the linear impact of relevant factors on the efficiency of green
innovation, mainly focusing on factors such as economic
development level (Chengchao et al., 2020a), financial support
(Liu et al., 2022), government science, and technology support
(Yi et al., 2020). Lv Chengchao studied the impact of relevant
factors on green innovation efficiency and found that research
funding, financial development scale, the proportion of the
secondary and tertiary industries inhibited the improvement of
green innovation efficiency in China, while the number of
research personnel, financial development efficiency, and per
capita GDP could promote the efficiency of green innovation in
China (Chengchao et al., 2020b). On this basis, some scholars based
on environmental regulation (Yi et al., 2020; Yang and Wang,
2021b), foreign direct investment (Hongbin and Wenwen, 2020;
Fei et al., 2021), and other factors which have a “two-way impact”
mechanism on green innovation efficiency studied their influence
mechanismwith the thresholdmodel and intermediary effect model.
Peng Wenbin and Cheng Fangfang explored the threshold effect of
formal and informal environmental regulations on green innovation
from the perspective of optimal planning of provincial
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environmental costs, and concluded that there was a “U” shaped
relationship between formal environmental regulations and green
innovation efficiency, while informal environmental regulations had
an inverted “U” shaped relationship with green innovation (Wenbin
et al., 2017). Fan Fei and Zhang Xuerong used a mediation effect
model to study and found that strengthening environmental
regulations had a promoting effect on the efficiency of green
innovation in cities along the Yangtze River Economic Belt, with
a “N-shaped" relationship, in which FDI played a partial mediating
role (Fei et al., 2021). Tian Hongbin and Hao Wenwen explored the
impact of FDI inflows on green innovation efficiency under three
types of environmental regulations based on the GML index, using
threshold models and mediation effects models (Hongbin and
Wenwen, 2020). The third type of research considers the possible
spatial effects of green innovation efficiency, and studies the impact
of various factors on green innovation efficiency by constructing a
spatial econometric model. Zeng Bing constructed a spatial Durbin
model to verify that the efficiency of inter provincial green
innovation in China exhibited a significant positive spatial
autocorrelation, and that per capita GDP had a significant
negative spatial spillover effect with formal environmental
regulations, while marketization had a significant positive spatial
spillover effect (Bing, 2018). Similarly, the research results of He
Yujing and Cai Danyang indicated that the efficiency of green
technology innovation in industrial enterprises in the Yangtze
River Delta had been increasing year by year and there was
already a spatial agglomeration effect (Yujing and Danyang, 2021).

Researchers have explored the factors on green innovation
efficiency from multiple perspectives and levels, and have drawn
useful conclusions. However, there are still some deficiencies in the
current research. First, the majority of the existing research is based
on the provincial perspective. And the empirical research on the
urban level needs to be further increased and enriched. The city is
the most important space carrier to break through the innovative
ecological structure. Second, most scholars’ studies are based on the
assumption of homogeneity. Most studies on heterogeneity are
based on regional heterogeneity (Yang and Wang, 2021b),
industry heterogeneity (Jie and Huali, 2021) and quantile-based
heterogeneity (Liu et al., 2019). The research on the influence of
various factors on the heterogeneity of green innovation efficiency is
insufficient. Therefore, the paper measures the green innovation
efficiency and uses the GWR model to study the heterogeneous
effects of relevant influencing factors on it of Yangtze River Delta’s
prefecture-level cities.

3 Research Design

3.1 Research method

3.1.1 Unexpected Super-SBM model
The conventional DEA model emphasizes the same proportion

change of input-output indicators, and it can only determine if a
decision-making unit is DEA effective. On this basis, Tone proposed
an SBM model taking relaxation variables into account. Assume
there are n decision-making units (DMUs) with m inputs and s
outputs per DMU. The Super-SBM model is the following when the
returns to scale are uncertain:

ρ* � min ρ � 1 + 1
m
∑m
i�1
s−i /xik/1 − 1

s
∑s
r�1
s+i /yrk

s.t. ∑n
j�1,j ≠ k

xijλj − s−i ≤ xik

∑n

j�1,j ≠ k
yrjλj + s+i ≤ yrk k

∑n
j�1,j ≠ k

λi � 1

λ, s−i , s
+
i ≥ 0

i � 1, 2, . . . ,m; γ � 1, 2, . . . , q, j � 1, 2, . . . , n j ≠ k( )
where ρ* is the efficiency value,m and s are the numbers of input and
output indicators, respectively; s−i and s+i are the slack variables of
input and output variables, respectively. The specific operation is
as follows:

(1) Determine input-output indicators and select representative
input-output indicators such as energy consumption, human
capital, etc.

(2) Constructing an unexpected output frontier: Using Data
Envelopment Analysis (DEA) method to construct a
production frontier guided by expected output.

(3) Calculate super efficiency value: By comparing the
distance between each decision-making unit and the
unexpected output front, calculate their relative super
efficiency value.

From this, the efficiency values of each decision-making unit can
be obtained, which represents the relative efficiency of each
decision-making unit.

3.1.2 Kernel density estimation
By comparing the Kernel density function curves of different

time periods, which represents the dynamic growth process of
variables, it is possible to describe the absolute difference of
them. The specific calculation formula is as follows:

f x( ) �
1
nh

∑n
i�1
K xi − x/h( )

K xi − x/h( ) � 1/ ���
2π

√
e−

1
2

xi−x
h( )

Among them, h represents bandwidth, n represents sample size,
K is the kernel function, which is calculated by Gaussian
kernel function.

3.1.3 Standard deviation ellipse
Lefever first suggested the standard deviation ellipse, which is

currently used to characterize the distribution and movement
characteristics of geographical features in two-dimensional space.
Using the center, major axis, and minor axis as its fundamental
characteristics, it is primarily used to statistically define geographic
features. The specific calculation formula is as follows:

Average center: �Xw � ∑n
i�1wixi/∑n

i�1wi; �Yw � ∑n
i�1wixyi/∑n

i�1wi

The Standard deviation ofX-axis: σx �
�����������������������∑n

i�1(wixi cos θ − wiyi sin θ)
√

/∑n
i�1w

2
i

The Standard deviation of Y-axis: σy �
�����������������������∑n

i�1(wixi sin θ − wiyi cos θ)
√

/∑n
i�1w

2
i
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(xi, yi)is the spatial location of the research object; wi is the
weight; i refers to each decision-making unit; x and y represent
the relative coordinates of each point from the center of the
region. The corner of distribution pattern can be obtained
through tan θ. The above calculation can be implemented by
ArcGIS software.

3.1.4 Geographically weighted regression (GWR)
Brunsdon et al. suggested the GWR model. The main concept is

to include the data’s location in the regression parameters, and
observe the parameter changes caused by the change of spatial
location. The GWR approach effectively extends the conventional
linear regression model by estimating parameters using global
information (Fei et al., 2021), making the estimation results
more accurate.

yi � β0 ui, vi( ) +∑k
k�1

βk ui, vi( )xik + εi

Among them, yi, xik and εi are the explained variables, the kth
explanatory variable, and the random error term, respectively;
(ui, vi) is the geographical latitude and longitude coordinates of
the city i; The regression coefficient of the kth explanatory variable in
the city i is represented by βk(ui, vi) and it varies as the location of
the city changes.

3.2 Variables selection

3.2.1 Variable being explained
In the paper, the Unexpected Super-SBM is used to measure

the green innovation efficiency of cities. In this paper, gie
represents it.

For investment index selection, the paper draws on the practices
of Wu et al. (Chao et al., 2018), and Lv et al. (Chengchao et al.,
2020a). The full-time equivalent of R&D personnel is used as
personnel input, internal expenditure of R&D funds is used as
financial input, and the total energy consumption (converted into
standard tons of coal) is used as energy input. Considering the lag
effect of capital investment, the paper uses the perpetual inventory
method (Yanwei et al., 2020) to calculate the stock of R&D
expenditure in cities as financial input.

For the expected outputs, the paper adopts the number of green
patent applications and new product sales revenue. For the
undesirable output, the paper incorporates the three industrial
wastes as undesirable outputs into the model based on academic
research. Besides, considering the strategy of “carbon peak” and
“carbon neutrality”, carbon emissions are also included in
the model.

3.2.2 Explanatory variable
Industrial structure. It plays a decisive role in alleviating the

pressure on regional environment, and is closely related to the
development of green technology innovation (Sun Yanming,
2021). The internal structure adjustment and transformation,
industrial upgrading are beneficial to accelerating the growth of
green technological innovation in local industries (Zhen et al., 2021).
Industrial structure is an important explanatory variable in this

model, measured by the ratio of the output value of the secondary
and tertiary industries, and represented by ind.

Environmental regulation intensity. According to Porter’s
Hypothesis, the “innovation compensation” benefit of appropriate
environmental regulation is sufficient to compensate for cost
effectiveness and increase corporate competitiveness. According
to Jaffe and Palmer’s “weak Porter hypothesis”, green innovation
is incentivized by environmental regulations, but the benefits that
environmental regulations bring to enterprises are uncertain (Jaffe
and Palmer, 2006). Based on the research of the aforementioned
scholars, the carbon emissions per unit of GDP this year is selected
as a proxy indicator for the environmental regulation, and
represented by er.

The level of opening up. It has brought in foreign
sophisticated technology and top-notch individuals, which is
helpful in fostering an environment that encourages creativity
and technical advancement. Some scholars also believe that
foreign investment will have a “pollution shelter” effect, adding
an environmental burden, and thus have a negative impact on the
green innovation efficiency (Zaman and Moemen, 2017). The
proportion of foreign direct investment utilized in the current
year to GDP is used as a proxy variable for it, and its impact on the
efficiency of green innovation is examined in this paper, and
represented by fdi.

Level of economic development. It can provide the original
impetus for green innovation efficiency (Chengchao et al., 2020a).
When it grows, more resources, infrastructure, and top-tier talent
will be made accessible to carry out green innovation activities,
which may effectively stimulate the expansion of regional green
innovation (Chengchao et al., 2020a). To investigate how it affects
the green innovation efficiency, this study incorporates per capita
GDP as a proxy variable for it into the model, and
represented by PGDP.

Finance support. Financial assistance is crucial throughout the
whole life cycle of innovative activities, from R&D investment
through accomplishment transition to industrial production (Jian
and Xiaofang, 2019). Financial assistance was added as an essential
component in the model by Lv (Chengchao et al., 2020a), and other
research, and the results showed that financial support had a
considerable beneficial influence on green innovation efficiency.
The fraction of loans from financial institutions in local GDP is
used as a proxy variable in this article, and represented by fin.

Government’s technological support. The government directs
market participants to engage in innovation activities and promotes
regional green innovation efficiency via direct or indirect financial
assistance (Yanwei et al., 2020). Yet, government R&D funding may
have a “crowding out impact” on businesses (Junhong and
Yuanchao, 2015), which is counterproductive to boosting the
efficacy of green innovation. Based on this, this paper views
government technical assistance as an element influencing the
green innovation efficiency, and it utilizes the amount of money
spent on science and technology in the overall government budget as
its proxy variable, and represented by ti.

3.2.3 Control variable
The urbanization rate and population density of cities are

different, and the innovative atmosphere and driving force are
also different. Therefore, urban urbanization rate and population
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TABLE 1 Efficiency value of green innovation in cities of 40 cities from 2010 to 2019.

City 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Shanghai 1.070 1.095 1.107 1.102 1.107 1.191 1.108 1.118 1.126 1.082

Nanjing 0.019 0.116 0.127 0.237 0.115 0.077 0.067 0.158 0.251 0.329

Wuxi 0.036 0.029 0.055 0.051 0.034 0.032 0.010 0.030 0.039 0.048

Xuzhou 0.148 0.117 0.139 0.143 0.121 0.127 0.032 0.026 0.117 0.093

Changzhou 0.223 0.178 0.488 0.645 0.619 0.599 0.106 0.318 0.366 0.278

Suzhou 1.011 1.061 1.070 1.052 1.078 1.102 0.248 1.082 1.088 1.087

Nantong 0.588 0.474 1.017 0.518 0.449 0.665 0.205 1.027 1.032 1.091

Lianyungang 1.091 0.235 0.412 1.055 0.471 0.728 0.210 0.467 1.034 1.059

Huai’an 1.086 1.071 1.011 1.137 1.025 0.470 1.061 1.114 1.168 1.156

Yangzhou 1.046 1.110 1.042 1.097 1.118 1.055 0.402 1.070 1.106 1.098

Zhengjiang 0.086 0.013 0.112 0.060 1.044 1.011 0.059 0.214 0.069 0.080

Taizhou 1.046 0.430 0.230 0.321 0.344 1.052 0.134 0.596 0.494 0.318

Suqian 0.242 0.175 1.041 0.370 0.349 1.035 0.108 0.113 0.190 0.282

Hangzhou 0.252 1.025 1.023 1.007 0.045 1.002 0.051 0.462 0.615 1.031

Nningbo 0.325 0.268 0.595 1.015 1.021 0.262 0.097 1.011 0.678 1.011

Wenzhou 0.333 0.140 0.198 0.411 1.000 1.005 0.092 1.043 1.077 0.192

Jiaxing 1.015 1.008 1.007 1.094 1.058 1.054 1.020 1.033 1.048 1.021

Huzhou 0.775 0.298 0.562 1.018 1.006 1.020 0.344 0.654 0.682 0.902

Shaoxing 1.105 1.162 1.181 1.100 1.084 1.119 0.326 1.060 1.078 1.068

Jinhua 1.084 0.762 1.098 1.081 1.073 1.108 1.156 0.767 1.010 1.006

Quzhou 0.075 0.087 0.084 0.105 0.069 0.042 0.072 0.026 0.140 0.126

Zhoushan 1.049 0.464 1.024 0.260 0.240 0.258 0.077 0.304 0.425 1.047

Taizhou 1.067 1.013 1.010 0.482 0.767 0.305 0.125 0.371 0.537 0.474

Lishui 0.403 0.224 1.041 1.053 1.037 1.134 0.331 0.301 0.353 0.289

Hefei 1.061 0.338 0.633 1.067 1.034 1.083 0.133 1.075 1.064 1.092

Wuhu 1.008 1.098 1.088 1.004 1.061 1.010 0.192 1.017 0.826 0.412

Bengbu 0.342 0.209 0.395 0.417 1.024 1.001 1.037 1.019 1.090 1.047

Huainan 0.199 0.092 0.213 0.151 0.200 0.171 0.152 0.318 0.503 0.324

Ma’anshan 1.115 0.280 0.379 0.343 0.369 0.352 0.278 0.415 1.022 0.456

Huaibei 0.291 0.184 0.258 1.048 1.058 1.094 1.011 1.132 1.120 1.099

Tongling 0.014 0.098 0.196 0.102 1.027 0.226 0.030 1.031 1.056 1.046

Anqing 1.008 0.166 0.123 0.148 0.108 0.175 0.045 0.273 0.325 0.355

Huangshan 0.162 1.005 1.057 1.105 0.179 0.127 1.078 0.214 0.373 0.333

Chuzhou 0.393 1.026 1.037 1.045 1.025 1.023 0.345 1.055 0.649 0.504

Fuyang 0.281 0.152 0.156 0.180 0.229 0.291 0.229 0.262 0.332 0.396

Suzhou 0.190 0.152 0.243 0.134 0.277 0.246 0.090 0.158 0.315 0.269

Lu’an 1.190 1.019 1.048 1.116 0.464 1.079 1.115 1.119 1.142 1.126

Bozhou 1.043 1.126 1.128 1.012 1.149 1.140 1.064 1.088 1.096 1.002

(Continued on following page)
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density are taken as control variables. The urbanization rate is
calculated by the National Bureau of Statistics, that is,
“urbanization rate = urban resident population/total population”.
Population density is measured by the ratio of resident population to
the administrative area.

3.3 Data sources

The study object for this paper is 40 cities in the Yangtze River
Delta. Most of the data mainly comes from “China City Statistical
Yearbook”, “Zhejiang Science and Technology Statistical Yearbook”,
“Jiangsu Science and Technology Statistical Yearbook”, the
statistical yearbook of prefecture-level cities, and related statistical
bulletin, and the relevant data provided by the science and
technology bureau of prefecture-level cities. The data on green
patents comes from China National Patent Office. The latitude
and longitude data used in the Geographically Weighted
Regression model comes from the latitude and longitude query
network in urban areas. Missing data are estimated by multiple
linear interpolation method in STATA. The time window
is 2010–2019.

4 The spatial-temporal evolution of
green innovation efficiency

4.1 Temporal Evolution of green
innovation efficiency

The paper measures the green innovation efficiency values of
40 cities, as shown in Table 1:

As can be seen from Figure 1, overall, the average value of green
innovation efficiency of urban agglomeration in the Yangtze River
Delta over the years is 0.805 at the maximum and 0.478 at the
minimum, showing a fluctuating upward trend on the whole, which
is consistent with the law obtained by Teng Tangwei et al. (Tangwei
et al., 2023)to study the green innovation efficiency of cities in the
Yangtze River Delta. From 2010 to 2015, the green innovation
efficiency of each city has been rising. By 2015, the average green
innovation efficiency reached a maximum of 0.782. Reflecting on
this stage, China proposed to’ attach importance to ecological
civilization, realize the coordinated development of green
innovation. ‘ The local governments in the Yangtze River Delta
region gradually attach importance to ‘ green technology innovation’
and take specific measures such as ‘ actively developing low carbon
energy’ to guide and promote the green transformation and
upgrading of the Yangtze River Delta region. The mean value of
green innovation efficiency dropped to the lowest in 2016, which
was 0.478. From 2017 to 2019, the average green innovation
efficiency of cities fluctuated and increased. The reason may be
the government proposed “ the implementation of the most
stringent environmental protection system”, resulting in
fluctuations in the efficiency of green innovation during the ‘13th
Five-Year Plan’ period. After the 18th National Congress of the
Communist Party of China, the Yangtze River Delta region actively
implemented industrial transfer policies and the “cage for bird” plan,
which effectively adjusted the tertiary structure of various cities in
the Yangtze River Delta urban agglomeration, promoting the further
agglomeration of technology-intensive and capital intensive
industries, while the proportion of labor-intensive industries
gradually decreased (Neng et al., 2023).

In this paper, the nuclear density curves of 2010, 2013, 2015,
2017, and 2019 are used to study the time distribution of green

TABLE 1 (Continued) Efficiency value of green innovation in cities of 40 cities from 2010 to 2019.

City 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

Chizhou 1.136 1.138 1.084 1.122 1.021 1.131 1.095 1.095 1.049 1.114

Xuancheng 1.031 1.119 1.110 1.094 1.106 1.100 1.089 0.453 0.405 1.062

FIGURE 1
Average green innovation efficiency of three provinces and a municipality from 2010 to 2019.
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innovation efficiency, and analyzes the development process of it, as
shown in Figure 2.

The Yangtze River Delta urban agglomeration’s Kernel density
curve shows a fluctuating right shift overall. It also demonstrates the
“bimodal” evolution characteristics that the peak height decreases
first and then increases. It shows that the overall green innovation
efficiency shows a fluctuating upward trend, and the internal green
innovation efficiency difference first narrows and then expands and
shows a polarized law. Certain cities’ green innovation efficiency is
concentrated at a higher level (0.7–1.2), whereas other cities’ green
innovation efficiency is concentrated at a lower level (0.2–0.4),
indicating that the green innovation efficiency of the Yangtze
River Delta urban agglomeration has strong regional
heterogeneity imbalance characteristics (Zhiqiang et al., 2023a).
The curve’s position changes to the right with time,
demonstrating an improvement in the green innovation
efficiency over the research period, which indicates that in recent

years, the level of green innovation in the Yangtze River Delta urban
agglomeration has gradually improved, the green innovation
environment has been improving, and the green innovation
capability has steadily improved (Zhiqiang et al., 2023a; Zhiqiang
et al., 2023b). At the provincial level, Shanghai’s province Kernel
density curve is right-skewed, with the vertical height of the peak
growing as the horizontal breadth decreases and the horizontal
width decreasing, and its kernel density tends to move in the
direction of numerical reduction, that is, the gap of green
innovation efficiency in Shanghai is narrowing, and there are
dynamic convergence characteristics. The Kernel density curve of
Anhui Province shows an overall movement to the right during the
investigation period, the peak height fluctuate and increases, and
there is an evolution trend of the right tailing phenomenon. The
Kernel density curve of Jiangsu Province does not have multiple
peaks during the investigation period, and also shows an obvious
right tailing phenomenon. That is, during the research period, the

FIGURE 2
Kernel density curve of the Yangtze River Delta and three provinces and one centrally administered municipali-ty by year.

Frontiers in Energy Research frontiersin.org07

Shukai et al. 10.3389/fenrg.2024.1308494

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1308494


effectiveness of green innovation in cities in Jiangsu Province has
been increasing year by year, and the internal gap has gradually
widened. The nuclear density curve of Zhejiang Province shifted to
the right during the study period, with changes in peak height. The
overall curve shifted to the right, showing a left skewed distribution
without multiple peaks. It demonstrates that the green innovation
efficiency of cities in Zhejiang Province has been steadily improving,
although regional variations have grown year after year. This is
consistent with Han Jin’s research conclusion, indicating that the
environmental attention and regulatory intensity in economically
developed regions such as Jiangsu, Zhejiang, and Shanghai in China

are higher than those in regions with lower income levels such as the
central and western regions (Jin, 2023).

4.2 Spatial distribution of green
innovation efficiency

4.2.1 Spatial distribution characteristics of green
innovation efficiency

As shown in Figure 3, the green innovation efficiency of the Yangtze
River Delta region shows regional development imbalance, with “strong

FIGURE 3
Spatial and temporal evolution of green innovation efficiency in Yangtze River Delta.
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constant strong, weak constant weak”. From the provincial level,
Shanghai has achieved the highest average green innovation
efficiency during the past 10 years. Zhejiang Provinces’ green
innovation efficiency has increased and is now in the second
echelon because of the province’s increased implementation of
environmental policies in recent years; Anhui province’s primary
industry accounts for a relatively high proportion, and it can timely
adapt to the requirements of green innovative development by
undertaking industrial transfer from developed regions. Therefore,
although the general level of green innovation efficiency in Anhui
province has increased in the last 10 years, there is still a significant
disparity between Anhui and Shanghai. The green innovation efficiency
of Jiangsu Province has been in a relatively low state, which is generally
lower than that of Zhejiang Province and Anhui Province. In addition,
at the urban level, Shanghai, Xuancheng, Chizhou, Bozhou, Lu’an in
Anhui Province, Shaoxing, Jinhua in Zhejiang Province, and Huai’an,
Yangzhou in Jiangsu Province have had higher average green
innovation efficiency over the years. Wuxi, Xuzhou in Jiangsu
Province, Quzhou in Zhejiang Province, and Huainan, Fuyang, and
Suzhou in Anhui Province have generally had low levels of green
innovation efficiency over the years. Besides, the agglomeration of
innovation elements in these metropolitan areas has a favorable
innovation environment, which is favorable to boosting the green
innovation efficiency in the area. Similarly, because of the
concentration of innovation components in the metropolitan region,
the polarization impact on the surrounding cities is stronger than the
trickle-down effect, resulting in the outlying cities’ green innovation
efficiency being poor.

4.2.2 Spatial dynamic evolution law of green
innovation efficiency

As shown in Figure 4, the spatial evolution features of green
innovation efficiency in the Yangtze River Delta region are clear,

exhibiting the characteristics of southeast-northwest and eventually
shifting to northeast, which is consistent with the standard deviation
of China’s industrial green technology innovation efficiency and the
large direction of the center of gravity shift of the ellipse (Decheng
and Xiaolin, 2022).

As shown in Figure 5, the ellipse area shrinks first and then
expands, indicating that the distribution of green innovation
efficiency expands first and then shrinks. From the center of
gravity, direction and scope of the ellipse, the following mainly
describes the spatial dynamic changes of it. According to the
movement of the center of gravity for green innovation efficiency
during the years 2010–2015, it first shifted to the southeast before
moving to the northwest. From the distance, the distance to the
northwest is greater than the southeast. From 2015 to 2017, the focus
on green innovation efficiency first shifted to the northwest, and
then returned to the southeast. The coastal cities in the northeast
have superior geographical location and high level of economic

FIGURE 4
Green innovation efficiency standard deviation ellipse and center of gravity moving track.

FIGURE 5
The changes in the long and short axes of the standard deviation
ellipse of green innovation efficiency.
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development. They have formulated more stringent environmental
regulation policies and promoted green development through
technical and scientific innovation, which has mostly pushed the
focus on green innovation efficiency to move like the Northeast.

From the distribution shape of the standard deviation ellipse,
during 2010–2014, the major axis and the minor axis showed a
decreasing trend, and the ellipse area decreased, demonstrating that
the green innovation efficiency is decreasing in the southeast-
northwest direction; From 2015 to 2019, the long and short axes
both rose, as did the circular area, indicating a dispersion tendency
for green innovation efficiency in the northwest and southeast. It
demonstrates that the green innovation efficiency differs
substantially throughout the Yangtze River Delta urban
agglomeration.

5 Authentic proof analysis

5.1 Descriptive statistical analysis

Table 2 displays the mean, standard deviation, maximum, and
lowest of variables.

5.2 Model selection

To investigate the elements that influence the green innovation
efficiency, scholars originally used the Panel Tobit model to examine
how different variables affect the green innovation efficiency. On
this basis, researchers use the aforementioned variables as threshold
variables to build a panel threshold model or take into account their
intermediary effects (Yi et al., 2020; Liu et al., 2022) to investigate the
nonlinear influence of particular variables such as environmental
regulation, opening-up on it. Besides, the spatial distribution of
samples is also closely related to the agglomeration and diffusion of
green innovation efficiency. So some scholars use spatial
econometric models to study their spatial effects (Jaffe and
Palmer, 2006; Yang and Wang, 2020).

To describe the differences in the direction and intensity of each
influencing factor on each research object. The paper introduces the
geographical location of the observation sample into the regression
parameters, constructs the Geographically Weighted Regression
model, and studies the difference in the mechanism of the

influence factors on each city to make up for the deficiency
of scholars.

From the fitting results of the OLS and GWR in Table 3, it is
clear that the GWR model has a far greater goodness of fit than the
OLS Regression. When the difference between the values of AICc is
more than 3, the model with low AICc is regarded as the model with
a better fitting effect. That is, the Geographically Weighted
Regression model fits better.

5.3 Empirical results

The regression coefficients of each variable are shown in Table 4.
More than 85% of them passed the significance test of 10%. The
regression results for 2010 and 2019 are shown in Figure 5. 1In the
GWR estimate, the effects of influencing variables on green
innovation efficiency exhibit clear trends and regional disparities.
That is, the influence direction and intensity of each factor on green
innovation efficiency in different cities is different.

Industrial structure. Figure 6A demonstrates that the
direction and intensity of its influence on cities’ green
innovation efficiency are essentially the same, although there
are slight variances. In the direction of influence, the green
innovation efficiency is positively impacted by the industrial
structure in Xuzhou, Hangzhou, Zhoushan, Lu’ an, 2010 and
2019. It may be due to the gradual elimination of high energy
consumption and high pollution industries with industrial
transformation and upgrading, and the gradual realization of
advanced and rationalized industrial structure, which improves
resource utilization efficiency, reduces environmental pollution,
conforms to the concept of green innovation development, and
improves the efficiency of green innovation (Huizhong et al.,
2022). The green innovation efficiency of Ningbo and Taizhou is
influenced by the industrial structure, and the effect has shifted
from promoting to inhibiting. In 2010 and 2019, the green

TABLE 2 Descriptive statistical analysis of variables.

Variables Obs Mean Standard deviation Min Max

gie 400 0.68 0.4181 0.0001 1.23

ind 400 1.1942 0.4279 37.11 319.91

er 400 0.38 0.18 0.11 1.38

FDI 400 174,283 286100.5 2,830 1,904,791

PGDP 400 60,410.75 37400.75 9,068 199,017

fin 400 5732.745 9643.107 244.7755 73823.66

ti 400 247705 518654.6 3,553 4263655|

TABLE 3 The fitting effect table of the OLS model and GWR model.

Model R2 AICc Sigma

OLS 0.097 409.63 —

GWR 0.362 351.67 0.33
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innovation efficiency of other cities is negatively affected by the
industrial structure. In terms of impact intensity, it can be
concluded from Figure 6A that for the four cities of Shanghai,
Ningbo, Wenzhou, and Taizhou, industrial structure has a far
higher influence on green innovation efficiency in 2010 than it
does in 2019. The findings suggest that the change of industrial

structures in Shanghai, Ningbo, Wenzhou, and Taizhou is
beneficial to green innovation efficiency from 2010 to 2019.

Environmental regulation intensity. In this paper, the proxy
variable for environmental regulatory intensity is the quantity of
CO2 emitted per unit of GDP. The smaller the value, the more
intense the environmental control, and vice versa. Figure 6B shows

TABLE 4 The significance of regression coefficients of variables.

The significance of coefficient p < 0.001 (%) 0.001 < p < 0.01 (%) 0.01 < p < 0.1 (%) p > 0.1 (%) p < 0.1 (%)

ind 83.50 4.75 5.75 6.00 94.00

er 88.50 1.75 1.00 8.75 91.25

FDI 87.00 2.75 4.00 6.25 93.75

PGDP 68.00 9.50 10.75 11.75 88.25

fin 64.75 9.75 11.75 13.75 86.25

ti 64.50 6.00 14.75 14.75 85.25

FIGURE 6
Time series evolution diagram of regression coefficients of each explanatory variable.
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that the direction and severity of environmental limitations’ impacts
on green innovation efficiency are inconsistent and imbalanced. In
terms of impact direction, over 80% of cities in Zhejiang Province
and a small portion of cities in Anhui Province are affected by
environmental regulations, and the impact direction is completely
opposite in 2010 and 2019. That is to say, in 2010, environmental
regulations has a beneficial impact on the aforementioned regions. It
indicates that implementing reasonable and effective environmental
regulatory policies in these regions can achieve dual externalities of
green technology innovation and improve the efficiency of green
innovation (Shen et al., 2022). In 2019, if environmental intensity
increases, it may contribute to promoting green innovation
efficiency. The environmental regulation has a much bigger
influence on green innovation efficiency in Xuzhou, Hangzhou,
Ningbo, Zhoushan, Taizhou, Huainan, Huangshan, and Luan
between 2010 and 2019 than it did in other cities.

The level of opening up Figure 6C shows that the green innovation
efficiency of each city is influenced by it in the same direction, but with
slightly different intensities. The green innovation efficiency of most
cities in the Yangtze River Delta is promoted by it. At present, the new
foreign investment management system of “national treatment before
entry + negative list management + foreign investment promotion
policy” has promoted a higher level of opening up. Moreover, it
emphasizes the introduction of “high-end manufacturing, intelligent
manufacturing, green manufacturing, and other industries”, fosters a
positive environment for innovation. And opening up to the outside
world is beneficial for enhancing the innovation vitality of small and
medium-sized enterprises in market competition, stimulating
enterprises to increase their knowledge reserves through market
introduction, learning, communication, and other means, and
further promoting the improvement of green innovation efficiency
in the Yangtze River Delta region (Liu et al., 2019). In terms of impact
intensity, for half of the cities, the green innovation efficiency is less
affected by the extent of the opening-up in 2019 than it is in 2010, which
are mainly distributed in Anhui and southern Jiangsu. The effect of the
level of opening up on the green innovation efficiency throughout the
research period has been lessened in these locations.

Economic development level. Figure 6D shows that the impact of it
on the green innovation efficiency inmost cities in Zhejiang and Jiangsu
provinces is different in 2010 and 2019. In 2010, lower levels of it has a
inhibitory effect on the green innovation efficiency; In 2019, a higher
level of it has a promoting effect on the green innovation efficiency,
which demonstrates that regions with high levels of economic
development are able to draw top-tier scientific and technical talent
(Shengrong and Liangwen, 2019). And with complete infrastructure
and R&D equipment, it can ensure the smooth implementation of
innovation activities, provide financial support for green technology
innovation activities, and effectively promote the research,
development, and transformation of green technology innovation
achievements (Sun Yanming, 2021). However, in 2010 and 2019, the
green innovation efficiency inmost areas of Anhui is negatively affected
by the level of economic development, showing that by 2019, the
region’s level of economic growth will not be able to support the
expansion of green innovation efficiency. In terms of effect intensity,
economic development level has a generally greater influence on green
innovation efficiency in 2010 than it does in 2019. That is to say, for
Yangtze River Delta prefecture-level cities, the influence on green
innovation efficiency is strong when economic growth is low, and

when the degree of economic growth is high, the boosting influence on
the green innovation efficiency is lowered. The “shortboard effect” of
green innovation efficiency restrictions increasingly diminished as
economic growth levels rose over time.

Financial support. It can be seen from Figure 6E that the
influence of direction and intensity of financial support on green
innovation efficiency in 2010 and 2019. The direction of influence is
generally negative, that is, for the majority of cities in 2010 and 2019,
financial support has a hindering and inhibiting effect on green
innovation efficiency. At present, provincial-level local financial
regulatory bureaus have been established in provinces such as
Shanghai, Jiangsu, Zhejiang, and Anhui. However, local financial
supervision bureaus have not been established in all cities and
counties. In addition, some municipal and county governments
delegate their regulatory responsibilities to the Development and
Reform Commission or other competent departments of industries.
This creates tension between financial supervision and industrial
development, which is unfavorable to urban green innovation.

Government technology support. Figure 6F demonstrates that
the efficiency of green innovation is positively affected by it, and the
impact intensity in 2010 exceeded that in 2019. But at the same time
section, the influence strength difference is not obvious. Yangtze
River Delta region spends more money on research and
development each year, providing material support for green
innovation activities. It indicates that the government reduces the
technological innovation risks of enterprises through direct financial
support and other means, creating a good innovation atmosphere in
cities to a certain extent, motivating enterprises to carry out
innovation activities, weakening the cost squeezing effect of green
innovation, and promoting the improvement of green innovation
efficiency (Huizhong et al., 2022; Yu et al., 2022).

6 Research conclusions and policy
recommendations

6.1 Research conclusions

Based on the above analysis, the following conclusions can
be drawn:

During the study period, the difference of regional green innovation
efficiency first narrowed and then expanded, and shows the law of
polarization. In space, there is an uneven distribution of “the strong is
always strong and the weak is always weak”, and cities with a high green
innovation efficiency are concentrated in the metropolitan area. In
addition, The Yangtze River Delta urban agglomeration has clear spatial
evolution features of green innovation efficiency and the green
innovation efficiency center of gravity generally presents the
characteristics of southeast to northwest, and finally shifts to northeast.

At the urban spatial scale, the direction and strength of each
influencing element on the green innovation efficiency of the
Yangtze River Delta prefecture-level cities are varied at the urban
spatial scale. The degree of opening up significantly boosts the green
innovation efficiency, but the impact intensity shows spatial
differences. The green innovation efficiency is promoted by
government technology support, but its intensity tends to
weaken. In addition, financial support has a negative impact on
most prefecture-level cities. Over time, the impact of economic
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development level on urban green innovation efficiency has changed
from inhibition to promotion, and the impact intensity tends to
weaken. Industrial structure and environmental regulation tend to
show two effects of promotion and obstruction in different cities
from weak inhibition. Industrial structure and environmental
regulation tend to show two effects of promotion and obstruction
in different cities from weak inhibition.

6.2 Policy suggestion

Based on the above analysis, the following suggestions are
proposed for the development of green innovation efficiency in
the Yangtze River Delta:

First, construct a demonstration area for ecological and green
integrated development. To support the creation of a development
of green innovation, policies and actions should be coordinated around
scientific and technical innovation, industrial development, ecological
environment, and other issues. Specifically, we will promote the transfer
and transformation of technology, sharing resources for technology and
science, the exchange of scientific and technological talents, and the
Yangtze River Delta’s coordination of scientific and technology policy.
We should accelerate the formation of policy synergy in reform
integration, capital investment, project arrangement, resource
allocation. Second, increase investment in green innovation R&D.
Empirical analysis shows that government technology support has a
promoting effect on green innovation efficiency. The government
should further increase financial support for green innovative
technologies and projects. Based on full investigation and research,
allocate funds reasonably, improve the efficiency of fund utilization, and
implement the financial science and technology funds. Third,
scientifically formulate policies for introducing foreign investment.
Fourth, improve the environmental regulatory system. Continuously
optimize industrial structure, accelerate the construction of digital
technologies such as big data and artificial intelligence, promote the
penetration of digital economy and digital technology into traditional
high energy consuming industries, and accelerate the green and low-
carbon transformation of energy consumption structure. In addition, in
the process of promoting the digitization of traditional manufacturing,
regions need to empower themanufacturing industry, improve resource
allocation efficiency, promote industrial intensification, and achieve
leapfrog development of the manufacturing industry by improving
green innovation efficiency. Finally, considering the differences in urban
resource endowment and development, we should develop in a
staggered manner and shape our own green innovation advantages.
Empirical analysis shows that the effects of various explanatory variables
on the efficiency of urban green innovation exhibit heterogeneity.
Therefore, in order to fully consider the current development status,
resource endowment, and location advantages of the city itself in the
process of policy formulation and implementation, staggered
development is necessary. Improve the market mechanism and
government guidance for green innovation resources, actively build
complementary green innovation cooperation platforms, actively
cultivate the green innovation advantages of cities, and leverage the
comparative advantages of each city according to local conditions to
improve the efficiency of urban green innovation. Develop green
industry development plans from dimensions such as spatial layout,
industrial chain, and value chain, so that the overall region and cities can

benefit from integration. Establish a dialogue and consultation
mechanism for industrial development planning between cities,
promote green industry cooperation, complementarity, and
staggered development between cities, and promote mutual benefit
and win-win situation between cities.

6.3 Limitations and prospects

This article also has the following shortcomings: 1) Using the
super SBMmodel to measure the efficiency of green innovation. On
this basis, this article uses the GWR model for empirical research.
Although the estimation results have been well explained, this article
did not consider the possible spatial effects of variables. 2) The
Yangtze River Delta region is increasingly showing a multi center
and networked spatial development phenomenon. However, this
article uses urban panel data, with cities as independent samples,
without considering the possible impact of the networked pattern of
the Yangtze River Delta urban agglomeration on variables.

Therefore, in the following research, the potential spatial spillover
effects of green innovation efficiency will be fully considered, and the
current situation of the multi center network of the Yangtze River Delta
urban agglomeration will be studied. We hope to draw more
meaningful conclusions in the next step of research, which will
supplement and improve the research in this article.
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