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Introduction: Green technology innovation efficiency (GTIE) growth is an
essential route to protect the urban ecological environment in the Chengdu-
Chongging Economic Circle (CCEC). However, the measurement and spatial
driving factors of GTIE are still puzzled.

Methods: This study constructs an urban GTIE indicator system including inputs,
desired outputs, and undesired outputs, and evaluates urban GTIE in the CCEC
using the super-efficiency slacks-based measure (S-SBM). Then, the exploratory
spatial data analysis (ESDA) method is applied to analyze the geographical
distribution and spatial correlation characteristics of urban GTIE, and a spatial
econometric model is used to analyze the influencing factors of urban GTIE from
the perspective of spatial spillover.

Results: The results suggest that: (1) From 2006 to 2020, the urban GTIE of CCEC
has obviously increased, and its spatial distribution has a prominent unbalanced
feature. (2) The urban GTIE of CCEC mainly presents a significant spatial positive
correlation, mainly manifested in the "high-efficiency type" and "low-efficiency type”
regional agglomeration patterns, and the spatial "core-edge” structure centering on
Chengdu and Chongging tends to be stable. (3) Economic development (ED),
government support (GS), and environmental regulation (ER) can promote the
urban GTIE. The negative spillover effects of external opening (EO) and ER are
significant, and they have negative effects on the GTIE of neighboring cities.
(4) Spatial heterogeneity analysis shows that the driving factors of urban GTIE with
different efficiency levels are significantly different, and the spatial spillover effect of
the driving factors of GTIE is more significant in high-efficiency cities.

Discussion: The urban GTIE in the CCEC is showing a growth trend, but it needs to
narrow the gap in GTIE between cities. Firstly, cities can improve the GTIE by
improving ED, strengthening GS, and enhancing ER. Secondly, cities need to pay
attention to the negative spatial spillover effects of ER and EO in the process of
improving the GTIE. Finally, cities with different efficiency types need to develop
differentiated green innovation development strategies based on their own conditions.
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1 Introduction

Green technology innovation (GTI) is an innovation activity
that provides new products, processes, services, and management
solutions through technological innovation with the fundamental
purpose of reducing natural resource consumption, protecting the
ecological environment, and improving resource allocation
efficiency (Braun and Wield, 1994; Mirata and Emtairah, 2005;
Roh et al, 2021). GTI combines technological innovation and
environmental protection, becoming an important way to cope
with economic recession and climate change. Since entering the 21st
century, China’s past economic development model of “high speed
and low quality” at the cost of environmental pollution has
accumulated a series of environmental pollution problems. The
resource dividend and labor dividend in China are gradually
disappearing, and environmental pollution problems are frequent.
Green development has become an essential way for China’s
economy to achieve green and low-carbon transformation. GTI is
the driving force of China’s green development and the fulcrum to
pivot the development of green industries. In this context, GTT has
received unprecedented attention in China (Wang et al., 2019). The
14th Five-Year Plan for National Economic and Social
Development and the Outline of Vision 2035 promulgated by the
Chinese government has put forward the development goal of
“accelerating the green transformation of the development mode
and building a market-oriented GTI system”. In this context,
China’s State Council, National Development and Reform
Commission, and Ministry of Science and Technology have
successively issued policy documents to promote the development
of GIT, such as “Guiding Opinions on Building a Marketization
Green Technology Innovation System” and “Implementation
Opinions on Accelerating the Establishment and Improvement of
a Green Low Carbon Cycle Development Economic System”.

Existing studies mainly focus on the efficiency measurement of
GTI, and the research content mainly focuses on GTIE at industry
and enterprise levels. At the industry level, existing studies have
measured the GTIE of industrial, manufacturing, and high-tech
industries (Wang et al., 2017; Xu et al., 2023; Zhang et al., 2023); at
the firm level, existing studies have measured the GTIE of energy-
based firms (Jiang et al.,, 2021). It is not difficult to find that existing
studies have paid less attention to urban GTIE. In fact, urbanization
is the main driver of regional economic growth. Cities are the unit
of action for the implementation of the Paris Agreement in each
country and the base unit for policy implementation within
countries (Liu K. et al, 2022). China is the world’s largest
developing country and is undergoing rapid urbanization, facing
serious environmental and sustainable development challenges.
Cities are the main vehicle of rapid urbanization in China.
Studying the GTIE of Chinese cities can provide policymakers
with scientific guidance on the transformation and sustainable
development of cities, and promote a win-win situation of
ecological protection and economic growth in China. The GTIE
of Chinese cities has been studied (Fan et al.,, 2021; Liao and Li,
2023), but there is a lack of attention to the GTIE of Chinese
regional urban agglomerations, which reduces the understanding of
the GTIE of Chinese regional urban agglomerations and leads to a
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lack of reference materials for government departments in
formulating regional sustainable development policies. Therefore,
the GTIE of regional urban agglomerations in China is an
important issue worth studying. As the intersection of China’s
Silk Road Economic Belt and Yangtze River Economic Belt, the
CCEC has a unique strategic position in China’s “The Silk Road
Economic Belt and the 21st-Century Maritime Silk Road” and
Yangtze River Economic Belt development strategy, and plays a
demonstration and leading role in promoting China’s sustainable
development process. In 2021, the State Council of China issued the
“Master Plan for Chengdu-Chongqing Economic Circle”, which
pointed out that the CCEC faces problems such as weak innovation
support capacity and deteriorating ecological environment.
Promoting the improvement of urban GTIE is an important way
for cities in the CCEC to achieve ecological protection and
sustainable development. Therefore, measuring the GTIE of the
CCEC is conducive to understanding the spatiotemporal trends and
driving mechanisms of urban GTIE, which provides a scientific
basis for policymakers and promotes the realization of synergistic
economic, social, and environmental development of the CCEC. In
addition, analyzing the GTIE of the CCEC can evaluate the
implementation effect of China’s regional sustainable
development policies, identify the shortcomings of the policies,
and propose relevant policy recommendations and optimization
solutions, providing examples and inspiration for the overall
environmental governance and policy improvement in China.

In this context, this paper uses the S-SBM, ESDA, and spatial
econometric models to analyze the spatiotemporal trend and
driving factors of urban GTIE in the CCEC from 2006 to 2020.
This paper attempts to elaborate on the spatiotemporal divergence
pattern and spatial mechanism of urban GTIE, expand and enrich
the related research on urban GTIE, and provide a reference for
decision-making for cities in the CCEC to achieve the goals of
economic green transformation and sustainable development.
Compared with the existing literature, the contribution of this
paper is mainly in the following aspects: Firstly, existing studies
have less consideration for the impact of resource factors and
environmental benefits on GTIE when constructing measurement
indicators. This paper constructs an urban GTIE index system
including inputs, desired outputs, and undesired outputs and
innovatively incorporates resource factors and environmental
benefits into inputs and desired outputs, respectively, which
enriches the research of urban GTIE measurement. Secondly,
existing studies have paid less attention to GTIE in Chinese cities,
and there are few studies on GTIE in regional cities. This paper uses
ESDA to analyze the geographical distribution and spatial
correlation of urban GTIE, which is conducive to accurately
identifying the spatial characteristics and distribution patterns of
urban GTIE in the CCEC and broadening the boundaries of existing
research. Thirdly, existing studies have mainly examined the
influencing factors of GTIE based on environmental economics,
and few studies have examined the spatial drivers of GTIE from the
perspective of new economic geography. This paper uses a spatial
econometric model to examine the driving factors and
heterogeneity of urban GTIE from a spatial perspective, which is
conducive to summarizing the driving mechanisms of urban GTIE,
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provides a scientific basis for exploring the path of sustainable
urban development in the CCEC, and expands the perspective of
existing research.

2 Literature review

Academic circles are increasingly focusing on GTI, from
sustainable development to the growth of the green economy.
Existing studies have mainly focused on the efficiency
measurement and impact factors of GTL. Some scholars focus on
the efficiency measurement of GTIL In terms of research objects,
scholars mainly focus on GTIE at the industry level, such as
measuring GTIE in manufacturing, high-tech industries, and
more broadly in the industrial sector (Wang et al, 2017; Zhu
et al,, 2018; Yang et al., 2020; Xu et al., 2023; Zhang et al., 2023),
while some scholars focus on GTIE at the provincial level in China
(Luo and Liang, 20165 Li, 2017; Shen et al., 2022). It is not difficult to
find that existing studies lack attention to urban GTIE. Scholars
have studied the GTIE of Chinese cities (Fan et al., 2021; Liao and
Li, 2023), but there are fewer studies on the GTIE of Chinese
regional urban agglomerations. In terms of research methods,
existing studies generally use Stochastic Frontier Analysis (SFA)
and Data Envelopment Analysis (DEA); for example, Cao and Yu
(2015) measured the GTIE of each region in China from 2005 to
2011 based on an improved SFA. Studies using DEA methods are
mainly based on improved DEA models; for example, Zhang M.
et al. (2022) measured GTIE in 30 provinces in China based on the
Slacks-Based Measurement (SBM) model and further discussed the
regional differences in GTIE. Fang et al. (2020) used non-radial
directional distance function-data envelopment analysis (DDF-
DEA) to measure the GTIE of heavy pollution industries in
China. With the increasing research on efficiency measurement,
Tone, (2001) proposed a non-radial, non-angle SBM model based
on slack variables by considering the effect of slack on the basis of
traditional DEA, which is able to measure the efficiency of decision-
making units with undesired outputs. Zhao et al. (2021) measured
the GTIE of Chinese provinces based on the SBM model.
Thereafter, Tone (2002) combined the SBM model with super-
efficiency and proposed the S-SBM model, which is better able to
identify the relative effectiveness of effective decision-making units.
However, few studies have applied the S-SBM model to the
measurement of urban GTIE. In terms of evaluation indexes,
existing studies mainly measure the input elements of GTIE from
dimensions such as capital input and human resources, and
measure the desired outputs of GTIE from dimensions such as
technical and economic benefits (Fan et al., 2011; Cao and Yu, 2015;
Wu and Fan, 2023). It is not difficult to find that resource inputs and
environmental benefits are not considered in the indicator system of
GTIE constructed by existing studies.

Other scholars have turned their research perspectives to the
influencing factors of GTIE. GTI combines technological
innovation and environmental effects, and it has many
characteristics such as spillover and uncertainty, resulting in
complex factors that affect GTIE. Enterprises are the main
carriers of GTIE, and existing studies have examined the
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influencing factors of GTIE from both the external and internal
levels of enterprises (Demirel and Kesidou, 2011), which mainly
include internal factors such as R&D investment and enterprise size,
and external factors such as environmental regulation and
economic development (Hojnik and Ruzzier, 2016; Demirel and
Kesidou, 2019). Ambec and Barla (2002) argue that environmental
regulation has the effect of promoting GTI, and the pressure of
environmental regulation can effectively incentivize the
improvement of GTIE. Hashimoto and Haneda (2008) argue that
government financial support and tax incentives can enhance the
GTIE of enterprises. Shao et al. (2016) argue that increasing R&D
investment increases GTIE, while capital deepening decreases
GTIE. Some scholars have also pointed out that management
decision-making is an important factor affecting the GTI of
enterprises, and management’s environmental awareness is
conducive to promoting GTI and enhancing the GTIE of
enterprises (Colwell and Joshi, 2013). However, Schaarschmidt
(2016) argues that corporate decisions are made by management,
but employees are the specific operators of tasks. Only when
employees have a strong sense of responsibility and belonging,
will they be motivated to improve the GTIE of the enterprise.
Zailani et al. (2015) also argue that employees completing work
according to green standard processes in production can reduce the
environmental costs of the enterprise, and employees are an
important factor in enhancing the GTIE of the enterprise. On this
basis, Amore and Bennedsen (2016) argue that the improvement of
corporate governance levels is beneficial for the GTT of enterprises.
It is not difficult to find that there is a wealth of research on the
influencing factors of GTIE. However, in discussing the influencing
factors of GTTE, existing studies mainly focus on the direct effects of
each influencing factor, ignoring the positive externalities of GTI
knowledge diffusion. With the deepening of related research on
GTIE, academics have gradually focused on the spatial effects of
GTIE, and spatial factors have begun to be embedded in the
research framework of the influencing factors of GTIE (Sun and
Chen, 2021).

In summary, the existing literature has fruitfully explored the
measures and influencing factors of GTIE, but there are still
elements for further optimization. Firstly, existing studies have
not reached a consensus on the connotation of GTI, and have
ignored environmental pollution factors in the selection of
quantitative indicators for GTIE. The literature on environmental
pollution ignores the systematicity and complexity of GTI, only
considering human and capital factors in the input indicators of
GTIE, and only considering economic and innovative benefits in
the desired output indicators of GTIE, ignoring resource and
environmental benefits, and failing to accurately explain the
connotation of GTIE. Secondly, existing literature on GTIE
mainly focuses on the provincial and industry levels in China,
with few studies focusing on the influencing factors of GTIE at the
urban level in China. Moreover, there have been few studies on
GTIE in Chinese urban agglomerations, resulting in insufficient
demonstration and guidance from the existing studies. Thirdly, the
existing studies mainly focus on the direct effect of the influencing
factors of GTIE, ignoring the negative externality of environmental
pollution and the positive externality of knowledge diffusion, and
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fail to reveal the spatial influence mechanism of GTIE. Fourthly,
existing studies mainly focus on the mechanisms of influencing
factors on GTIE, ignoring the heterogeneity of influencing
mechanisms that may result from differences in the level of
economic development and resource endowment among cities.

In this context, this paper enriches the existing research in the
following aspects: Firstly, based on the connotation of GTI, this
paper not only focuses on the human factor and capital factor in the
input indicators of GTIE and the economic and innovation benefits
in the desired output indicators, but also incorporates the resource
factor and the environmental benefits into the input indicators and
the desired output indicators of GTIE, respectively, so as to
comprehensively consider the double externalities of GTI.
Secondly, from the perspective of urban agglomeration, this paper
analyzes the spatial characteristics and dynamic transition path of
GTIE in CCEC by combining the S-SBM model with undesired
output and ESDA. Thirdly, focusing on the double externality
characteristics of GTI, this paper examines the spatial influencing
factors of GTIE and its spatial heterogeneity in the CCEC based on a
spatial econometric model. The conclusions based on the above
analysis have great theoretical value and practical significance for
promoting the green transformation of cities in the CCEC.

3 Influence mechanism of GTIE
3.1 Research area

The CCEC covers 16 cities in western China, specifically
including Chongqing and 15 cities in Sichuan Province
(Chengdu, Luzhou, Mianyang, Zigong, Neijiang, Meishan,
Deyang, Suining, Leshan, Guang’an, Nanchong, Dazhou, Yibin,
Ziyang and Ya’an), with a total area of 185,000 square kilometers,
accounting for 1.9% of China’s total area. In 2021, the resident
population of the CCEC is 96 million, accounting for 6.9% of

10.3389/fevo.2023.1234374

China’s total population, and its regional GDP is 7.39 trillion RMB,
accounting for 6.5% of China and 30.8% of western China.

The CCEC is located at the intersection of China’s “Belt and
Road” and the Yangtze River Economic Belt, and as the beginning
of the new land-sea corridor in western China, which has the
distinct advantages of linking southwest and northwest China and
facilitating communication with East Asia, Southeast Asia, and
South Asia (see Figure 1). The CCEC enjoys excellent ecological
endowments, abundant energy and mineral resources, and dense
towns, making it the most densely populated, most industrially
advanced, most innovative, most open and with the widest market
space in western China, with a unique and important strategic
position in the national development.

3.2 Influence mechanism of GTIE

This paper analyzes the spatial influence mechanism of urban
GTIE from four perspectives (ED, EO, GS, and ER) based on the
existing studies (see Figure 2).

The first influence mechanism is the effect of ED on GTIE.
Firstly, compared with traditional innovation, GTI has a higher
threshold of entry, and it needs more financial support effect and
green human resources agglomeration effect of ED (Fan and Sun,
2020). Higher levels of ED are usually accompanied by greater
investment in R&D and technological innovation, which provides
GTI with richer resources and conditions (Fan and Teo, 2022).
Cities with higher levels of ED can attract more innovative talent
and capital, and the resulting economic agglomeration effect
promotes technological progress and innovation, which improves
urban GTIE. Secondly, with the improvement of ED levels,
residents’ awareness of environmental protection and sustainable
development is becoming stronger, and they tend to prefer green
products in their daily consumption (Zameer and Yasmeen, 2022).
The large-scale market demand also provides a broader market

Legend

——= = National Borders

Provincial boundaries

Other regions in China
[ Chengdu-Chongqing Economic Circl

0 295 590
L L 1 L 1 L 1 L

Chengdu-Chongqing Economic Circle

Chongging

— City Boundaries
[_J Chongging 0

160 Miles
[ Cities in Sichuan Province

FIGURE 1
Diagram of the CCEC.
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FIGURE 2
Influence mechanism of GTIE.

space for the promotion of green products and technologies, further
contributing to the improvement of urban GTIE. In cities with
higher levels of ED, governments are usually more willing to
develop and implement policies and plans that support GTI. At
the same time, businesses are able to devote more resources to GTI.
This positive environment of demand and support will lead to an
increase in urban GTIE (Huang and Wu, 2019). Thirdly, the level of
ED is closely related to the industrial structure of cities, which also
has an impact on GTIE. For example, in economically developed
cities, their economic structure is relatively diversified, with richer
industrial and supply chains. This provides more opportunities for
GTIE enhancement (Su and Fan, 2022).

The second influence mechanism is the effect of EO on GTIE. EO
is crucial for promoting economic growth in Chinese cities, and it
also has a significant impact on urban GTIE. On the one hand, EO
can promote the dissemination and exchange of knowledge and
technology, and have a positive impact on urban GTIE. Through
cooperation with foreign enterprises and research institutions, cities
can obtain more advanced technologies and management models
from around the world. This flow of knowledge and technology can
help cities to acquire and assimilate advanced GTI technologies more
quickly, thus improving GTIE (Yang et al., 2017; Wang et al., 2022).
On the other hand, EO also contributes to the competitiveness and
innovation drive of cities. By aligning with the international market,
urban enterprises face greater market competition pressure, which
will force them to accelerate their innovation pace and improve the
technological content of their products. Enterprises and research
institutions in cities will also face innovation competition from other
countries and regions, and this competitive pressure will drive cities
to increase their R&D investment in GTI, which will improve the
urban GTIE (Yang et al., 2017). However, the impact of EO on urban
GTIE is generally positive, but there is also the phenomenon of
“pollution paradise” (Luo et al, 2023). The “pollution paradise”
hypothesis suggests that developed regions, in the process of
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Analysis of spatial driving factors for green technology
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outward investment and industrial transfer, prefer to establish
energy-intensive enterprises or production processes in regions
with lower environmental standards for their own environmental
protection considerations, which has a negative impact on GTIE in
areas where foreign capital flows (Qin and Sun, 2019; Ouyang et al,,
2020). The higher the EO level of a city, the more susceptible it is to
the “pollution paradise” phenomenon, leading to the city becoming a
“refuge” for international low-end production capacity and reducing
the urban GTIE (Luo et al.,, 2022).

The third influence mechanism is the effect of GS on GTIE.
When the city’s government provides effective support measures, it
will directly affect the urban GTIE. Firstly, the research and
transformation of GTI have dual externalities, and the high
development cost and high commercial uncertainty of GTT are the
main obstacles for enterprises to undertake GTT activities. Traditional
non-green technologies are still dominant, and enterprises have
limited expected returns from GTI (Stucki, 2019). GS has improved
urban GTIE by providing financial support in the form of
investments, subsidies, and loans to encourage firms to invest and
conduct research in GTI (Yang et al, 2021). Secondly, GS has
upgraded GTIE by enacting laws, regulations, and policy measures
favorable to GTI. For example, the government establishes green
industrial parks, provides tax incentives and subsidy policies, and
supports the establishment and development of GTI related
enterprises (Wu et al, 2021). At the same time, the government
has promoted GTIE by strengthening intellectual property protection
and encouraging knowledge creation and sharing. Thirdly, GS
promotes the cultivation and exchange of GTI talents by
establishing a talent cultivation system for GTI and providing
opportunities for educational training and research institution
cooperation. The government’s support and investment have
improved the quality and quantity of talent, provided talent
support for enterprises to conduct GTI, and promoted the
improvement of urban GTIE (Liu F. et al.,, 2022).
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The fourth influence mechanism is the effect of ER on GTIE.
GTI combines technological innovation and environmental
protection, which is closely related to environmental regulation;
ER has a significant impact on GTIE. Firstly, strict ER can drive
enterprises to invest and develop in technological innovation to
meet prescribed environmental standards and limitations. It has
strengthened the research and development of green technology
and innovation, and improved GTIE (Ahmed, 2020; Peng et al,
2021). Secondly, ER can promote the development and promotion
of more environmentally friendly technologies and products by
enterprises through market-oriented mechanisms, such as carbon
emissions trading and carbon pricing. This change in market
demand can prompt enterprises to shift towards GTI and
improve GTIE (Fu et al, 2023). Thirdly, ER can drive enterprises
to optimize resource utilization and improve the efficiency of
production and operations. Regulations to limit emissions and
reduce waste generation are forcing enterprises to look for more
environmentally friendly production processes and resource
utilization methods to enhance GTIE (Popp, 2006). However, the
impact of ER on urban GTIE is usually positive, but there is also a
hypothesis. The
hypothesis suggests that strict ER may require enterprises to

“cost of compliance” “cost of compliance”
invest significant additional resources and funds to meet
environmental standards and requirements. This could increase
the cost burden on enterprises, reduce their incentives and capacity
for GTI, and inhibit urban GTIE (Conrad and Wastl, 1995).

4 Methodology and data sources

4.1 Measurement and analysis
method of GTIE

4.1.1 Super-efficient SBM

DEA, as a measure of the efficiency of complex systems, is
highly applicable to the measurement of GTIE with multiple input
and output indicators. However, the traditional DEA assumes that
all outputs are desired outputs, so it is impossible to measure the
efficiency value when there are undesired outputs. To overcome the
above shortcomings, Tone (2001) proposed a non-radial, non-
angular SBM model based on slack variables, which is able to
quantify the effectiveness of decision units with undesired outputs,
by considering the effect of slack on the basis of traditional DEA.
Thereafter, Tone (2002) combined the SBM model with super-
efficiency and proposed the S-SBM model. In this context, this
paper uses the S-SBM model to measure GTIE in the CCEC.

The S-SBM model assumes that there are n decision-making
units (DMUs) in the production system, each containing an input
vector X, a desired output vector Y, and a undesired output vector Z.
The vector elements can be represented as x € R™, y € R andz €
R". Define the matrices X = XX, ] ER™ Y = [y, .00, €
R 7 = [z1,...2,) € R where x>0, >0, z;>0. The
formula for S-SBM model that includes undesired outputs is
shown in Equation (1).
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where p* is the value of GTIE, x},,, 4, zj,represent the input,
desired outputs, and undesired outputs of DMU, respectively, m, [, h
represent the number of inputs, desired outputs and undesired
outputs, respectively, s%,, s, sirepresent the slack vectors for inputs,
desired outputs and undesired outputs, respectively, and A! is the
weight of DMU.

4.1.2 Exploratory spatial data analysis

The ESDA includes global and local spatial correlation analysis.
To analyze the spatial correlation and distribution pattern of GTIE
in CCEC, this paper adopts the global Moran’s I to test the global
spatial agglomeration characteristics of GTIE, and its formula is
shown in Equation (2).

n on
EEWt](xl -
i=1j=1

I= — 2
S >wi

i=1j=1

x)(x; - %)

where I is the global Moran’s 1, n is the number of cities, x;, X
represent the GTIE of city i and city j, respectively, S” represents the
sample variance, and w;; represents the elements of the spatial
weight matrix. The level of economic development of cities is closely
related to the GTIE (Li, 2017), and the economic distance matrix
based on the level of economic development is a more realistic
reflection of the spatial correlation between cities than the
traditional adjacency matrix. In this context, this paper refers to
the method of Lin et al. (2005) to measure the economic distance
between cities using the difference in per capita regional GDP of
cities. The elements of the economic distance matrix between cities
are wy; = 1/[y; — 7|, where jis the city’s gross regional product per
capita, and the economic distance between the city and itself is
specified as zero. The global Moran’s I takes a value between —1 and
1. If I > 0, it means that there is a positive spatial correlation in the
GTIE of cities. If I< 0, it means that there is a negative spatial
correlation in the GTIE of cities. If I is close to zero, it means that
the spatial distribution of GTIE is random and there is no
spatial correlation.

The global spatial correlation analysis is difficult to reveal the
location and local correlation degree of GTIE. Therefore, this paper
uses the local Moran’s I to test the local spatial agglomeration
characteristics of GTIE, and its formula is shown in Equation (3).

(x, x) "

EW{I(X (3)

where I; is the local Moran’s I and the rest of the symbols are
consistent with Equation (2). If I; > 0, it means that cities with
similar GTIE characteristics are clustered together, which means
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that cities with high (low) GTIE are surrounded by cities with high
(low) GTIE, defined as “high-high (low-low)” clustering. If I;< 0, it
means that cities with different GTIE characteristics are clustered
together, which means that cities with high (low) GTIE are
surrounded by cities with low (high) GTIE, defined as “high-low
(low-high)” clustering.

4.2 Spatial econometric model

The GTI has the property of double externality, and the
traditional econometric model, which assumes inter-regional
independence, is no longer applicable. The GTI has dual
externalities, and the traditional econometric model based on the
premise of mutual independence between regions is no longer
applicable. Therefore, spatial econometric modeling becomes an
effective method to analyze the spatial influence mechanism of
GTIE. The Spatial Error Model (SEM), Spatial Lag Model (SLM),
and Spatial Durbin Model (SDM) are three of the most widely used
spatial econometric models, but the SEM and SLM ignore the
spatial dependence of the explained and explanatory variables,
which will lead to biased estimation results of the models (Lesage
and Pace, 2009), and the two models have defects in the analysis of
direct and indirect effects (Elhorst, 2014). However, the SDM takes
into account both endogenous and external spatial interaction
effects and is better able to examine the spatial influence
mechanism of GTIE. Meanwhile, to solve the problem of omitted
variables due to regional differences and time differences, urban
effects and time effects are added to the SDM. The model is set as in
Equation (4).

TEC; = 04 + pW X TEC;; + BXj + OWX + xZi + L + ¥
+ €

)

where TEC represents the GTIE, o represents the constant term,
p represents the spatial autoregressive coefficient of GTIE, W
represents the spatial weight matrix, which is consistent with the
spatial weight matrix setting in ESDA, and y represent parameters
to be estimated, O represents the coefficient of spatial effects, X
represents the influencing factors of GTIE, Z represents control
variables, [ represents unobservable urban effects, yrepresents time
effects, and ¢ represents the spatial error term.

In the spatial Durbin model, the explanatory variables of the
city affect not only the explained variables of the city (direct effects),
but also the explained variables of the spatially adjacent cities
(indirect effects). The SDM has direct effects () and indirect
effects (9), but when the coefficient of the spatial lag term of the
explained variables (p) is significantly not equal to zero, the direct
and indirect effects cannot be identified by the parameters in the
model (Lesage and Pace, 2009). Therefore, this paper decomposes
the spatial effects of the SDM based on the partial differential
approach. In this paper, Equation (4) is expressed as a matrix
form as shown in Equation (5).

TEC = (I - pW) ' BX +8WX) + (I - pW) 'xZ + (I - pW) '+
IT-pW) '+ T - pW) 'y + (I-pW) ‘e
(5)
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where the partial derivatives of the explained variables with
respect to the explanatory and control variables are shown in
Equation (6) and (7).

d (tec;) d (tec;)
EEN 9 Xy
d (TEC) Jd (TEC) _
a a - . .
ik nk dtec)  Dltecy)
9xy 0 X,
Be wiab - wi, &
w 5k ﬁk e W 5k
= a-pw) | " ©
W10k WO - B
o (tec;) . d (tecy)
9z EEM
Jd (TEC) J (TEC) _ B (prW)flx )
a a - . . -
“k “nk dltecy) . Dltec,)
9z EEM

where n represents the number of cities and k represents the
number of explanatory or control variables. The spatial effect in
Equation (6) is decomposed into direct effect and indirect effect.
According to the average indicator method of Lesage and Pace
(2009), the mean of the main diagonal elements of the rightmost
partial derivative matrix in Equation (6) represents the direct effect
of the model, which represents the degree of influence of the city’s
explanatory variables on the GTIE of the city. The mean value of the
non-diagonal elements in each column or row of the partial
derivative matrix indicates the indirect effect of the model,
representing the degree of influence of the city’s explanatory
variables on the GTIE of spatially adjacent cities, and the sum of
the direct and indirect effects indicates the total effect of the model.
If 6 of Equation (4) is significantly 0, the ratio of direct and indirect
effects of all explanatory variables is equal, and the results are shown
in Equation (7).

4.3 Variable selection for spatial
econometric model

4.3.1 Explained variables

The explained variable is GTIE. Based on the existing research
(Shu et al,, 2016; Zhu et al,, 2018; Lv et al., 2019), this paper defines
the connotation of GTT as a new innovation activity that takes into
account technological innovation and ecological protection, which
has the positive externality of knowledge spillover and the negative
externality of environmental pollution, constructs the evaluation
index system of GTIE from three aspects: factor input, desired
output and undesired output (see Table 1), and uses the S-SBM
model to measure the GTIE of each city in CCEC.

In the selection of input indicators, compared with the existing
literature which only considers capital input and human input
(Huang and Wu, 2019; Lv et al., 2019), this paper innovatively adds
resource input, and measures the factor input from capital, human
and resource, respectively. In the selection of desired output
indicators, this paper not only covers general innovation outputs,
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TABLE 1 A system of indicators to measure the GTIE.

10.3389/fevo.2023.1234374

Category | Indicator  Indicator Indicator Unit
Quantity Internal expenditure of R&D funds 10 thousand yuan
Capital
Efficiency Proportion of internal expenditure of R&D funds to GDP %
Quantity Full-time equivalent of R&D personnel Person
I Human
nput Efficiency Labor productivity Yuan - man
Quantity Industrial electricity consumption 10 thousand kWh
Resource . . L .
E t t of value added dust
Efficiency DErgy consumption per urit of value acdec In Incustries Tons of standard coal - 10 thousand yuan
above the scale
Sales revenue of new products of industrial enterprises above
Economic benefits vend W procu " P v 10 thousand yuan
the scale
Desired
Technological benefits Number of patents granted Unit
Output Environmental benefits Comprehensive utilization rate of industrial solid waste %
Air pollution Industrial sulfur dioxide emissions 10 thousand tons
Undesired Water pollution Industrial wastewater emissions 10 thousand tons
Dust pollution Industrial smoke (dust) emissions indicators 10 thousand tons

but also adds environment-related outputs, and innovatively
measures desired outputs in terms of economic benefits,
technological benefits and environmental benefits. In the selection
of undesired output indicators, this paper measures the undesired
outputs in terms of air pollution, water pollution and dust pollution.

4.3.2 Explanatory variables

The explanatory variables are the main influencing factors of GTIE.
According to the findings in the previous section of influence
mechanism analysis, the main factors affecting urban GTIE of the
CCEC are ED, EO, GS, and ER. Therefore, the above four variables are
selected as explanatory variables in this paper. ED is measured by the
city’s per capita gross regional product, EO is measured by the
proportion of actual foreign investment used in the city to the total
social fixed asset investment, GS is measured by the proportion of the
city’s science and technology expenditure to the local fiscal expenditure,
and ER is measured by the proportion of the city’s total investment in
environmental pollution control to the regional gross product.

4.3.3 Control variables

The control variables are other variables that affect urban GTIE.
Referring to the findings of existing literature (Huang and Wu,
2019; Sun and Chen, 2021), this paper adds control variables such as
industrial structure (IS), human capital (HC), and urbanization rate
(UR) to the model. IS is measured by the share of value added of
secondary industry in regional GDP in cities, HC is measured by the
share of employment in secondary industry in total employment in
cities, and UR is measured by the share of urban resident population
in total population in cities at the end of the year.

4.4 Data sources

On the basis of data availability and comparability, this paper
selects the panel data of 16 cities in the CCEC from 2006 to 2020. The
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data in this paper are obtained from the 2007 to 2021 Chonggqing
Statistical Yearbook, Sichuan Statistical Yearbook, Sichuan Science
and Technology Statistical Yearbook, Sichuan Science and
Technology Yearbook, Chongqing Science and Technology
Statistical Yearbook, China Urban Statistical Yearbook, China
Environmental Statistical Yearbook and the official website of the
Sichuan Intellectual Property Service Promotion Center. For the
treatment of missing values and outliers in the data, this paper
adopts the Lagrangian interpolation method and the linear
interpolation method to fill in the missing values and outliers
according to the change trend of the data samples.

5 Results

5.1 Spatiotemporal evolution
characteristics of GTIE

5.1.1 Temporal trends of GTIE

Figure 3 shows that the GTIE of CCEC shows a growth trend
with obvious characteristics of stage evolution, which can be divided
into three stages during the sample period. The first stage is the
“growth period” from 2006 to 2010, in which GTIE showed a trend
of decreasing and then increasing, from 0.78 in 2006 to 0.85 in 2010.
This stage is the early stage of the construction of the CCEC,
technological innovation collaboration and joint construction of
ecological barrier are the key tasks of Chengdu and Chongqing to
promote the construction of the economic circle, and a series of
policies are implemented to promote GTIE. The second phase is the
“oscillation period” from 2010 to 2014, in which the GTIE shows a
fluctuating trend and reaches the maximum value of 0.92 in the
sample period in 2013. This stage is the alternate transition period
of China’s “11th Five-Year Plan” and “12th Five-Year Plan”, and the
pace of industrial restructuring is fast. Meanwhile, in 2011, China’s
National Development and Reform Commission released the
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FIGURE 3

Trends of GTIE in CCEC

Regional Plan for Chengdu-Chongqing Economic Zone. The dual
influence of industrial restructuring and government planning is an
important reason for the fluctuation of GTIE. The third phase is the
“revitalization period” from 2014 to 2020, in which GTIE shows an
increase from 0.81 in 2014 to 0.83 in 2020. This stage is China’s
“13th Five-Year Plan” period. Green development has become an
important goal of China’s economic and social development, and
the quality of the ecological environment has been widely valued by
governments at all levels. The CCEC has actively promoted energy
efficiency and emission reduction, and the implementation of
environmental protection policies and the development of green
industries have further promoted GTIL

5.1.2 Spatial distribution of GTIE

In this paper, we classify and spatially visualize the time-series
data of GTIE based on the natural fracture method for hierarchical
classification and spatial visual representation. Figure 4 shows that
the GTIE is spatially unbalanced, and that the “double core”
position of Chengdu and Chongqing in the economic circle is
gradually prominent. From 2006 to 2010, the higher-efficiency cities
of GTIE are transformed from Chengdu to Chongqing, the GTIE in
medium-efficiency cities is significantly improved, and the high-
efficiency cities are transformed from Meishan, Ziyang and
Chongqing to Mianyang, Chengdu, Meishan, Ziyang, Neijiang,
Guang’an and Dazhou. From 2010 to 2015, Chongqing continued
to maintain its status as a higher-efficiency city, and high-efficiency
cities shifted from the north to the south of the economic circle,
forming a cluster of low-efficiency and medium-efficiency cities in
the north and a cluster of high-efficiency and medium-efficiency
cities in the south, with an obvious north-south distribution
difference in the spatial distribution of GTIE. From 2015 to 2020,
the spatial distribution of GTIE changes from a single-core pattern
in Chongqing to a double-core pattern centered on Chengdu and
Chongging, with a significant reduction in high-efficiency cities and
a contiguous development of medium-efficiency and low-efficiency
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cities. It is worth noting that the GTI in the CCEC may fall into a
“medium efficiency trap” in its future development. For low-
efficiency and medium-efficiency cities, there is an invisible
“ceiling” of GTIE. The “siphon effect” of higher-efficiency cities
makes green innovation resources over-concentrated in a few cities,
and the loss of green innovation resources in medium-efficiency and
low-efficiency cities is serious, and their industrial structure has
been dominated by secondary industries for a long time, which
leads to insufficient endogenous power of green innovation. The
combination of these factors hinders the progress of low-efficiency
and medium-efficiency cities to higher gradient efficiency cities.

5.1.3 Spatial correlation characteristics of GTIE

In Table 2, it is shown that the global Moran’s I of GTIE is
significant at different test levels, indicating that there is a significant
spatial correlation of GTIE. Specifically, from 2006 to 2007, the
global Moran’s I of GTIE is positive, showing a significant positive
spatial correlation, which is characterized by the spatial clustering of
“high (low)-efficiency cities surrounded by high (low)-efficiency
cities”. However, the absolute value of the Moran’s I gradually
decreases, and the positive spatial correlation gradually decreases.
From 2008 to 2015, the global Moran’s I of GTIE changed from
positive to negative, showing a significant negative spatial
correlation, which is characterized by the spatial agglomeration of
“high-efficiency cities surrounded by low-efficiency cities”, and the
spatial “polarization effect” is prominent. The possible reason is that
the 2008 global financial crisis had a negative effect on the economic
growth of cities in the CCEC, especially hitting the financial systems
of each city, which led to a significant shortage of innovation capital
investment in each city. However, cities with high GTIE are rich in
green innovation resources, and green innovation factor inputs are
less affected by the financial crisis, thus further increasing the green
innovation development gap among cities in the economic circle,
and GTIE shows a negative spatial correlation. From 2016 to 2020,
the global Moran’s I of GTIE turns from negative to positive,
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showing a significant positive spatial correlation, which is
manifested by cities with similar GTIE clustering with each other.
The possible reason is the flow of capital, talent, technology and
other innovation factors among cities in the economic circle
accelerates with the gradual implementation of the government’s
economic stimulus policies, driving the upgrading of urban
industrial structure and the transformation of green low-carbon
development, and the GTIE of each city improves significantly, and
the gap of green innovation development among cities in the
economic circle gradually narrows, making GTIE turn to be
spatially positively correlated.

TABLE 2 Global Moran’s | of GTIE from 2006 to 2020.

To analyze the local clustering dynamics of GTIE, this paper
organized the distribution of each city in each quadrant of the local
Moran’s I scatter plot. Table 3 shows that there are 10 cities located
in the first and third quadrants in 2006, increasing to 11 in 2020,
accounting for 62.5% and 68.8% of all cities, respectively. It shows
that the GTIE in 2006-2020 is mainly spatially positively correlated,
and its regional agglomeration pattern is mainly “high-efficiency
type” and “low-efficiency type”.

In 2006, there are four cities located in the first quadrant,
including Chengdu, Mianyang, Guang’an, and Chongqing. There
are six cities in the third quadrant, including Zigong, Deyang,

Global Moran’s | P-value P-value

2006 0.138* 0.012 2014 ~0.062** 0.024
2007 0.054** 0.035 2015 ~0.090* 0.086
2008 -0.033* 0.073 2016 0.015* 0.051
2009 ~0.036"* 0.040 2017 0.053** 0.035
2010 ~0.2024%% 0.002 2018 0.057+* 0.030
2011 ~0.025%* 0.047 2019 0.027+* 0.049
2012 ~0.083* 0.089 2020 0.066** 0.034
2013 -0.024* 0.076

*, **, and *** denote significance at the 10%, 5%, and 1% level, respectively.
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TABLE 3 Quadrant distribution of urban GTIE in 2006 and 2020.

Quadrant 2006

First quadrant
(High-High: High-efficiency type)

10.3389/fevo.2023.1234374

2020

Chengdu, Mianyang, Guang’an, Chongqing Chengdu, Luzhou, Mianyang, Neijiang, Meishan, Guang’an, Ziyang

Second quadrant

(Low-High: Hollow type) Luzhou, Suining, Neijiang, Dazhou

Third quadrant
(Low-Low: Low-efficiency type)

Fourth Quadrant

Meishan, Zi
(High-Low: Polarization type) eishan, Ziyang

Suining, Dazhou

Zigong, Deyang, Leshan, Nanchong, Yibin, Ya’an Zigong, Deyang, Nanchong, Ya’an

Leshan, Yibin, Chongging

Leshan, Nanchong, Yibin, and Ya’an, which have relatively fewer
green innovation resources and lower GTIE. There are relatively few
cities in the second and fourth quadrants, accounting for only 37.5%
of all cities. There are four cities in the second quadrant, including
Luzhou, Suining, Neijiang and Dazhou, which have relatively low
efficiency in GTIL Although they are adjacent to high-efficiency
cities, they do not effectively undertake the technology spillover of
green innovation from high-efficiency cities. There are two cities in
the fourth quadrant, including Meishan and Ziyang, which have
high GTIE but less green technology spillover to neighboring cities
and less spatial radiation. In summary, the GTIE of CCEC is low in
2006, and the spatial agglomeration is mainly “high-efficiency type”
and “low-efficiency type”.

In 2020, there are seven cities in the first quadrant, with Luzhou,
Neijiang, Meishan and Ziyang added, and Chongqing reduced
compared to 2006. Luzhou and Neijiang have changed from
“hollow type” to “high-efficiency type”, and Meishan and Ziyang
have changed from “polarization type” to “high-efficiency type”.
There are four cities in the third quadrant, with Leshan and Yibin
reduced compared to 2006. There are relatively few cities in the
second and fourth quadrants, accounting for only 31.3% of all cities.
There are two cities in the second quadrant, with Luzhou and

TABLE 4 Types and paths of spatiotemporal leap of GTIE.

Type of leap

Type I: The study unit remains unchanged and the neighboring unit leaps.

Neijiang reduced compared to 2006. There are three cities in the
fourth quadrant, including Leshan, Yibin, and Chongging, with
Chonggqing changing from “high-efficiency type” to “polarization
type”, while Leshan and Yibin change from “low-efficiency type” to
“polarization type”.

To analyze the spatial leap path of GTIE of cities in the
economic circle, this paper extends the scatter plot of the local
Moran’s I by referring to the spatiotemporal analysis of Rey and
Janikas (2006). Table 4 shows that the leap path of Type I is between
“high-efficiency type” and “polarization type”, and the cities include
Chongqing, Meishan and Ziyang. No cities leapfrogged in the path
of Type II. The leap path of Type III is between “hollow type” and
“high-efficiency type”, “low-efficiency type” and “polarization type”,
and the cities include Luzhou, Neijiang, Leshan and Yibin. The rest
of the cities in the economic circle belong to Type IV which no leap
occurs. In summary, GTIE has obvious spatial agglomeration and
low mobility characteristics, and its spatial leap shows obvious
stability. More than half of the cities do not break away from the
original spatial agglomeration pattern, and the double core spatial
distribution pattern of the GTIE with Chengdu and Chongging as
the core has stability, and the “core-edge” structure of green
innovation development in the CCEC tends to be stable.

Path of leap City
High-efficiency type— Polarization type Chongqing
Polarization type — High-efﬁciency type Meishan, Ziyang

Low-efficiency type — Hollow type

Hollow type — Low-efficiency type

High-efficiency type — Low-efficiency type

Low-efficiency type —High-efficiency type

Type II: Both the study unit and the neighboring unit leap.

Hollow type — Polarization type
Polarization type — Hollow type
High-efficiency type — Hollow type

Hollow type — High-efficiency type Luzhou, Neijiang

Type III: The study unit leaps and the neighboring unit remain unchanged.

Type IV: No change in study unit and neighboring unit.
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Low-efficiency type — Polarization type Leshan, Yibin
Polarization type — Low-efficiency type

No leap Other cities
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5.2 Analysis of the influencing factors
of GTIE

5.2.1 Results of the spatial econometric model
The estimation results of SDM are obtained based on the
previous model settings (see Table 5). To compare the robustness
of the model estimation results, this paper reports the estimation
results of SLM and SEM. In Table 4, it is shown that the significance
of the parameters of models (2), (4), and (6) is significantly
improved after controlling for city effect and time effect, which
indicates that GTIE is influenced by individual city attributes and
time trends. It is necessary for the model to control for individual
and time effects so that the net effect of each influencing factor on
the GTIE can be more accurately identified. In models (3) to (6), the
spatial effect coefficients of GTIE are all significantly positive, which

10.3389/fevo.2023.1234374

indicates that there is a significant positive spatial spillover effect of
GTIE. The enhancement of GTIE in this city can lead to GTI in
spatially adjacent cities. In models (1) and (2), the spatial effect
coefficients of the spatial error terms are significantly positive,
indicating that there is a spatial spillover effect of the spatially
perturbed factors of the model, and the unobserved factors affecting
GTIE in this city also have a positive effect on GTIE in spatially
adjacent cities.

In addition, the results of the Likelihood Ratio (LR) test show
that the test statistics of models (5) and (6) reject the original
hypothesis that SDM can degenerate into SLM or SEM at the 1%
significance level, which indicates that SDM is optimal. From the
estimation results of the models, the spatial autoregressive
coefficients of GTIE in models (5) and (6) are significantly
positive at the 5% or 1% test level, which indicates that the direct

TABLE 5 Estimation results of the spatial econometric model.

Variable SEM SLM SDM
(1) (2) (€) (4) (5) (6)
Random effect Fixed effect Random effect Fixed effect Random effect Fixed effect
W 0.1140* 0.3009%**
¢ (0.0661) (0.1144)
0.1090* 0.2468** 0.1083* 0.3316**+
WXTEC
(0.0602) (0.1069) (0.0508) (0.1074)
0.4056 0.3230%* 0.4271 0.4701** 0.6279* 14217
ED
(0.5408) (0.1509) (0.3813) (0.2071) (0.3783) (0.6128)
0.0027 -0.0388 0.0050 ~0.0234 ~0.0190 ~0.0184
EO
(0.0301) (0.0344) (0.0317) (0.0343) (0.0339) (0.0332)
Gs 0.1468** 0.1913*+ 0.1477+ 0.1753*+ 0.1437+ 0.2479%+
(0.0522) (0.0585) (0.0533) (0.0579) (0.0553) (0.0606)
0.0112 0.0166 0.0112 0.0003 0.0120 0.0485*
ER
(0.0308) (0.0756) (0.0329) (0.1501) (0.0632) (0.0267)
0.0066 ~0.0417 0.0151 -0.0092 0.0671 0.0559
IS
(0.0066) (0.3475) (0.1678) (0.3067) (0.1860) (0.3287)
He -0.1816 -0.1795 ~0.1789 -0.1618 ~0.1545* ~0.1464*
(0.1634) (0.1675) (0.1638) (0.1684) (0.0817) (0.0775)
UR 0.8214 1.2618* 0.8599* 1.1462* 0.3327 0.5436*
(0.6269) (0.7512) (0.4804) (0.6065) (0.7233) (0.2954)
0.2816 0.0248
WxED
(0.4265) (0.0182)
~0.0921* —0.2502%%*
WxEO
(0.0523) (0.0708)
0.0890 0.2709**
WxGS
(0.0997) (0.1243)
—0. 2 —0. o
WER 0.0273 0.2333
(0.0663) (0.1042)
City effect No Yes No Yes No Yes
Time effect No Yes No Yes No Yes
LR(SLM) 19.7000*¢ 18.0100%**
LR(SEM) 18.3700* 16.3700%*
N 240 240 240 240 240 240

Robust standard errors are in parentheses in the table. *, **, and *** denote significance at the 10%, 5%, and 1% level, respectively.
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and indirect effects cannot be identified through the estimated
parameters in the models, and further partial derivative matrices
need to be constructed to decompose the spatial effects. Therefore,
this paper decomposes the spatial effects on the basis of model (6)
(see Table 6).

The results in Table 6 show that the coefficient of the direct
effect of ED is positive at the 5% level of significance, and the
coefficient of its indirect effect is not significant. It indicates that ED
has a positive effect on the GTIE of cities, but its spatial spillover
effect on spatially adjacent cities is not significant. The
improvement of the economic development level can stimulate
the demand of urban GTI and provide more financial support for
GTT activities, which in turn can promote the improvement of
urban GTIE. However, Shi and Pan (2021) showed that the CCEC is
at the stage of agglomeration development, and an orderly
synergistic mechanism of industrial chain division has not yet
been formed among cities in the economic circle, and there is
even an obvious competition relationship. Therefore, the GTI
dividends brought by urban economic development are more
locally absorbed, while the promotion of GTI in spatially
neighboring cities is limited.

The direct effect coefficient of EO is not significant, and the
coefficient of its indirect effect is negative at the 1% level of
significance. This indicates that the effect of EO on urban GTIE is
not significant, but it shows a negative spillover effect on
neighboring cities, which deviates from the outcome that was
anticipated. The possible reason is that there is a substantial
disparity between China’s degree of innovation in green
technology and that of other countries, especially in the key core
areas. The expansion of China’s opening to the outside world can
increase foreign investment and bring advanced green innovation
technologies and management models to cities, accelerating their
green development process. However, the breadth and depth of the
opening up of the CCEC is still low, and its resource-dependent
economic growth model has not yet been completely changed,
which leads to the insignificant incentive role of foreign investment
in urban GTI. In addition, EO has a negative inhibitory effect on the
GTIE of the neighboring cities. In the process of building the
strategic highland of inland opening, cities in the CCEC are
competing to introduce foreign investment, which to a certain
extent leads to the tendency of bottom-up competition in the
environment, and neighboring cities take over the low-end
production capacity eliminated internationally, resulting in the

TABLE 6 Decomposition results of spatial effects.

Variable Direct effect
2.0149**
ED
(0.8060)
O ~0.0035
(0.0318)
0.2415%*
GS
(0.0601)
0.1536*
ER
(0.0826)

10.3389/fevo.2023.1234374

phenomenon of “pollution paradise” (Huang and Wu, 2019),
which inhibits the improvement of GTIE in neighboring cities.

The direct effect coefficient of GS is positive at the 1%
significance level, and the coefficient of its indirect effect is not
significant. This indicates that GS has a positive effect on the GTIE
of the city, but it does not support the neighboring cities enough.
The government has weakened the negative externalities and cost
uncertainties of green innovation R&D activities mainly through
R&D subsidies and low-carbon compensation, thus incentivizing
companies to invest resources in GTI projects and enhancing GTIE
of cities (Dong et al., 2021). In the process of actively creating
China’s GTI center in the CCEC, the government’s financial
support is an important guarantee to enhance GTIE. The
economic growth model of the CCEC is changing from “factor
driven” to “innovation driven”, and the guiding role of green
innovation policy is increasingly prominent. The government has
given policy and financial support in GTT activities of enterprises,
which has improved the GTIE of cities. However, the policy and
financial support of the local government are more inclined to local
enterprises, which makes it difficult for the neighboring cities to
obtain the policy dividend of the local government.

The direct effect coefficient of ER is positive at the 10% level of
significance, and its indirect effect coefficient is negative at the 10%
level of significance. It shows that ER can improve GTIE of cities,
but it shows a negative spillover effect on neighboring cities. Dong
et al. (2021) argue that environmental regulation enhances urban
GTIE through the “innovation compensation” effect. In the process
of jointly building the ecological barrier in the upper reaches of the
Yangtze River, the CCEC has continuously strengthened
environmental protection standards, which forces enterprises to
innovate production technology, creates the “innovation
compensation” effect to compensate for the production burden of
enterprises under high environmental protection standards, and
promotes GTI of enterprises. However, the strict environmental
protection standards of cities will not only restrict the
environmental pollution of local enterprises, but also force local
pollution-oriented enterprises to transfer to neighboring cities with
relatively loose environmental protection supervision (Dong and
Wang, 2019), and hinder the GTI of neighboring cities.

5.2.2 Robustness test
In order to test the robustness of the spatial effect decomposition
results, this paper re-estimates the model parameters in terms of

Indirect effect Total effect
~0.1251 1.8898**
(0.4314) (0.8669)

~0.1970*%¢ ~0.2005%*
(0.0588) (0.0565)

0.1590 0.4005%*
(0.0994) (0.1016)
~0.1075* 0.0461*
(0.0604) (0.0252)

*, **, and *** denote significance at the 10%, 5%, and 1% level, respectively.
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replacing the spatial weight matrix and the measurement indicators
of the explained variable, respectively. Firstly, this paper adopts the
binary adjacency matrix of cities in the CCEC as the new spatial
weight matrix. Secondly, this paper collects green patent application
data of cities in the CCEC from 2006 to 2020 based on the
International Green Patent Classification List released by the World
Intellectual Property Organization in 2010 and the patent search and
analysis system of the State Intellectual Property Office of China with
reference to the processing methods of existing studies (Zhang C.
et al,, 2022), and re-measures the urban GTIE by using green patent
application data as a measure of desired output. Based on the above
two approaches, this paper re-estimates the model (6) in Table 5 and
decomposes its spatial effects. The results in Table 7 show that after
the introduction of the new spatial weight matrix and the replaced
urban GTIE, the absolute values of the direct effect coefficients and
indirect effect coefficients of each variable increase or decrease to
some extent, and the significance of some variables increases or
decreases, but the influence direction and significance of each variable
are basically consistent with the results in Table 5. To sum up, the
estimation results of the spatial econometric model in this paper
are robust.

5.2.3 Analysis of spatial heterogeneity

The cities in the CCEC are at different stages of industrial
transformation and upgrading, and their capacities for GTI and
economic development are different. Therefore, this paper takes the
quantile of the mean value of GTIE of each city from 2006 to 2020
as the basis for classification, and classifies those with the mean
value after the 75% quantile as high-efficiency cities, those with the
mean value before the 25% quantile as low-efficiency cities, and the
rest as medium-efficiency cities. Then, this paper uses the SDM and
partial differential method to analyze the spatial heterogeneity of the
influencing factors of GTIE in different types of cities.

The results in Table 8 show that, from the perspective of direct
effect, EC is significantly positive in high-efficiency and low-efficiency
cities, and its absolute value of coefficient in low-efficiency cities is
large. EO is significantly positive only in medium-efficiency cities. GS
is significantly positive only in low-efficiency cities. ER is significantly
positive only in high-efficiency cities. It shows that ED significantly
promotes GTIE in both high-efficiency and low-efficiency cities, and
the positive effect is stronger in low-efficiency cities. EO promotes
GTIE in medium-efficiency cities. GS promotes GTIE in low-

TABLE 7 Robustness test results for spatial effect decomposition.

10.3389/fevo.2023.1234374

efficiency cities. ER improves GTIE in high-efficiency cities. The
economic growth and green development of high-efficiency cities are
coordinated with each other, and the stronger economic strength
enhances their “siphon effect” on green innovation resources, thus
stimulating the vitality of urban GTI, and the “innovation
compensation” effect of urban environmental regulation is more
obvious. The breadth and depth of opening to the outside world in
the CCEC is still low, and increasing foreign investment can improve
GTIE in medium-efficiency cities to a certain extent. Low-efficiency
cities are limited by the backward development of green industries,
the cost burden of enterprises to carry out GTI relies on government
financial support, and the incentive effect of economic development
level on GTIE is more obvious.

From the perspective of indirect effect, EO is significantly
negative in high-efficiency and medium-efficiency cities. GS is
significantly positive only in high-efficiency cities. ER is
significantly negative only in high-efficiency cities. It shows that
EO of high-efficiency and medium-efficiency cities has significant
spatial negative spillover effects on neighboring cities, GS of high-
efficiency cities have significant spatial positive spillover effects on
neighboring cities, and ER of high-efficiency cities have significant
spatial negative spillover effects on neighboring cities. High-
efficiency and medium-efficiency cities have obvious advantages
in green innovation capacity and green industry clustering, and are
more attractive to green and innovative foreign enterprises. The
cities’ environmental standards are also more stringent, prompting
high-polluting enterprises to move to neighboring cities with lower
environmental standards. Neighboring cities are hindering their
own GTI by taking on relatively low-end local spillover capacity and
low-end international capacity. At the same time, in the process of
industrial transformation and upgrading in high-efficiency cities,
the government has played an important supporting role in
building a basic green innovation platform and green innovation
R&D investment, which has strengthened the green innovation
links within the region, and the neighboring cities have improved
GTIE under the radiation of high-efficiency cities.

5.3 Summary and discussion of results

The summary of results is presented in Table 9. The results in
the first, second, and third parts show that the green innovation

Variable Replace spatial weight matrix Replace the explained variable
Direct effect Indirect effect Total effect Direct effect Indirect effect Total effect

1.3311% -0.2865 1.0446* 1.4270%+ -0.2821 1.1448**
ED

(0.5500) (0.5116) (0.5677) (0.4870) (0.2015) (0.4543)

~0.1341 ~0.0105* ~0.1446* ~0.0485 ~0.1016* ~0.1501++
EO

(0.1328) (0.0046) (0.0657) (0.0309) (0.0571) (0.0575)

02170+ 0.1828 0.3998*** 0.0367* 0.1053 0.1422
GS

(0.0562) (0.1235) (0.1201) (0.0191) (0.1350) (0.3091)

0.3265** ~0.0021* 0.3244* 0.1725* -0.1051* 0.0674*
ER

(0.1333) (0.0012) (0.1435) (0.0927) (0.0547) (0.0353)

*, %, and *** denote significance at the 10%, 5%, and 1% level, respectively.
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TABLE 8 Results of decomposition of spatial heterogeneity.

10.3389/fevo.2023.1234374

Spatial effect Variable High-efficiency cities Medium-efficiency cities Low-efficiency cities
0.2146* ~0.5531 0.8832**
ED
(0.0746) (0.3865) (0.4433)
O -0.0168 0.0707** 0.1490
(0.0485) (0.0347) (0.1020)
Direct effect
Gs ~0.0401 0.0017 0.3369*
(0.0690) (0.0532) (0.1843)
R 0.1720* ~0.0102 0.0918
(0.0491) (0.0351) (0.1746)
D -0.1210 0.5187 0.5501
(0.1652) (0.3484) (0.6745)
O ~0.1580** -0.1838** -0.1272
(0.0585) (0.0584) (0.1775)
Indirect effect
as 0.1428* 0.1058 0.0024
(0.0827) (0.0821) (0.3448)
R ~0.1774** -0.0321 ~0.0359
(0.0766) (0.0528) (0.1774)
0.0936*** ~0.0344 1.4333
ED
(0.0334) (0.1356) (1.9000)
O ~0.1748** -0.1131%* 0.0218
(0.0729) (0.0554) (0.2206)
Total effect
0.1027 0.1075 03393
GS
(0.0752) (0.0796) (0.3574)
R ~0.0054 -0.0423 0.0559
(0.0745) (0.0576) (0.1794)

*, %, and *** denote significance at the 10%, 5%, and 1% level, respectively.

development in the CCEC has achieved remarkable results, and the
implementation of a series of environmental protection policies and
the development of green industries have promoted the urban GTIE
(Hu et al., 2023). However, as the core cities in the CCEC, Chengdu
and Chonggqing have much higher GTIE than other cities, leading to
the unbalanced spatial characteristics of urban GTIE. Due to the
“siphoning effect” of high-efficiency cities, green innovation
resources are excessively concentrated in Chongqing and
Chengdu, while green innovation resources in low-efficiency cities
are seriously lost and become “marginal cities” in the CCEC.
Therefore, the “core-edge” structure of urban GTIE in the CCEC
tends to be stable and shows positive spatial correlation.

TABLE 9 Summary of results.

The results in the fourth part show that there is a significant
difference in the effect of each influencing factor on urban GTIE in
the CCEC. ED can improve urban GTIE (Behera and Sethi, 2022),
but as the CCEC is still in the stage of agglomeration development,
it has not formed a synergistic mechanism of industrial chain
division. The “green innovation dividend” of urban economic
development mainly acts on its own GTIE improvement (Liu
et al., 2023), and there is no spatial spillover effect on the GTIE of
adjacent cities. The low breadth and depth of the opening up of the
CCEC to the outside world leads to the insignificant effect of EO on
urban GTIE. However, in the process of reform and opening up, in
order to introduce more foreign capital, cities actively lower

Part Content Main results
P-1 Temporal trends The urban GTIE in the CCEC shows growth.
P Spatial distribution The urba'n GTIE has ObV.i(.)LIS spatial non-equilibrium characteristics, and the GTI development pattern with Chengdu and Chonggqing as
the core is gradually stabilized.
ial lati
P-3 Spatia co'rr'e ation The urban GTIE shows significant positive spatial correlation, and its “core-edge” structure tends to be stable.
characteristics
Analysis of the i i X
P-4 . . ED, GS, and ER can promote the urban GTIE, and EO and ER have negative spatial spillover effects.
influencing factors
Ps Analysis of spatial GTIE in high-efficiency cities is driven by ED and ER; GTIE in medium-efficiency cities is driven by EO; GTIE in low-efficiency cities is
heterogeneity driven by GS and ED; the spatial spillover effect of influencing factors is more significant in high-efficiency cities.
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environmental standards and undertake low-end production
capacity eliminated internationally, resulting in the problem of
“environmental bottoming-out competition”, which led to the
negative spatial spillover effect of EO on the GTIE of adjacent
cities (Behera and Sethi, 2022). Government financial support is an
important basis for enhancing the urban GTIE (Ronaldo and
Suryanto, 2022), which can provide policy and financial support
for green innovation projects of urban enterprises. However, the GS
is focused on local enterprises, and there is no spatial spillover effect
of GS on the GTIE of adjacent cities. ER promotes urban enterprises
to innovate production technology and improve urban GTIE
(Zhang et al., 2020); However, ER in cities forces polluting
enterprises to move to adjacent cities with relatively lax
environmental regulations, which leads to the negative spatial
spillover effect of ER on the GTIE of adjacent cities.

The results in the fifth part show that there are significant
differences in the effects of the influencing factors in cities with
different efficiency types. The higher level of ED enhances the
“siphon effect” of high-efficiency cities on green innovation
resources and improves urban GTIE, and the “innovation
compensation” effect of ER on GTIE in high-efficiency cities is
also more significant. Although the breadth and depth of external
opening in the CCEC are low, medium-efficiency cities are in the
growth period of green innovation development, and EO still has a
stimulating role in urban GTIE. The green innovation resources in
low-efficiency cities are scarce, and the green technology research
and development activities of urban enterprises mainly rely on GS.
The government’s fiscal revenue is affected by the level of urban ED,
and ED can improve the GTIE in low-efficiency cities. In addition,
high-efficiency cities are rich in green innovation resources and
industries, and they have a radiating effect on adjacent cities
through inter-regional green innovation linkages. Therefore, the
influencing factors have a more significant spatial spillover effect in
high-efficiency cities.

In summary, the urban GTIE in the CCEC is showing a growth
trend, but it needs to narrow the gap in GTIE between cities. Firstly,
cities can improve the GTIE by improving ED, strengthening GS,
and enhancing ER. Secondly, cities need to pay attention to the
negative spatial spillover effects of ER and EO in the process of
improving the GTIE, in order to reduce the negative impact on the
GTIE of adjacent cities. Finally, cities with different efficiency types
need to develop differentiated green innovation development
strategies based on their own conditions.

6 Conclusions and policy implications
6.1 Conclusions

Based on the panel data of 16 cities in the CCEC from 2006 to
2020, this paper reveals the spatiotemporal evolution characteristics
and spatial leap paths of urban GTIE based on S-SBM and ESDA,
and analyzes the spatial influence mechanism of urban GTIE and its
spatial heterogeneity through a spatial econometric model. The core
conclusions are as follows:
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(1) The urban GTIE of CCEC has been improved in general,
and it has gone through three stages of “growth period”,
“shock period” and “revitalization period” in the time
dimension. In the city dimension, the GTIE of each city
has obvious spatial non-equilibrium characteristics, and the
GTI development pattern with Chengdu and Chonggqing as
the core is gradually stabilized.

(2) The urban GTIE shows significant positive spatial
correlation, and its clustering pattern is mainly of “high-
efficiency type” and “low-efficiency type”. The results of
spatial leapfrog analysis show that the leapfrog of urban
GTIE has obvious low mobility characteristics, the spatial
distribution pattern with Chengdu and Chongging as the
core has high stability, and the “core-edge” structure of
green innovation development in the CCEC tends to be
stable.

(3) ED and GS promote the urban GTIE, but neither of their
spatial spillover effects is significant. ER has an incentive
effect on the urban GTIE, and it has a negative spatial
spillover effect, which has a significant hindering effect on
the GTIE of neighboring cities. The effect of EO on the
urban GTIE is not significant, but it has a hindering effect
on the GTIE of neighboring cities.

(4) The spatial heterogeneity analysis shows that ED
significantly improves the GTIE of high-efficiency and
low-efficiency cities. EO has a positive effect on the GTIE
of medium-efficiency cities. GS has a positive effect on the
GTIE of low-efficiency cities. ER improves the GTIE of
high-efficiency cities. EO has a negative spatial spillover
effect in high-efficiency and medium-efficiency cities. GS
and ER have spatial spillover effects in high-efficiency cities,
with the former showing positive spatial spillover and the
latter showing negative spatial spillover.

6.2 Policy implications

Green technological innovation, which takes into account both
environmental protection and economic benefits, is essential route
to achieve sustainable urban development. Therefore, governments
should promote the development of green innovation in urban
planning and construction.

Firstly, the spatial non-equilibrium of GTIE in CCEC is
obvious, and the difference of GTIE among cities is large, so it is
urgent to bring into play the comparative advantage of GTI.
Chengdu and Chongging, as the core cities in the economic
circle, can build on their own advantages in technology and
capital, enhance the radiation intensity to neighboring cities when
gathering innovative talents, and release GTI dividends by jointly
building innovative industrial parks and jointly creating green
innovation centers to narrow the gradient difference in GTIE
between cities. The low-efficiency cities of GTI represented by
Nanchong, Suining, Deyang and Ya’an focus on promoting the
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green transformation of traditional industries and enhancing their
own GTI capabilities based on their existing industrial base.

Secondly, the government’s financial support is an important
guarantee to enhance GTIE of cities, but it is not enough to support
GTI in neighboring cities. Therefore, local governments in cities
need to continuously enhance their support for GTI. The
government can encourage local enterprises to increase their
R&D investment in GTI projects through fiscal and financial
policy instruments, and set standards for environmental
protection and energy consumption to promote production
technology innovation. In addition, local governments should
actively promote the construction of regional industrial
innovation centers, engineering research centers and other
innovation platforms, build green innovation collaboration
mechanisms between cities, and continuously enhance the
positive spillover effect of government financial support to
neighboring cities.

Finally, the tendency of environmental “bottom-up
competition” in the CCEC is beginning to emerge, and the
environmental regulations of cities have a hindering effect on the
GTT of neighboring cities. The environmental pollution problem
has obvious externalities, and it must rely on the government to
intervene forcibly, and the government’s environmental policy
plays an essential role in the environmental pollution
management of the region. On the one hand, the local
government should formulate a more guiding and effective
environmental policy for the current industrial situation of the
city, take the highly polluting enterprises in the city as the target of
treatment, promote the enterprises to complete the improvement
and upgrading of green technology in an orderly manner, and
realize the win-win situation of environmental protection and GTL.
On the other hand, cities in the economic circle should coordinate
to develop unified environmental protection standards and
environmental warning and monitoring systems to prevent the
transfer of low-end production capacity to cities with low
environmental regulation intensity, and build a green industrial
system covering the whole area of the economic circle.

7 Research limitations and
future research

There are some limitations in this paper. Firstly, due to the
unavailability of county data in Chongqing, this paper includes
Chonggqing as a city in the scope of research and does not exclude
the county areas belonging to Chongging that are not included in
the CCEC, which to a certain extent affects the relevance of the
findings of this paper to promote the sustainable development of
the CCEC. Secondly, due to the untimely update of indicator data at
the urban level of the CCEC, this paper only studies the
spatiotemporal characteristics of urban GTIE in the CCEC from
2006 to 2020, which leads to a lack of realistic description of the
development status of urban GTIE in the CCEC. Finally, this paper
discusses the factors affecting the urban GTIE as much as possible.
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However, as a demonstration area for China’s green transformation
and development, the CCEC is in a constantly changing state of
GTIE. Therefore, the factors affecting the urban GTIE in the CCEC
are also subject to new changes, and this paper needs to focus on
other factors that may have an impact on the urban GTIE.

Future research on the urban GTIE needs to be continuously
improved. On the one hand, we can combine data mining and text
analysis in our future research to collect data on relevant indicators
of urban GTIE in the CCEC, so as to expand the research area and
time range of the article and improve the representativeness and
realistic guidance of the research conclusions. On the other hand,
we will continue to pay attention to the new characteristics and
changes of urban GTIE in the CCEC, and explore other factors that
may affect urban GTIE in order to enrich the research content of
the article.
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