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With the development of transport and information technology (IT), urban
innovation linkages are becoming increasingly close and are key factors in
regional economic growth. Despite previous studies analyzing urban network
characteristics, structures, and factors that influence them, there has been little
exploration of their socioeconomic effects. Based on unique patent transaction
data, this study analyzes the spatiotemporal evolution of urban innovation
networks and their impacts and internal mechanisms on regional green total
factor productivity (GTFP) using social network analysis, data envelopment
analysis, and a negative binomialmodel. It was found that (1) the enhancement of
intercity innovation linkages and their networked development have significantly
improved urban GTFP and the innovation network’s embeddedness helps
obtain network externalities to improve urban GTFP. (2) The innovation
network promotes inter-regional production factor flow and optimal allocation
and generates knowledge spillover effects to improve green technology
innovation capacity, thus improving urban GTFP. (3) Spatial heterogeneity
exists in the impact of the innovation network on the GTFP of different
regions and economically developed big cities by gathering more innovation
resources, forming closer innovation links, improving the level of green
technology innovation and production efficiency, and contributing to urban
GTFP. Economically developed big cities can have more innovation resources
and form closer innovation links, improve green technology innovation and
production efficiency, and have a stronger promotional effect on improving
urban GTFP.

KEYWORDS

innovation network, network effect, knowledge spillover, green economic
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1 Introduction

Since the early 21st century, the rapid growth of globalization and informationization,
has strengthened inter-city linkages, giving rise to the emergence of mobile spaces [1].
Urban networks have reshaped global-local relations, led to new types of territorial
spatial organizations, such as city clusters, and triggered a revolution in geospatiality
[2]. Since the relational turn, urban networks have become a central focus across
various disciplines, including geography, economics, and planning [3]. Scholars at home
and abroad have analyzed the characteristics, structures, and influencing factors of
different urban networks at multiple scales, such as global, national, and regional,
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based on the flow of traffic [4], capital [5], and information [6].
However, few studies have explored the socio-economic effects of
urban networks, and there is a lack of a systematic theoretical
framework or a consensus in the existing research [7]. Although
some scholars have preliminarily analyzed the impact of urban
networks on regional economic growth by borrowing concepts
such as scale [8], urban networks are mainly measured using static
attribute data, such as gravitational models and enterprise branches,
which do not comprehensively and realistically reflect the diversified
inter-city linkages [9].

In the knowledge economy era, innovation is the core
factor determining the long-term growth of regional economies
[10]. As spatial carriers of innovation, cities provide proximity,
density, and diversity that enable innovation agents to interact,
collaborate, and compete, generating innovation through knowledge
spillover [11]. However, the innovation resources of a city alone
are limited, and new knowledge can only be generated by
embedding it in innovation networks and acquiring external
knowledge [12]. Owing to a lack of micro-level data on innovation
linkages, scholars have conducted relatively insufficient research
on innovation network establishment and measurement [13].
Some scholars have indirectly measured innovation linkages
through alternative variables, such as dissertation cooperation [14],
talent flow [15], research and development (R&D) cooperation
[16], international merchandise trade, and foreign investment
[17]. Wang et al. [18] found that talent mobility through
spatial spillovers significantly contributes to innovation and
high-tech industries.

Patent transactions, as a key method of innovation resource
flow, involve the transfer of ownership or rights of patents from
the transferor to the transferee through market mechanisms.
These transactions have become a primary vehicle for technology
transfer and innovation linkage. Therefore, based on micro patent
transaction data, this article analyzes the influence of innovation
networks on urban GTFP and its internal mechanism of action
using super-efficient SBM, social network analysis, and negative
binomial model analysis methods. Heterogeneity analysis explored
the differential impact of innovation networks on the GTFP in
different regions and provided policy recommendations for regional
sustainable development.

The main contributions of this study are as follows: First, it
accuratelymeasures urbanGTFP using the improved super-efficient
SBM model to measure urban green development, compensating
for the inadequacy of existing studies that unilaterally utilize a
single indicator to measure GTFP. Second, it measures inter-
city innovation linkages and the evolution of their network
structures based on unique patent transaction data, which
deepens the understanding of the evolution law of the innovation
network structure. Third, while existing studies analyze the
factors influencing innovation networks, they do not analyze their
socioeconomic effects. This study analyses and explores the impact
of innovation networks on urban GTFP using a combination of
social network analysis and negative binomial modeling, thus
providing empirical evidence to understand the environmental
effects of innovation networks.

2 Literature review and theoretical
analysis

2.1 Innovation network, factor allocation
efficiency, and GTFP

Cities can access innovation resources in a larger spatial scope
by embedding innovation networks, compensating for regional
shortcomings in capital, technology, and information, reducing
R&D risks and production costs, and improving resource allocation
efficiency and its GTFP [19]. First, based on the consumer city
theory and industrial division of labor theory, in the mature stage of
urban agglomeration development, the function of the central city as
amanufacturing center gradually diminishes [20], while its function
as a consumption and service center grows [21].

Innovation cooperation between cities can improve
the efficiency of resource allocation by increasing regional
specialization. Second, the development of inter-city transportation
infrastructure increases the frequency of people moving between
cities, andneighboring cities can provide awider range of innovation
resources, such as talent, capital, and information, to the central city,
thus making a greater contribution to its innovation development
[22]. Finally, geographic proximity and similar regional cultures
contribute to knowledge exchange and innovation cooperation,
and neighboring cities can take advantage of the spatial spillover
effects of knowledge and industries from the central city to improve
the efficiency of innovation resource allocation [23]. Therefore, we
propose the following hypothesis.

H1: Innovation resources help improve resource allocation
efficiency, thus promoting urban GTFP.

2.2 Innovation network, green technology
innovation, and GTFP

Cities can export patented technologies to cities with low node
intensity through technological cooperation and exchange. This will
narrow the “technology gap” between these cities, improve their
green innovation capacity, and improve GTFP [24]. First, more
important cities often have better access to resources than other
network members, meaning they receive information faster, making
it easier for them to access technological, market, and managerial
knowledge [25]. Second, more important cities tend to have a higher
social status and power, making it easier for them to gain support
from other network members [8]. Also, more important cities have
more control over other network members, which means they are
more capable of controlling, digesting, and integrating technological
innovation resources than other cities. When new knowledge and
technologies emerge from cities of equal status in China, they are
more likely to develop further in these areas, thereby increasing the
green innovation capacity [26]. Therefore, the following research
hypothesis is proposed.

H2: An innovation network increases innovation through
knowledge spillovers, thus driving urban GTFP improvement.
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3 Data and indicator selection

3.1 Innovation network establishment and
measurement

The patent transfer is a voluntary market transaction behavior
between the demand and supply sides, which objectively reflects the
flow of technology and knowledge sharing between cities and has
become an important way to establish an innovation network [27].
First, based on big data, the patent information service platform
website was obtained to collect detailed patent transfer data from
2005 to 2020, including the title of the patent, before and after
the transfer of the rights holder and address, and the time
of application-authorization-transfer, which are rich in vectorial
(direction of the transfer), spatial-temporal (time of the transfer),
subjective (transfer), and objective (patent rights holder). Second,
the geocoding function of Python software was used to match the
inventor’s patent address information to the corresponding city, and
the data were verified by random sampling and cross-checking to
ensure the scientificity and uniformity of the data.

Finally, based on the principle of graph theory, the weighted
asymmetric matrix of intercity technology transfer (Equation 1) is
established by taking prefecture-level and higher cities as nodes (N)
and the number of patent transfers between cities as edges (E), where
Wij represents the number of patents transferred from city i to city j,
to characterize the strength of city innovation links. On this basis,
the OD linkage network was established and spatially visualized
usingGIS software, with the strength of intercity innovation linkages
as the weight of network edges and the total amount of city
innovation linkages as the weight of nodes. Innovation networks are
directed weighted networks, where cities are nodes, inter-city links
are links, and link strengths are link weights.
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In Formula 1,W is thematrix relationship, andw is the weight of
the aviation and innovation connections in the matrix relationship.

Social network analysis software, UCINET, was used to
topologize the urban network and measure indicators, such as
node degree centrality, to analyze the characteristics of Chinese
urban networks. In network research, scholars have primarily used
degree centrality, betweenness centrality, closeness centrality, and
the K-shell to measure the importance of nodes [28]. Degree
centrality characterizes nodes’ control and mediation ability and
is an important indicator for analyzing the influence and status
of urban nodes in a network [29]. The node degree centrality is
calculated according to Formula 2, where i denotes the number
of connections with other nodes; g is the number of possible
connections of the node x [13,30]. The formula used is as follows:

CD(Ni) =
g

∑
j=1

xij/g− 1 (2)

TABLE 1 Measurement of urban GTFP.

Type Indicator Definition

Input

Labor Number of employees

Capital Investment in fixed assets

Energy Social electricity
consumption

Desired output Economic output GDP

Non-desired output Environmental pollution

Sulfur dioxide emissions

Wastewater emissions

Smoke emissions

3.2 Measurement of green economic
performance

Green Total Factor Productivity (GTFP) means achieving the
highest output with the least resource input while protecting the
environment [31]. GTFP is a core indicator of regional economic
growth and ecological environmental protection. In this study, we
calculated the urban GTFP and its decomposition for Chinese cities
usingMATLAB software (Table 1).The calculation process involved
input, desired output, and carbon emission variables. The relevant
indicators and data processing are explained as follows: (1) Capital
input: This study uses social fixed asset investment instead and the
perpetual inventorymethod. (2) Labor input: Given data availability,
this study uses the number of employed people in each province
at the end of the year to measure labor input. (3) Energy input:
Concerning most of the literature, the total energy consumption
converted using the standard coal method was chosen as a proxy
variable for energy input in units of 100,000 tons of standard coal.
(000) Desired output: In this study, the GDP of each province, which
is deflated to the price index for 4 years, is used to indicate the
desired output.

Carbon emissions: Because carbon emissions data for China’s
cities are not directly available and fossil energy consumption is
the main source of carbon emissions, this study used Calculation
Method one provided by the IPCC to calculate carbon emissions.
These emissions were based on the China Energy Statistics Yearbook
and targeted coal, coke, crude oil, gasoline, diesel, kerosene, fuel oil,
and natural gas.

3.3 Empirical modeling

Gravity, negative binomial, and stochastic exponential models
are widely used to measure the effects of innovation networks.
Since the number of patents is a non-negative integer and the
data are often characterized by “over-dispersion” [32], obtaining an
effective unbiased estimate using the benchmark OLS regression is
difficult. Therefore, this study adopted a negative binomial model
to explore the impact of intercity innovation linkages and their
resulting networked development on urban GTFP.

Frontiers in Physics 03 frontiersin.org

https://doi.org/10.3389/fphy.2025.1537110
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org


Zhao et al. 10.3389/fphy.2025.1537110

TABLE 2 Main variable and their measurement methods.

Variable tybe Variable name Measurement method

Dependent variable GTFP GTFP

Independent variables Market segmentation (MS) Measurement by the relative price index method

Control variables

Command environmental regulation Industrial “three waste” pollutant removal rate

Resource endowment Proportion of local employees in the extractive industry

Agglomeration economy Calculated based on Formula (5)

Industry structure Industrial value added/GDP

Energy consumption intensity Electricity consumption in manufacturing industry/total manufacturing output

GDP Logarithm of GDP per capita

FDI Actual utilization of foreign capital/regional GDP

Urban innovation Logarithm of the number of urban patents per 10,000 people

Urbanization rate Non-farm population at the end of the year/total population

City size Logarithm of the number of urban population

Transportation accessibility Logarithm of road network density per capita

In addition, regional green economic development is a complex
and dynamic process that is not only affected by innovation
linkages and their networked development but is also constrained by
other factors such as resource endowment, agglomeration economy,
and environmental regulation [33]. Environmental regulations
profoundly impact urban GTFP by affecting firms’ production costs
and technological innovation performance through production
costs and Porter effects, respectively. Therefore, this study considers
resource endowment, agglomeration economy, and environmental
regulation as important control variables for improving the accuracy
of the estimation results. The benchmark model established in this
study is as follows:

 lnGTFPit = a0 + a1LKit + a2ERit + a3Xit +Uit + εit (3)

Equation 3 denotes lnGTFPit regional green total factor,
LKit denotes inter-city innovation linkages to characterize the
degree of inter-city innovation networking in China, ERit denotes
environmental regulation, Xit denotes a series of control variables
such as resource endowment, agglomeration economy, and the level
of openness to the outside world, Uit denotes the individual effect
and is used to control the individual characteristics of the city, εit
denotes the error term of the model, a0 denotes the intercept term.

Since the explanatory variables are all urban GTFP, the control
variables of environmental regulation, resource endowment,
industrial agglomeration, industrial structure, and energy
consumption structure were selected regarding other studies
[34]. Table 2 presents the names of the main variables and their
measurements.

The statistical data used in this study weremainly obtained from
the China Regional Statistical Yearbook and China Urban Statistical

Yearbook. in addition, some missing data were supplemented
and improved by examining the city statistical bulletins of the
corresponding years. Descriptive statistics for the main variables are
presented.

4 Empirical analysis

4.1 Spatial pattern of Chinese innovation
network

To identify the pattern and characteristics of innovation network
linkages, urban innovation linkages are graded and visualized
based on the natural discontinuity grading method, finding that
urban innovation networks are characterized by hierarchy and
imbalance. In Figure 1, the thicker and darker the line, the greater
the intensity of urban innovation linkages. Specifically, it includes
the following aspects.

(1) China’s urban innovation linkages are increasing, but the
overall network linkages are weak and characterized by
obvious hierarchy and path dependence. In the early stages
of the network, most of the inter-city innovation linkages
were generally below 50, and only the innovation linkages
between Beijing and Shenzhen exceeded 10; thus, the overall
development level of the innovation networkwas relatively low.
2010 has seen the formation of high-level innovation linkages
between economically developed large cities such as Beijing
and Shenzhen and neighboring regions such as Shanghai-
Suzhou, Shenzhen-Dongguan, etc.Dongguan andneighboring
regions have seen higher-ranking innovation links, reflecting
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that the innovation network has hierarchical diffusion among
high-ranking cities and proximity contacts amongneighboring
cities. However, high-intensity innovation linkages are still
concentrated between a few large cities, such as Beijing and
Shenzhen. In contrast, the intensity of innovation linkages in
most cities is still low, resulting in an obvious hierarchical
nature of the innovation network.

(2) The spatial distribution of inter-city linkages in China is
uneven and shows decreasing characteristics in the East-
Central-West zone. The eastern region has more high-level
inter-city innovation links and a higher network density.
However, only a few core cities in the central and western
regions, such as Chengdu, Chongqing, and Wuhan, have
formed high-level inter-regional innovation links. In contrast,
most other cities have fewer innovation links and lower linkage
intensity. Border cities such as Heihe, Turpan, and Dehong
have long been in spatial isolation of China’s innovation
linkages, lacking channels for the flow of innovation factors
with cities in the eastern region, reflecting the high degree of
imbalance in the spatial distribution of China’s urban linkages.

(3) Significant differences in urban innovation capacity reflect
the distribution of urban hierarchies to a certain extent and
significantly impact regional economic patterns. In particular,
first-tier cities, such as Beijing, Shanghai, Guangzhou, and
Shenzhen, always have the highest degree of centrality, become
the source of influence and radiation of the innovation
network, and are at the top level of the urban system. By their
superiority as provincial capitals, central and western cities
such as Changsha have also formed a highland of innovation
resource concentration and played an intermediary role at the
second level of the urban system. However, despite small and
medium-sized cities becoming integrated into the innovation
system due to their lower centrality, they face significant
challenges in retaining innovation resources, remaining at the
bottom of the innovation network.

4.2 Spatio-temporal evolution of GTFP

Therefore, this study uses the super-efficient SBM model
to measure China’s urban GTFP from 2005 to 2020 and
uses GIS software for spatial visualization to excavate the
spatiotemporal evolution characteristics and patterns of the
urban GTFP. In Figure 2, the darker the color, the higher the
GTFP, where red indicates the highest GTFP and blue indicates
the lowest GTFP.

(1) In 2005, China’s urban GTFP was generally high in the east
and low in the central and western regions. In particular,
the GTFP of the Beijing-Tianjin-Hebei, Yangtze River Delta,
and Pearl River Delta city clusters on the eastern coast were
generally high and showed obvious spatial agglomeration
characteristics. These economically developed city clusters
attract many high-tech and high-quality enterprises through
superior location conditions and good infrastructure, and the
strong regional innovation ability and more developed tertiary
industries have promoted the improvement of urban GTFP.
However, the GTFP ofmost cities in Sichuan, Guizhou, Gansu,

and Shaanxi is generally low, and the regional green innovation
capacity and industrial structure are also low, even becoming
an agglomeration of some polluting enterprises, which
seriously affects the high-quality development of the central
and western regions. Some cities in economically developed
coastal areas have a low GTFP, reflecting the seriousness of
unbalanced and uncoordinated regional development.

(2) In 2010, the spatial differences in China’s urban GTFP
continued to expand, indicating an evidentMatthew effect.The
Beijing-Tianjin-Hebei, ShandongPeninsula, andYangtzeRiver
Delta urban agglomerations still had relatively high GTFP,
showing obvious agglomeration characteristics. Although the
Pearl River Delta region is more innovative, the city’s vigorous
economic development and the introduction of a large number
of foreign-funded enterprises have increased the total amount
and intensity of pollution emissions, reducing the urban GTFP
and affecting sustainable development, reflecting that there
are still inconsistencies and imbalances in China’s regional
economic development.

(3) In 2015, China’s urban GTFP showed a spatial pattern of being
high in the east and low in the central and western parts of
the country; however, the GTFP of most cities increased. Since
2015, economically developed regions increasingly focused on
environmental pollution and introduced regulatory measures,
such as sewage charging, to curb emissions. As a result, some
enterprises have relocated to neighboring areas of Guangdong
Province to lower production costs and reduce the number
of polluting enterprises and regional pollution. This shift has
improved the green economy of developed regions.

(4) In 2020, the GTFP of most cities in China improved but
was still characterized by spatial agglomeration. In particular,
with the Beautiful China strategy, economically developed
coastal cities, such as BTH, YRD, and PRD, increased their
environmental protection efforts and urged enterprises to
carry out green technological innovations to reduce pollutant
emissions, which has promoted the transformation and
upgrading of the industrial structure of developed coastal
cities and the improvement of urban GTFP. However, Huizhou
City and Shanwei City in Guangdong Province, which
have taken over more pollution-intensive enterprises from
Guangzhou and Shenzhen, still have a low GTFP and have
become weak areas for the high-quality development of
Guangdong’s economy, which urgently needs to strengthen
environmental protection and pollution control efforts to
improve urban GTFP.

4.3 Benchmark regression results

The estimated coefficients of innovation linkages are
significantly positive in the different regression models; however,
the negative binomial model has the best fit. In the negative
binomial model, for every percentage point increase in innovation
linkage, urban GTFP increases by 0.016, reflecting that the
enhancement of inter-regional innovation linkage and its networked
development significantly contributes to the improvement of green
total factor productivity. The enhancement of inter-city innovation
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FIGURE 1
Spatial evolution of innovation network in China.

links contributes to the dissemination and exchange of invisible
knowledge and improves the innovation ability and production
efficiency of enterprises through the knowledge spillover effect,
which raises the important micro-foundation for the technological

upgrading of regional industries and the improvement of the green
economy. At the same time, enhanced innovation linkages between
cities promote the cross-regional flow of innovative resources,
such as talent, capital, and technology; improve the efficiency of
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FIGURE 2
Spatial pattern evolution of GTFP in China.

innovation resource allocation and utilization; and reduce resource
and energy consumption and regional pollution emissions (Table 3).

Environmental regulation is also an essential factor affecting
urban GTFP. With improvements in environmental regulation,

the cost of pollution control for enterprises increased. However, it
can force enterprises to carry out green technological innovation
and reduce pollution emissions, thus promoting the green
transformation and upgrading of industries and the improvement
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TABLE 3 Benchmark regression results of innovation network on GTFP.

Name OLS Poisson NBR

Linkage 0.015∗∗∗

(5.94)
0.007∗∗∗

(2.92)
0.016∗∗∗

(3.79)

Environmental regulation 0.023∗∗∗

(9.30)
0.008∗∗∗

(6.52)
0.019∗∗∗

(8.65)

Agglomeration economy 0.017∗∗∗

(2.61)
0.02∗∗∗

(7.88)
0.026∗∗∗

(4.22)

Resource endowment −0.011
(−1.04)

−0.024
(−3.41)

−0.001
(−0.89)

Industry structure 0.086∗∗∗

(3.39)
0.095∗∗∗

(9.05)
0.077∗∗∗

(7.83)

Energy consumption intensity −0.063∗∗∗

(−2.74)
−0.026∗∗

(−2.02)
−0.018∗∗

(−2.49)

GDP 0.002
(0.24)

0.003
(0.59)

−0.008
(−0.87)

FDI 0.012∗

(1.34)
0.011
(2.82)

−0.002
(−1.14)

Urban innovation 0.018∗∗

(2.02)
0.003∗

(1.68)
0.011∗∗

(2.36)

Urbanization rate 0.007
(0.37)

−0.052
(−5.01)

−0.042∗

(−1.86)

City size 0.062∗∗∗

(3.41)
0.008
(0.57)

−0.015∗∗

(−3.29)

Transportation accessibility 0.021∗

(2.04)
0.012∗∗∗

(2.93)
0.011∗

(1.75)

Constant 0.544∗∗∗

(7.98)
−0.27∗∗∗

(−7.77)
0.657∗∗∗

(8.58)

City/year fixed effect YES YES YES

N 3,069 3,069 3,069

Adjusted R2 0.51 0.42 0.64

Note:∗∗∗p ≤ 0.01,∗∗p ≤ 0.05, and∗p ≤ 0.10; t-statistics are in parentheses.

of urban GTFP. At the same time, the agglomeration economy
significantly improves urban GTFP. Therefore, developing an
agglomeration economy helps enterprises generate knowledge
spillover effects through sharing, learning, and matching
mechanisms to improve innovation and productivity. It also helps
enterprises centralize their pollution control and common use of
resources, thus reducing regional pollution emissions and improving
their GTFP.

To solve the endogeneity problem of the model, this study
measures the community structure of the innovation network
through social network analysis. It regresses it as an instrumental
variable to improve the model’s scientificity [35]. The regression
results show that the regression coefficient of the instrumental
variable and GTFP is 1.678 and significant at the 1% level, with a

standard error of 0.213, indicating that the regression results of the
instrumental variable are somewhat similar to those of the baseline
regression, reflecting that the development of innovation networks
promotes the improvement of GTFP. Meanwhile, the F-statistic in
the one-stage regression was 26.13 and greater than 10, further
indicating the validity of the instrumental variables.

As an important aspect of the comprehensive strength of cities,
factors such as the level of urban innovation, urbanization, and size
of cities have a certain impact on the improvement of urban GTFP.
Specifically, urban innovation has a significant promotional effect
on urban GTFP, but urbanization has a significant negative impact
on urban GTFP. As the urbanization level increases, the population
grows, and a large amount of industrial land appears, which leads to
an increase in traffic congestion and pollution emissions, negatively
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affecting urban GTFP. In addition, city size negatively affects urban
GTFP.With the increasing urbanpopulation, the congestion effect of
cities increases and exacerbates environmental pollution and other
problems, thus reducing urban GTFP.

4.4 Analysis of influence mechanism

This study uses the mediating effect model to analyze the
influence mechanism of inter-city innovation linkages and the
knowledge spillover effect it generates on urban GTFP from the
dimensions of factor allocation efficiency and green technology
progress. In the mediation effect model, this study uses the network
weighting degree as the core explanatory variable to explore the
impact of the strength of urban innovation linkages on urban GTFP.
First, drawing on the practice of scholars [36], the regional capital
mismatch index and labor mismatch index are calculated to analyze
the impact of innovation networks on capital and labor mismatch.
Second, the number of green patents was used to characterize
green technological progress and analyze the impact of innovation
networks on green technological progress. Finally, the impacts of
capital mismatch, labor mismatch, and green technology progress
on urban GTFP were analyzed separately.

 Misij= a0 + β1MI+ β2SMI+ a3Xit + uit + εit (4)

 lnYij= a0 + β1MI+ β2SMI+ β2Misij + a3
X
it
+ uit + εit (5)

 Innit= a0 + β1Linkageit + pW
∗Xit + δt + ∂i + γXit + εit (6)

 lnYit= a0 + β1Linkageit + β2Innit + pW
∗Xit + δt + ∂i + γXit + εit

(7)

In Equations 4–7, the relationships between resource mismatch
and innovation linkages, and green technology progress and
innovation linkages are measured, respectively.

First, inter-city innovation linkages have a significantly negative
effect on regional capital mismatch (Table 4). With the continuous
development of patent transactions, the flow of innovation resources
such as capital, information, and technology between regions
accelerates, thereby reducing the degree of capital mismatch.
Cities can break through the distance limitation by embedding
themselves in the innovation network to obtain sufficient capital
and other innovation resources in a wider range and promote
a more efficient flow of the innovation network under network
externalities to improve the allocation efficiency of capital and other
innovation resources. Additionally, although inter-city innovation
links significantly promote urbanGTFP, capitalmismatch negatively
affects urbanGTFP, indicating that capital mismatch is an important
factor hindering urban GTFP. With the enhancement of urban
innovation links, innovation resource factors accelerate the flow and
help alleviate the distortion of factor market prices, improve the
efficiency of capital use and allocation, improve the productivity
of enterprises, reduce production costs, and promote green
development in the region.

Second, from the perspective of labor mismatch, intercity
innovation linkages significantly reduce regional labor mismatches.
This highlights that strengthening innovation linkages facilitates

the free flow of key resources—such as capital, technology,
and talent—which helps address labor imbalances. As intercity
transportation infrastructure improves, high-quality labor moves
more freely across regions, gradually relocating to areas or
sectors offering higher marginal compensation. This fosters the
agglomeration of innovation resources and enhances the efficiency
of their allocation.

Moreover, inter-city innovation links significantly promote
improved urban GTFP, but labor mismatch has a significantly
negative effect on urban GTFP, indicating that labor resource
mismatch also hinders the improvement of urban GTFP. With
the enhancement of inter-city innovation links, the inter-regional
flow of high-quality talent across regions is more frequent. It
generates knowledge spillover effects, which help to improve the
regional innovation level and improve the efficiency of allocation
and utilization of innovation resources, such as capital and labor,
thus promoting the improvement of urban GTFP.

Third, the estimated coefficient of innovation linkage on green
technology progress is significantly positive, indicating that with the
development of patent transactions, innovation factors accelerate
the flow and promote the formation and development of regional
innovation networks, which helps regions obtain more innovation
resources and learn from each other through network channels. In
the flow of innovation factors, a city absorbs external knowledge.
It strengthens the interaction of local knowledge through the
knowledge flow system of local buzzing and global channels,
generating knowledge spillover and promoting green technology
progress. At the same time, improving the regional green technology
level promotes the manufacturing industry to reduce pollution and
emissions. It also improves the efficiency of resource allocation
and promotes its green transformation. In addition, the estimated
coefficient of the spatial lag term of green technological progress was
significantly positive, indicating a significant spatial spillover effect
of green technological progress.

4.5 Heterogeneity analysis

Therefore, to explore the regional heterogeneity of the impact
of innovation networks on the GTFP in different regions, this
study divides these cities into eastern, central, and western
cities and regresses them separately using a negative binomial
model (Table 5).

Inter-city innovation linkages significantly impact the GTFP in
different regions, but the degree of impact is heterogeneous. Among
them, innovation linkages have the strongest impact on GTFP in
cities in the eastern region, followed by cities in the central region,
andhave the least impact onGTFP in thewestern region.The eastern
region is more economically developed and generally has many
innovative resources, such as universities and high-tech enterprises.
Cities have a higher degree of centrality and innovation linkages, and
it is easier for them to obtain more resources and conduct patent-
trading activities through innovation networks, thereby promoting
tacit knowledge dissemination.

At the same time, the eastern region attracts a large inflow
of innovation resources from other cities in the central and
western regions through a good innovation environment and
transportation facilities. It becomes a highland of innovation
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TABLE 4 The impact mechanism of innovation network on GTFP.

Name Capital
mismatch

GTFP Labor mismatch GTFP Urban green
innovation

GTFP

Linkage −0.012∗∗

(−2.43)
0.016∗∗∗

(3.95)
−0.019∗∗

(−3.53)
0.016∗∗∗

(3.91)
0.039∗∗∗

(12.80)
0.011∗∗∗

(5.13)

Mediating variable −0.023∗∗

(−3.21)
−0.014
(1.46)

0.016∗∗∗

(2.88)

Environmental
regulation

0.003
(0.76)

0.019∗∗∗

(8.70)
−0.008∗

(−1.64)
0.019∗∗∗

(8.71)
0.087∗∗∗

(3.06)
0.034∗∗∗

(19.06)

Agglomeration
economy

−0.02∗

(−1.85)
0.026∗∗∗

(4.23)
0.032∗∗

(2.48)
0.025∗∗∗

(4.11)
0.522∗∗∗

(11.72)
0.009∗∗

(2.04)

Resource endowment 0.003∗

(2.42)
−0.012∗

(−1.95)
0.002∗

(1.82)
0.001
(0.76)

0.004
(0.55)

0.012
(0.25)

Industry structure −0.148∗∗

(−2.40)
0.177∗∗∗

(7.82)
0.285∗∗∗

(5.59)
0.176∗∗∗

(7.78)
0.023∗∗

(2.79)
0.012∗

(1.85)

Energy consumption
intensity

0.012∗

(1.25)
−0.018∗∗

(−2.51)
0.001∗

(2.02)
−0.028∗∗

(−2.49)
0.148∗∗

(1.92)
−0.089∗∗∗

(−3.89)

GDP −0.015∗

(−1.63)
−0.007∗

(−1.79)
−0.012∗

(−1.68)
−0.007
(−0.83)

0.956∗∗∗

(9.05)
−0.001
(−0.16)

FDI −0.012∗∗∗

(−3.59)
0.012∗∗

(1.18)
−0.031∗

(−2.30)
0.011∗

(1.99)
0.04∗

(1.91)
−0.002∗

(−1.86)

Urban innovation −0.013∗∗

(−3.15)
0.032∗

(−1.51)
−0.017∗∗

(−2.54)
0.024∗∗

(2.55)

Urbanization rate 0.145∗∗

(3.73)
−0.046∗∗

(−2.09)
−0.019
(−0.43)

−0.048
(−2.17)

−0.091
(−0.44)

0.004
(0.28)

City size 0.089
(1.29)

0.058∗

(2.36)
0.077∗

(1.95)
0.058
(1.37)

0.915∗∗∗

(3.35)
−0.011
(−0.46)

Transportation
accessibility

−0.011∗

(−1.85)
0.014
(1.64)

0.012
(0.17)

0.021∗

(1.71)
0.008∗

(1.89)
0.013

(−1.04)

Constant 0.448∗∗∗

(3.47)
0.649∗∗∗

(8.65)
0.308∗∗

(2.03)
0.651∗∗∗

(8.54)
−9.756∗∗∗

(−15.58)
0.584∗∗∗

(16.86)

City fixed effect YES YES YES YES YES YES

Year fixed effect YES YES YES YES YES YES

N 3,069 3,069 3,069 3,069 3,069 3,069

Adjusted R2 0.43 0.51 0.48 0.52 0.54 0.47

Note:∗∗∗p ≤ 0.01,∗∗p ≤ 0.05, and∗p ≤ 0.10; t-statistics are in parentheses.

resource concentration and radiation, making it easier to realize the
region’s economic development and green technological innovation
through network and agglomeration externalities, thus improving
the region’s economic performance. However, the economies of
the central and western regions are generally more backward,
the intensity of innovation links in most cities is low, and
innovation resources are concentrated only in a few core cities
such as Chongqing, Chengdu, and Xi’an. This makes it difficult
to effectively exert the radiation effect of invisible knowledge
dissemination and innovation links and, to a certain extent, restricts

the development of regional green technological innovation and
economic activities.

5 Discussion and conclusion

Based on unique patent transaction data, this study reveals the
spatiotemporal pattern of innovation networks and urban GTFP
using the improved super-efficient SBM model and social network
analysis. Furthermore, this study uses a negative binomial model
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TABLE 5 Impact of innovation network on GTFP in different regions.

GTFP Eastern region Central region Western region

Linkage 0.023∗∗

(1.72)
0.017∗∗∗

(2.65)
0.014∗∗

(2.42)

Environmental regulation 0.005∗

(1.55)
0.014∗

(2.46)
0.017∗∗∗

(4.17)

Agglomeration economy 0.047∗∗∗

(6.48)
0.028∗∗∗

(3.80)
0.018∗∗

(3.28)

Resource endowment 0.026∗∗∗

(5.34)
0.002
(1.35)

0.001
(0.47)

Industry structure −0.074∗∗

(−2.00)
0.153∗∗∗

(4.99)
0.161∗∗∗

(3.77)

Energy consumption structure 0.072∗

(1.75)
−0.075∗∗∗

(−3.56)
−0.012∗∗

(−3.09)

GDP 0.032∗∗∗

(2.90)
0.02
(1.53)

0.002
(0.18)

FDI 0.021
(0.03)

0.001
(0.39)

−0.002
(−0.69)

Urban innovation 0.01∗

(1.72)
0.004∗

(2.26)
0.006∗∗

(2.99)

Urbanization rate −0.155∗∗∗

(−5.60)
−0.054∗

(−1.85)
0.038
(1.02)

City size −0.021
(−0.58)

−0.009
(−0.15)

0.669∗∗∗

(2.83)

Transportation accessibility 0.002∗∗

(2.17)
0.002∗

(2.99)
0.023
(0.34)

Constant 0.389∗∗∗

(3.98)
0.508∗∗∗

(4.40)
0.597
(5.50)

City fixed effect YES YES YES

Year fixed effect YES YES YES

N 1,265 1,177 627

Adjusted R2 0.52 0.46 0.48

Note:∗∗∗p ≤ 0.01,∗∗p ≤ 0.05, and∗p ≤ 0.10; t-statistics are in parentheses.

to explore innovation networks’ impact on the urban GTFP and its
mechanism of action.

(1) The innovation network significantly improves urban
GTFP, and the conclusion still holds after endogeneity and
robustness tests. Environmental regulations also significantly
contribute to GTFP.

(2) The innovation network mainly promotes the urban GTFP
by alleviating regional labor and capital mismatches and
improving green technology. With the enhancement of
intercity innovation linkage, the innovation network is
gradually formed and developed, which not only promotes the
free flow of innovation factors and industrial agglomeration

but also promotes the application of energy-saving and
emission-reduction technologies through the knowledge
spillover effect.

(3) The innovation network impacts GTFP differently in
different regions, in which economically developed big cities
attract more innovation resources under priority linkage
through good infrastructure and interaction and form closer
innovation linkages, obtaining fuller agglomeration and
network externalities.

This study has important policy implications for regional
innovation systems and green transformation. First, the government
should strengthen the construction of a cross-regional technology
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market and increase the strength of inter-regional innovation
linkages. Second, governments should adopt differentiated
technology transaction regulatory policies in different regions.
Finally, the government should actively introduce relevant policies
to optimize the spatial allocation of innovation resources and give
full play to the critical role of industrial agglomeration in promoting
regional green economy performance.

This study measures GTFP through the super-efficient SBM
model compared to previous studies. It analyzes the impact of inter-
city innovation linkages on urbanGTFP using the negative binomial
model, which clarifies the socioeconomic effects of innovation
networks and provides policy recommendations. However, there
are some limitations. This study mainly focuses on inter-city patent
transactions and their technology factor flows. Still, it lacks attention
to patent transaction activities and their impact on regional green
development at different scales, such as inter-country and inter-
county. Therefore, future research could use big data technology to
obtain more detailed data on the number and amount of patent
transactions at the national, city, and county scales to characterize
interregional innovation linkages fully.
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