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Introduction

The European Union (EU) was the first organization to launch a mechanism for trading
carbon emissions. Since 2005, this practice has been adopted by other nations across
Asia, the Americas, and Australia. According to the World Bank, 64 different carbon
trading pricing policies are being implemented worldwide. Thus, assessing the impact of
the carbon emission trading system has gradually become a hot issue for academia and
policymakers. One of the core policy objectives of carbon emission trading is to promote
technological innovation (Caparros et al. 2013). In most cases, this has been assessed
via questionnaires, surveys, interviews, and case studies (Anderson et al. 2011). Some
studies have evaluated the impact of carbon emission trading systems on the green inno-
vation of enterprises or regions based on empirical models (Calel and Dechezlepretre
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2016). There is sufficient empirical evidence that market incentive tools encourage inno-
vation subjects to carry out green innovation to a certain extent.

China’s economy is currently transitioning toward high-quality development, and
green revolution is a crucial channel for aiming for the forefront of global economic
development to boost China’s green growth and development. In the 20th National
Congress of the Communist Party of China, the president of China, Xi Jinping, said that
China aims to peak its carbon emissions before 2030 and achieve carbon neutrality by
2060." To achieve this, the Chinese government initiated a carbon emission trading pilot
policy in seven provinces and cities (Beijing, Shanghai, Tianjin, Chongqing, Guangdong,
Hubei, and Shenzhen) in 2013.% This policy aimed to investigate market mechanisms to
achieve greenhouse gas control targets and accumulate experience to establish a carbon
emission trading market suitable for China’s national conditions. Afterward, the Chinese
government extended the scope of this pilot policy and implemented it in the province
of Fujian in 2016.% The year 2021 marked the beginning of the official building phase of a
carbon emission trading policy at the national level.*

This indicates that greenhouse gas control targets can be fulfilled through the different
action mechanisms of environmental regulation, which can be divided into three types—
command-and-control, market-driven, and voluntary. Market-driven environmental
regulation has increasingly become the primary means for environmental supervision
departments to deal with environmental problems (Liao 2018; Tzankova 2021). Carbon
emissions trading policy is a typical type of market-driven environmental regulation.
To be more explicit, it indicates that the government will decide on both the maximum
allowable level of overall carbon emissions and the initial quota of carbon emission per-
mits for market players. To meet the total carbon emission control goal, an entity that
acquires the quota can either sell the surplus emission quota on the carbon emission
market or buy the missing emission quota from another entity. The policy is an essential
instrument for China to deal with climate change. Academia and government decision-
makers in China are paying careful attention to determine whether or not the country’s
recently introduced carbon emission trading pilot policy would positively impact envi-
ronmentally friendly innovation (Wang et al. 2019; Yan et al. 2020; Zhang et al. 2019,
2017). Similarly, Xie and Su (2021) explained that cooperation can boost innovative
capabilities by facilitating information sharing, the melding of resources, and the dis-
semination of new technologies. Hence, innovation cooperation between relatively lag-
ging regions and knowledge-rich regions will improve the innovation performance of
lagging regions (Noni et al. 2018). The characteristics of a cooperation network, such
as centrality, agglomeration, and structural holes, significantly affect innovation per-
formance (Fabrizi et al. 2018; Guan and Liu 2016). However, prior researchers have not
addressed the effect of the market-driven carbon emission trading policy on green inno-

vation cooperation at the city level.

! http://www.mofcom.gov.cn/article/i/jyjl/1/202012/20201203020940.shtml.
2 http://politics.people.com.cn/n/2013/1126/c70731-23662332.html.

3 http://www.gov.cn/xinwen/2016-12/22/content_5151566.htm.

* http://www.gov.cn/xinwen/2021-08/03/content_5629115.htm.
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This study employed the difference-in-differences (DID) methodology to investigate
how China’s carbon emission trading policy influenced collaborative green innovation.
The study analyzed panel data on 274 Chinese cities from 2008 to 2020 to uncover the
impact mechanism and outcomes of the policy. A big challenge in this study is acquir-
ing and constructing historical data on green innovation at the city level. Previous stud-
ies mostly used patents to represent the output of innovation, where patent application
reflects the willingness to innovate, and patent authorization reflects the quality of inno-
vation (Ali et al. 2023; Higham et al. 2021; Jin et al. 2022). To fulfill the requirements of
this study, the green patent cooperation network matrix must be used to compute the
features of the cooperation network. More precisely, the number of invention patents
approved for collaboration in the 274 cities across China each year is utilized to create
a collaborative innovation network across various cities. Afterward, the yearly network
characteristic data for each city is computed. The findings of this study also include a
measurement of the data about inter- and intra-city green innovation cooperation at the
city-year level.

We further analyze the heterogeneous impact of urban openness and command-and-
control environmental regulation intensity. On the one hand, considering the spillo-
ver effect of technology, cities with a high degree of openness are more conducive to
the introduction of foreign advanced technology and have higher vitality, and innova-
tion subjects are more likely to participate in cooperation (Alcala and Ciccone 2004; Ali
et al. 2023; Lin et al. 2009). On the other hand, research from the perspective of policy
instruments has revealed that different environmental policy instruments have differ-
ent effects. For instance, based on Porter’s hypothesis, innovation subjects, especially
enterprises, have greater innovation motivation when facing environmental and insti-
tutional pressure (Desrochers and Haight 2014; Ramanathan et al. 2018; Stavropoulos
et al. 2018). This compels us to further investigate the heterogeneity impact of carbon
emission trading policy on green innovation cooperation.

This study makes three contributions to the literature. (1) By evaluating the impact of
carbon emission trading policy on inter- and intra-city green innovation cooperation,
it tests whether market-driven environmental policy can achieve the Porter effect in
China. Theoretically, it expands the research on the relationship between environmen-
tal regulation and green innovation at the city level. When the urban economy entered
the stage of high-quality development, green innovation became an important issue in
China and even the entire world. (2) This study analyzes the heterogeneous effect of car-
bon emission trading policy on green innovation cooperation from the two dimensions
of openness and command-and-control environmental regulation. This is significant
for cities to take differentiated measures to optimize the policy effects. (3) We further
analyze the impact mechanism from industrial upgrading and digital finance coverage
perspectives. This study enriches the relevant literature on carbon emission trading and
green innovation mechanisms and helps provide theoretical support and empirical evi-
dence for formulating systematic carbon emission trading policies.

The subsequent sections of the paper are structured as follows. The "Literature review"
section provides an overview of the relevant literature, presents the policy background,
and outlines the theoretical hypotheses. The "Method" section describes the data
sources, measurement of variables, and the model. The "Analysis and results" section
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discusses the empirical analysis of the policy effect on inter- and intra-city green innova-
tion cooperation. It includes baseline results, parallel trend test, placebo test, robustness
test, and mediating effect test. The "Heterogeneity analysis" section describes the het-
erogeneity of the policy impact. The "Conclusion and implication" section presents the
conclusions, policy implications, and future research paths.

Literature review

This study evaluates the carbon emission trading pilot policy in China and the impact of
environmental regulation on green innovation. We first review recent research progress
in the above two aspects. Next, based on previous research, we discuss the impact of
carbon emission trading policy on inter- and intra-city green innovation cooperation.
Finally, we discuss the possible influencing mechanisms—the effects of industrial struc-
ture upgrading and digital finance coverage.

Effect of carbon emission trading policy

The carbon emission trading system is the core driving force of low-carbon develop-
ment in Chinese cities (Wu et al. 2021). A carbon emission trading policy is a powerful
means for China to achieve carbon peaking and neutrality. Research on the policy effects
mainly focuses on the environmental, economic, and innovation effects.

Regarding the environmental perspective, most studies have explained that a carbon
emission trading mechanism reduces carbon emissions and produces positive policy
effects. First, the DID model is used to estimate the impact of the pilot policy on the pilot
areas. Prior research has revealed that energy consumption in the pilot area is 22.8%
lower than in other areas, which is almost 15.5% (Hu et al. 2020a, b). Some scholars also
believe that there is a rebound effect in the energy-saving effect of environmental poli-
cies, and improving energy efficiency may lead to more energy consumption (Berkhout
et al. 2000). Second, a computable general equilibrium model has been used to evaluate
the impact of carbon emission trading on carbon emissions under various policy sce-
narios, finding that China’s carbon emission trading can reduce carbon intensity and be
economically efficient (Dai et al. 2018; Lin and Jia 2019¢; Zhang et al. 2020a, b). Car-
bon emission trading significantly correlates with carbon emission reduction (Lin and Jia
2019a, b).

From an economic perspective, the conclusions of the impact of carbon emission trad-
ing on economic development are inconsistent. One view is that carbon emission trading
negatively affects regional gross domestic product (GDP) (Dong et al. 2019; Tang et al.
2015; Wu and Gong 2021), which leads to inevitable welfare loss (Hubler et al. 2014).
Another point of view is that carbon emission trading promotes employment, economic
growth, and especially low-carbon economic development (Huang et al. 2019). Accord-
ing to Yang et al. (2020), a carbon emission trading strategy can assist with both reduc-
ing emissions and boosting the economy. From a micro perspective, the system can
assist in the emission reduction efforts of enterprises and provide financial benefits to
enterprises that participate in carbon emission trading (Liu et al. 2022a, b; Narayan and
Sharma 2015; Wen et al. 2018). This benefit is mainly to obtain economic benefits by
reducing the emission reduction cost of enterprises and selling emission permits and
quotas (Springer et al. 2019; Wen et al. 2020).
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From an innovation perspective, low-carbon technologies are increasingly criti-
cal in realizing urban carbon neutrality goals and sustainable urban development
(Shang and Lv 2023). As the world’s largest carbon trading market, the EU’s suc-
cessful experience is worth emulating by China. Existing research has revealed that
the EU carbon trading system promotes green innovation in regulated enterprises
and can effectively improve green technology innovation (Calel and Dechezlepretre
2016). The innovation-promoting effect of China’s carbon emissions trading pilot
policy has also received extensive attention. Some scholars have supported the Por-
ter hypothesis, using data from listed firms to argue that the policy promotes higher
levels of firm innovation through the price mechanism of carbon from the perspec-
tive of market-incentivized environmental regulation. They argued that China’s car-
bon emissions trading policy significantly contributes to the quantity and quality of
innovation by firms (Hu et al. 2020a, b), which is more evident among state-owned
enterprises, listed companies in the east, and those with lower financing constraints
(Yu et al. 2022). Moreover, a detailed auction mechanism and a strong monitoring
mechanism are essential to ensure the dynamic effectiveness of the carbon emissions
trading mechanism (Yao et al. 2021).

Impact of environmental regulation on green innovation

Several scholars have employed the “compliance cost” theory and the “innovation com-
pensation” theory to verify the validity of the Porter hypothesis. After summarizing the
literature, we found that the impact of environmental regulation policies on enterprise
or regional green innovation can be divided into four categories—promotion effect,
inhibition effect, nonlinear relationship, and no apparent relationship (Cainelli et al.
2015; Amores-Salvadé et al. 2015; Liu and Li 2022; Petroni et al. 2019; Porter and Van-
der Linde 1995). Research from a policy instruments perspective reveals that different
environmental policy instruments have different effects such as command-and-control
tools, and some market-driven tools positively affect green environmental innovation.
Some scholars have examined the stimulating effect of command-and-control, emission
tax, subsidy, pollution emission permits, and other tools on enterprise technology diffu-
sion and found that the stimulating effect of the auctionable permit was the largest, fol-
lowed by emission tax and subsidy, and direct control ranked last (Bian and Zhao 2020;
Zhang et al. 2020a, b). Only regulatory penalties above a certain threshold will reduce
enterprises’ free-riding behavior and drive the green supply chain’s upstream and down-
stream enterprises to accelerate emission reduction (Liu et al. 2022a, b). Other scholars
have proposed that if the command-and-control policy can bring about innovation that
reduces the cost curve of pollution control, it can play a more significant role in stim-
ulating innovation than the market-driven policy (Bauman et al. 2008). Furthermore,
some scholars have explored how environmental policy affects innovation cooperation,
but the relevant research is not in-depth enough.

In general, previous research has used quasi-natural experiments to reveal the
mechanism through which environmental policies influence technological innova-
tion. However, no unified conclusion has been reached, and there is a lack of research
on green innovation cooperation, which we try to cover in this study.
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Effect on inter- and intra-city green innovation cooperation

Cooperation can facilitate the flow of technology, talent, and knowledge, thus pro-
moting technology transfer and enhancing innovation capacity (Ali et al. 2023; Xie
and Su 2021). Research on the effects of innovation collaboration can be divided into
three levels—individual, organizational, and regional levels. At the individual level,
studies on inventors have found that whom they collaborate with affects innovation
performance. At the organizational level, collaboration with the customers of man-
ufacturing firms can enhance green product innovation based on the results of a
firm-based study (Kobarg et al. 2020). At the regional level, relatively lagging regions
cooperate with relatively advanced regions in innovation based on the pressure of
competitive effects and the incentive to learn from imitation effects to ultimately
reach the goal of enhancing the innovation performance of lagging regions (Ali et al.
2023; Noni et al. 2018). Studies have revealed that cooperation network characteris-
tics, such as degree centrality and agglomeration coefficient, significantly influence
innovation performance (Ali et al. 2023b; Fabrizi et al. 2018).

As innovation cooperation involves different individuals, organizations, and
regions, many factors restrict it. Geography, industry, enterprise, technology, culture,
capital, and other factors critically impact innovation cooperation (Ali et al. 2023a;
b; Steensma and Corley 2000; Tether 2002; Wang et al. 2017). Further research has
found that regional attributes, such as economic and technological factors, regional
location, and whether it is a provincial capital city affect regional innovation coopera-
tion (Ali et al. 2023a, b; Jiang et al. 2017).

China’s low-carbon technological resources and production are concentrated in a
small number of economically booming cities due to the agglomeration effect of inno-
vation. Cooperation innovation is crucial due to the technological spillover impact
of innovative activities and their features of high investment, high risk, and severe
difficulty. The structure of a collaborative network has an important impact on the
efficiency of collaborative innovation (Guan et al. 2016) that enterprises actively seek
from external knowledge sources (Chesbrough 2003).

One issue is the lopsided dispersal of China’s low-carbon technology research and
development (R&D) and technological change. Low-carbon technological resources
are abundant in industrialized areas and scarce in less developed areas. The trans-
fer and transformation of low-carbon technologies in academic and research institu-
tions are less developed and inadequate. Enough resources are not put into R&D by
small and medium-sized enterprises in economically depressed urban areas, hamper-
ing their ability to innovate with low-carbon technologies and effectively disseminate
their findings. These lead to “technology lock-in” and “high carbon lock-in” in some
regions. Due to the adoption of carbon emission trading policy, relevant enterprises
are compelled to engage in green innovation. Enterprises in less developed areas will
increase their cooperation in the area of green innovation if there is increased envi-
ronmental regulation. This policy would help facilitate the free flow of low-carbon
technology resources, talents, capital, and other factors through technology transfer
hubs and other platforms and encourage green innovation cooperation within and
between cities (Chen et al. 2019; De Marchi et al. 2022).
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Conversely, green high-tech industries gather scientific and technological resources,
and their innovation depends more on accelerating knowledge flow efficiency. The car-
bon emission trading mechanism strengthens the interaction between low-carbon enter-
prises and enables them to grasp the market dynamics quickly, make adjustments, and
optimize the efficiency of resource allocation (Ma et al. 2021; Yin et al. 2020). Accord-
ing to the resource-based theory, enterprises complement the required assets and capa-
bilities through cooperation (Williamson 1981). While sharing resources can stimulate
the creation and diffusion of knowledge, green high-tech industries are knowledge- and
technology-intensive, are characterized by large R&D investment and high risk, and
often require the participation of multiple industries inside and outside the city. There-
fore, developing high-tech industries will be conducive to collaborative innovation
within and between cities.

Mediating effect of industrial structure upgrading

The carbon emission trading system changes the cost—benefit relationship of firms.
To pursue profit maximization, enterprises adjust their factor structure, product loca-
tion, product structure, and technology level to absorb the increase in cost caused by
environmental protection (Song et al. 2021). For example, to achieve carbon neutral-
ity as soon as possible, China has been promoting the development of the lithium bat-
tery industry (Bai et al. 2022). Some enterprises with solid competitiveness can adapt to
high-standard carbon emission requirements as soon as possible and achieve sustainable
development (Yu and Wang 2021). Moreover, some less competitive enterprises may not
be able to afford the high cost of carbon emissions. Thus, it drives the transformation
and upgrading of industrial structures at the macro level. The upgrading of industrial
structure means the transformation of cities from capital- and labor-intensive to tech-
nology-intensive and also means the rise of the tertiary industry, which are conducive to
reducing the energy demand of enterprises with high energy consumption, thus promot-
ing green innovation (Ju et al. 2015; Liu and Sun 2021).

First, the optimization and upgrading of the industrial structure will realize healthy
and coordinated development among various industries, further promote the techno-
logical innovation and management adjustment of the whole industrial chain, and thus
promote the free flow of factor resources (Yuan et al. 2020; Zhao et al. 2022). Second,
upgrading the industrial structure can strengthen the interrelation within and between
industries, enhance the communication and cooperation between innovation subjects
inside and outside an industry, and promote regional innovation (Li et al. 2014). Third,
the demand and synergy effects of industrial structure upgrading require innovation
subjects to improve technology and service methods and enhance the level of techno-
logical innovation, thereby promoting cooperation.

Mediating effect of digital financial coverage

As the object of each regional carbon emission trading platform, the distribution of car-
bon emission rights occurs in cities that are participating in the pilot program for trad-
ing carbon emissions. To promote the rapid development of the carbon emission trading
market, it is crucial to establish a carbon financial mechanism system to ensure the
orderly operation of the carbon trading market (Paramati et al. 2021; Zhou and Wang
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2022). The Chinese government promotes the seamless integration of digital technol-
ogy and carbon finance, harnessing cutting-edge tools such as big data, blockchain, and
intelligent investment consulting. These technologies are leveraged to support invest-
ment choices, transaction pricing, and the dissemination of information.

On the one hand, compared with other technological innovations, green innovation
requires more investment in R&D funds. However, innovation-subject financing often
cannot meet its needs through internal financing. Compared with traditional finance,
digital finance has the advantages of a low financing threshold and comprehensive cov-
erage, which helps innovation subjects overcome financing challenges and improves
the efficiency of green innovation (Arner et al. 2020; Demertzis et al. 2018; Zhang et al.
2023). On the other hand, the synergy between digital finance and carbon finance can
accelerate the output of diversified green financial products and services and improve
the green innovation willingness of innovation subjects.

The urgent problems of green innovation are few financing channels, high financ-
ing costs, and the mismatch between credit supply and demand. The breadth of digital
finance refers to the extent to which users can be guaranteed corresponding services,
reflecting the audience’s scope of digital finance. Expanding the coverage and breadth
of digital finance requires using mobile Internet to open electronic accounts on a large
scale, eliminating the limitations of time and space differences, and broadening the
contact surface of financial services (Wang et al. 2022; Xu et al. 2022). The greater the
breadth of use, the more green innovation subjects it serves. By coordinating the alloca-
tion of credit resources and driving more social capital to invest in low-carbon devel-
opment, digital finance has virtually strengthened the cross-regional allocation of green
credit resources among cities and effective cooperation between governments.

Method

This study evaluates the effect of the carbon emission trading pilot policy at the city
level with the well-reputed DID approach. We chose 274 cities as the research sample,
including 46 pilot cities and 228 nonpilot cities after considering unavailable data and
administrative adjustments. The Patsnap patent database and the official website of the
State Intellectual Property Office are the platforms where we can get information on
green patents. The World Intellectual Property Organization also provides the Interna-
tional Patent Classification (IPC) Green List on 300,000 green-authorized inventive pat-
ents. The “IPC Green Inventory” was developed by the Expert Committee of IPC and
is divided into seven green patent topics, including alternative energy, transportation,
energy conservation, waste treatment, agriculture and forestry, administrative super-
vision and design, and nuclear power generation and covering about 200 categories
directly related to environmentally friendly technologies. The rest of the data are from
the China Statistical Yearbook, the China Statistical Yearbook on Science and Tech-
nology, the annual statistical bulletins of each city, and the CNRDS data platform. This
study selects the data from 2008 to 2020 for empirical analysis.

In 2008, the United Nations developed the “Global Green New Deal” idea in response
to the international financial crisis. China is an active participant and pioneer in the the-
ory and time of green development. China officially began to advocate green develop-
ment and entered the fast lane of green innovation development in 2008. This is why the
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starting point of the study is 2008. In 2021, China officially established a unified national
carbon emission trading market. The carbon emission trading policy has moved from
the pilot stage to the policy diffusion stage, so the research deadline is 2020. In addition,
considering a certain time lag from R&D innovation to patent application, the study
lagged the independent variable and all control variables by one period (Guan et al.
2016).

Measures

Dependent variables

Inter-city green innovation cooperation (Egic) It is represented by the degree centrality
index of each city node in the inter-city green patent cooperation network. In this study,
green patents with patent applicants in different cities are considered inter-city coopera-
tive green patents. The higher the degree of centrality of a node, the more influential the
node is in the cooperative network.

Intra-city green innovation cooperation (Agic) It is represented by the number of green
patents of two or more innovative entities within the same city. Invention patents can
represent the output of innovation, where the application of patents reflects the will-
ingness to carry out green technology innovation, and the authorization of patents has
stricter approval procedures, which are objective and stable. The data processing proce-
dure is as follows:

The first step is to retrieve nearly 300,000 pieces of green patent information accord-
ing to the restrictions of application time, authorized invention, and IPC classification
number. The second step is to eliminate the green patents in which the applicant is an
individual or in which there is only one innovation institution. The third step is to link
the company name information of all applicants to Baidu Map to get their city informa-
tion. The fourth step is to build a collaborative innovation network among cities. For
example, if University Al in City A and Enterprise Bl in City B jointly apply for Patent
P1 for cooperative invention, the data of green innovation cooperation between Cities
A and B can be constructed through Patent P1. In the fifth step, to obtain the degree of
centrality and other indicators that represent the characteristics of the cooperative net-
worlk, it is necessary to use the cooperative network matrix for calculation. The number
of authorized invention patent cooperation between the 274 cities in each year is used to
calculate the collaborative innovation network between each region numerically. Then,
UCINET software is used to calculate the characteristic data of each city’s annual net-
work structure.

Independent variable

Carbon emission trading pilot policy (Policy) The study design involves classifying the 46
cities that sequentially implemented carbon emission trading since 2013 as the treatment
group, while the remaining non-pilot cities serve as the control group. A dummy vari-
able is employed to represent the carbon emission trading pilot policy created through
the interaction between the group dummy variable “Treat” and the time dummy variable
“Post” A “Treat” value of 1 indicates a city’s participation in the carbon emission trading
pilot, whereas a “Treat” value of 0 signifies its absence. Similarly, the “Post” variable takes
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Table 1 Descriptive statistics and correlation analysis

Variable Observation Mean SD Min Max
Inter-city green innovation cooperation 3288 418 1069 0.00 177.00
Intra-city green innovation cooperation 3288 6.86 5215 0.00  1184.00
Population density 3288 7.96 0.77 5.56 933
The level of economic development 3288 10.55 0.63 9.03 11.96
Human capital 3288 0046 100 —261 228
Infrastructure 3288 2.70 043 144 3.60
Government expenditure on science and technology 3288 —452 088 —6.69 —231
Urban openness 3288 0.19 0.36 0.00 8.13
Command-and-control environmental regulation intensity 3288 0.05 0.00 0.00 0.022
Industrial structure upgrading 3288 0.92 0.50 0.09 517
Digital financial coverage 2740 166.06 67.27 1.88 32649

on a value of 1 for the year that a city became a pilot city and the subsequent years, while
it takes on a value of O for the year before the policy implementation.

Mediating variables

Industrial structure upgrading (Isu) It is represented by the proportion of the ratio of the
tertiary industry to the ratio of the secondary industry. The secondary industry is car-
bon emission intensive and concentrates on technological innovation. The evolution of
industrial structure is closely related to green innovation.

Digital financial coverage (Dfc) We measure this variable as the coverage breadth index
in the Digital Inclusive Financial Index released by the Digital Research Center of Peking
University (Feng et al. 2020). The Digital Inclusion Index was first published in 2011.
Therefore, the research period during which it is used as the mediating variable is from
2011 to 2020.

Control variables

Population density (Pd) is expressed as the number of people per square kilometer.
The level of economic development (Pgdp) is expressed by a city’s per capita gross
domestic product. The higher the level of urban economic development, the larger
the market size; the more the innovation factors, such as technology, talent, and capi-
tal are concentrated; and the stronger the ability and motivation of green technology
innovation. Human capital (Hum) is calculated by the population of ordinary col-
lege or above (10,000)/the city’s permanent population (10,000) *100. A high-quality
labor force with skilled labor with rich knowledge reserves is an essential guarantee
for scientific research and innovation activities. Infrastructure (Infr) is expressed as
road area per capita. Government expenditure on science and technology (Gov) is rep-
resented by the proportion of government science and technology expenditure in
the general budget of local finance. The control variables are treated in logarithms
in the regression analysis. The definition and descriptive statistics of the variables
are presented in Table 1. The average values of cross- and intra-city green innovation
cooperation are 4.18 and 6.86, respectively. There is a significant difference between
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Table 2 The principle of the DID model

Before the implementation of  After the implementation of  Difference

the policy the policy
Treatment group A+B A+B+C+D C+D
Control group A A+C C
Difference B B+D D (difference

in difference)

[ Stepi: Basic premise ] [ Sepeiiodel ] l Step3:Effect test ] [ Step4:Futher analysis ]

construction

- Parallel trend test
- Baseline regression - Placebo test
- Robustness test

- Pilot poilcy
- Panel data

- Mediating effect test
- Heterogeneity test

Fig. 1 Specific analysis steps of the DID model

the maximum and the mean values, indicating a large gap in the level of urban green
innovation cooperation. Some cities have a high level of green innovation coopera-
tion, but the overall level needs to be improved.

Model design

The DID method has been widely used in recent years to evaluate the effect of policy
implementation as a quasi-experiment exogenous to the economic system (Beck et al.
2010; Bertrand and Mullainathan 2003; Zhang et al. 2020a, b). On the one hand, the
implementation of China’s carbon emission trading pilot policy may lead to differ-
ences in a pilot city before and after the implementation of the policy. On the other
hand, it may also cause differences between pilot and non-pilot cities at the same
time. Therefore, China’s carbon emission trading pilot policy can be regarded as a
quasi-natural experiment, and the DID method can be used to identify the net impact
of policy shocks on green innovation cooperation at the city level. In this study, the
empirical analysis of the DID model can be divided into four steps—basic premise,
model construction, effect test, and further analysis. The theoretical explanation of
the DID model is presented in Table 2, and the specific empirical analysis steps are
depicted in Fig. 1. As the carbon emission trading pilot policy is launched in two
batches, this study uses the multi-time DID model for evaluation. Then, we propose

the following models:

Egic;, 1 = ag + arPolicy;, + agcontiy + Wit + yir + €ir (1)

Agic;, 1 = Bo + BrPolicy;, + Bacontis + s + Vit + €it (2)

In Egs. 1 and 2, i denotes the city ; ¢ denotes time; xpandfp are the regression coeffi-
cient and the core parameters, and their significance level reflects the effect of the pilot
policy on green innovation cooperation; cont;; represents the control variable; u;; repre-
sents the year-fixed effect; y;; represents the city fixed effect; and €;; represents the ran-
dom error term. The study uses Statal6.0 software to perform the statistical analysis.
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Table 3 Results of the benchmark regression

(1 (2 (3) (4)

Carbon emission trading pilot policy (Policy) 1.685** 1.670** 11.628** 11.725%*
Population density 0.099 0.873**
The level of economic development — 1.434** — 7.645%**
Human capital —1.124** —4.242*
Infrastructure —0416 —0470
Government expenditure on science and technology 0.134 0.624
Cons 3.363%%* 20.330** 2.249%* 83.978**
Year Yes Yes Yes Yes

City Yes Yes Yes Yes
R-squared 0.159 0.168 0.027 0.032

N 3288 3288 3288 3288

*, ** **xGignificance levels of 10%,5% and 1%, respectively

Analysis and results

Baseline results

Based on the outlined benchmark model, we investigate the influence of the carbon
emission trading pilot policy on inter- and intra-city green innovation collabora-
tions. The findings from the estimation are presented in Table 3. In columns (1) and
(2), the focus is on inter-city green innovation cooperation, while in columns (3) and
(4), the emphasis shifts to intra-city green innovation cooperation. Columns (1) and
(3) specifically incorporate fixed effects, excluding control variables. To accurately
estimate the impact of the carbon emission trading pilot policy on green innova-
tion cooperation, the analysis considers city-year fixed effects along with the control
variables. The calculated coefficient for the instrumental variable (IV) in Column
(2) is 1.670, attaining statistical significance at the 5% level. This outcome indicates
that, compared with that of nonpilot cities, the average increase in collaborative cit-
ies in pilot cities is approximately 1.670. Similarly, the IV coefficient in Column (4)
is 11.725, also demonstrating statistical significance at the 5% level. This result indi-
cates that, relative to non-pilot cities, the average augmentation in intra-city green
innovation cooperation in pilot cities is about 11.725 times.

Parallel trend test

As a quasi-natural test method, the important prerequisite for the results of the DID
method is to meet the parallel trend hypothesis that is, the green innovation cooper-
ation of the treatment and control groups has the same time trend before the policy
shock occurs (Jacobson et al. 1993). This study selects data samples from five years
before and after the implementation of the policy to conduct parallel trend tests on
Egic and Agic, respectively, and the results are depicted in Fig. 2. In the years before
the pilot of the carbon emission trading policy, the estimated coefficients of the two
groups fluctuated around 0, which is not rejected at the 95% confidence interval.
The test results are consistent with the hypothesis of the parallel trends.
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Fig. 2 Results of the parallel trend test

Table 4 Results of the time placebo test

(m (2)

Carbon emission trading pilot policy (Policy) 0.622 1.658
Population density 0.120 1.067%*
The level of economic development —1.335% —6.728**
Human capital —1.151** —4.527*
Infrastructure —0485 —1.140
Government expenditure on science and technology 0.167 0.956*
Cons 19.608** 77.590**
Year Yes Yes

City Yes Yes
R-squared 0.162 0.023

N 3288 3288

*, ** **xGignificance levels of 10%,5% and 1%, respectively

Placebo test

Time placebo test Drawing on previous studies, we postpone the pilot year by two
years to examine whether there is still a promotion effect on green innovation coop-
eration (Topalova 2010). If the estimated coefficients of the core variable are insig-
nificant, the impact of some potential unobservable factors on green innovation
cooperation can be excluded. Columns (1) and (2) of Table 4 present the effects on
inter- and intra-city green innovation cooperation, with the outcomes revealing coef-
ficient estimates of 0.622 and 1.658 for the policy variable, respectively. However,
these estimates do not achieve statistical significance at the 10% level, passing the
time placebo test.

City placebo test A city placebo test is employed to mitigate the potential influ-
ence of unobservable omitted variables on the benchmark regression outcomes (Cai
et al. 2016). This study randomly selects a pseudo-treatment group comprising 46 cit-
ies from the sample cities, while the remaining cities constitute the pseudo-control
group. This arrangement is designed to gauge the coefficient estimates associated
with implementing a carbon emission trading pilot policy at the city level, focusing on
inter- and intra-city green innovation cooperation.

This procedure is repeated 500 times to generate a collection of 500 regression coef-
ficients alongside their corresponding p-values. After visualizing the kernel density
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Table 5 Results of the robustness test

(1 (2) (3) (4) (5) (6)
Policy 30.741** 25.951%* 2.808** 23.576** 2.866*** 14.546**
Pd 0.742 1.826** 0.283 3.708 0.389%** 1.747%%
Pgdp —19.606** — 16.243*** —3.274** — 21.764%*%* —1.772%* — 13.634%**
Hum — 19.606** —9.860% —2.096 —13.905 —0.829 —3573
Infr 1.844 —1.206 —0.945 3.105 0.255 3.145
Gov 0915 1.396 —0.066 —0.363 —0.143 —0.282
Cons 216.682** 179.885** 0.000 0.000 0.000 0.000
Year Yes Yes Yes Yes Yes Yes
City Yes Yes Yes Yes Yes Yes
R-squared 0.039 0.032 0.188 0.051 0.142 0.033
N 3288 3288 1074 1074 2040 2040

*®, ** *xxGjgnificance levels of 10%,5% and 1%, respectively. Carbon emission trading pilot policy (Policy), Population density
(Pd), The level of economic development (Pgdp), Human capital (Hum), Infrastructure (Infr), Government expenditure on
science and technology (Gov)

distribution and p-values of these 500 coefficient estimates (as depicted in Fig. 3), the
majority of these coefficients cluster around the 0 mark, aligning with a normal distri-
bution pattern. Furthermore, most of these regression results do not reach statistical
significance. The estimated coefficients of the benchmark regression are positioned in
the upper tail of the distribution of spurious regression coefficients. This occurrence
is a rare event in the context of the urban placebo test. Consequently, the city placebo
test is deemed successful and aligns with the expected results.

Robustness test

This study employs three robustness testing approaches to enhance the reliability of the
findings. First, the measurement method of the dependent variable is substituted. Sec-
ond, the study utilizes a propensity scores matching (PSM) model. Third, the potential
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Fig. 4 Kernel density functions before and after matching

influence of other policies is isolated when implementing the carbon emission trading
policy. The outcomes of these robustness tests are presented in Table 5.

Replacing the measurement method of the dependent variable Inter-city green inno-
vation cooperation is represented by the sum of the number of green patents jointly
applied by a city with other cities. Intra-city green innovation cooperation is represented
by the total number of times that enterprises or institutions in a city participated in
cooperation within the same city. The results are presented in columns (1) and (2) of
Table 5. The estimated coefficient of IV in column (1) is 30.741, and that of IV in column
(2) is 25.951. They pass the significance test at the 5% level. The results indicate that
compared with non-pilot cities, the number of green patents jointly applied by differ-
ent cities increased by 30.741 times on average, and the number of times enterprises or
institutions in the city cooperated increased by 25.951 on average. This robustness test
proves that the policy positively impacts inter- and intra-city green innovation coopera-
tion, which is consistent with the benchmark regression analysis.

Using the PSM-DID model To ensure that the treatment and control groups share simi-
lar developmental trends in the absence of the pilot policy (Rosenbaum and Rubin 1985),
we employ the PSM technique. This methodology aims to counterbalance individual
discrepancies between these two groups. The process unfolds in the following manner:
Initially, we match the treatment and control groups based on comparable individual
characteristics, utilizing a nearest-neighbor matching approach with a 1:4 ratio. Then,
the outcomes of this matching procedure undergo validation, which is visually depicted
in Fig. 4. Once validated, the matched samples are utilized in the DID estimation analy-
sis. The resulting estimates are presented in columns (3) and (4) of Table 5. The IV coef-
ficients in columns (3) and (4) are 2.808 and 23.576, respectively, with both passing the
significance tests at the 5% level. This suggests that, compared with that of non-pilot cit-
ies, on average, the policy’s implementation led to an increase of approximately 2.808 in
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Table 6 Results of the mediation effect test

Dv Mv  Proportionof  Category Observed  Standard error  95% confidence interval
indirect effect coefficient

lower limit  upper limit

Egic  Isu  33.46% Indirect effect 1.667 0.532 0.874 3.062
Direct effect 3.315 1.027 1.448 5458

Dfc  4.59% Indirect effect  0.191 0.104 0.025 0416
Direct effect 3.974 1.046 2.064 6.144

Agic Isu  35.84% Indirect effect 8.201 3.103 3.692 16.510
Direct effect 14.681 6.186 4915 28373

Dfc  3.86% Indirect effect  0.709 0.388 0.075 1.615
Direct effect 17.660 6.732 5.874 32.768

Inter-city green innovation cooperation (Egic), Intra-city green innovation cooperation (Agic), Industrial structure upgrading
(Isu), Digital financial coverage (Dfc)

inter-city green innovation cooperation and approximately 23.576 in intra-city innova-
tion cooperation within pilot cities. A comparison of the estimation outcomes from the
baseline regression and the PSM-DID approach demonstrates consistent direction and
significance of the coefficients. This reaffirms the robustness of the baseline regression
results.

Interference from other policies is ruled out By collecting and organizing documents,
this study found two pilot policies that may affect green innovation cooperation. They
are the Notice of the National Development and Reform Commission on Promoting the
Pilot Work of National Innovative Cities and the Notice on Carrying out the Pilot Work
of Low-carbon Provinces and Regions and Low-carbon Cities. This study eliminates the
sample of cities in the control group affected by these two policies. The regression out-
comes are displayed in columns (5) and (6) of Table 5. In column (5), the estimated coef-
ficient of the IV is 2.808, and it attains statistical significance at the 1% level. In column
(6), the estimated IV coefficient is 14.546 and passes the significance test at the 5% level.
Moreover, the estimation results are similar to the baseline regression results.

Mediating effect test

The test results of the mediating effect of the industrial structure upgrading and the digi-
tal financial coverage are presented in Table 6. We use the bootstrap method to deter-
mine whether the mediating effect exists through the critical value of the confidence
level. Duplicate sampling was set for 500 times.

We verify the mediating effect of industrial structure upgrading first. For inter-city
green innovation cooperation, the indirect effect of industrial structure upgrading is
1.667, with a 95% confidence interval of [0.874, 3.062], and the direct effect is 3.315, with
a 95% confidence interval of [1.448, 5.458]. None of the confidence intervals contains
0. For intra-city green innovation cooperation, the indirect effect of industrial struc-
ture upgrading is 8.201, with a 95% confidence interval of [3.692, 16.510], and the direct
effect is 14.681, with a 95% confidence interval of [4.915, 28.373]. None of the confidence
intervals contains 0. This indicates that the upgrading of industrial structure has a partial
mediating effect.

Then, we verify the mediating effect of the coverage breadth of digital finance. For

inter-city green innovation cooperation, the indirect effect of digital finance coverage is
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Table 7 Results of the heterogeneity test

High Open Low Open High Cer Low Cer

(1) (2) (3) (4) (5) (6) (7) (8)
Policy 1.569* 23.424** 0.644** 0.553 1.908** 18.073**  1.976*** 12.438***
Pd 1.189*% 8.873%* 0111 0.112 0.279 0493 -0.375* 0.133
Pgdp —1.374 —14.058*  —0671* 0255 -2.968* -18.683**  -0418 -2.197%*
Hum —3446%**%  —24264%*%  —0900%* —1.160*** -1.207** -8841%**  -1541%%%  -4230%**
Infr —2576 1.562 0.531** —0.590* 0411 0.489 -0.767* -0.369
Gov 0.263 1.636* —0.034 0.046 -0.204 -0.095 0.160 0427
Cons 0.000 0.000 0.000 0.000 0.000 0.000 15.540%**  32457**
Year Yes Yes Yes Yes Yes Yes Yes Yes
City Yes Yes Yes Yes Yes Yes Yes Yes
R-squared  0.273 0.091 0.162 0.036 0.188 0.050 0.189 0.071
N 798 798 2216 2216 1330 1330 1684 1684

Carbon emission trading pilot policy (Policy), Population density(Pd), The level of economic development (Pgdp), Human
capital (Hum), Infrastructure (Infr), Government expenditure on science and technology (Gov)

0.191, with a 95% confidence interval of [0.025, 0.416], and the direct effect is 3.974, with
a 95% confidence interval of [2.064, 6.144]. None of the confidence intervals contains
0. For intra-city green innovation cooperation, the indirect effect of digital finance cov-
erage is 0.709, with a 95% confidence interval of [0.075, 1.615], and the direct effect is
17.660, with a 95% confidence interval of [5.874, 32.768]. None of the confidence inter-
vals contains 0. This indicates that the coverage breadth of digital finance has a partial
mediating effect.

Heterogeneity analysis

Urban openness

In the historical process of China’s opening up to the outside world, cities have always
been the most important carriers. Local enterprises or institutions will inevitably face
fierce international competition when they go out. To expand the space for survival and
development, these enterprises must undertake R&D investment in high-quality prod-
ucts to obtain foreign advanced technology spillovers to promote green innovation
(Cai et al. 2016; Muhammad and Khan 2019). In this study, a city’s degree of openness
is represented by the proportion of total import and export volume in its urban GDP.
The analysis involves a group regression based on the yearly average of each city’s exter-
nal openness. The results are detailed in Table 7. In columns (1) and (3), the dependent
variable pertains to inter-city green innovation cooperation, while in columns (2) and
(4), the focus shifts to intra-city green innovation cooperation. The findings in columns
(1) and (3) reveal that the estimated coefficient for cities with high openness is 1.569,
whereas for cities with low openness, the coefficient is 0.644, and both are significant.
This indicates that the carbon emission trading pilot policy improves the level of inter-
city green innovation cooperation more significantly in cities with a higher degree of
openness. Columns (2) and (4) reveal that the estimated coefficient of the group with
a high degree of openness is 23.424, which is significant at the 5% level. The estimated
coefficient of the group with low openness is 0.553, which is insignificant. This indicates
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that the carbon emission trading pilot policy significantly improves intra-city green
innovation cooperation in cities with a higher degree of openness.

Command-and-control environmental regulation intensity

Environmental regulation is important for the government to guide and manage eco-
logical and environmental problems. Improving command-and-control environmental
regulation has a critical impact on the ecological environment (Horbach 2008; Lee et al.
2011; Zhao et al. 2015). This study uses the proportion of the word frequency related
to environmental protection in local government reports to represent the intensity of
command-and-control environmental regulation. The grouped regression analysis is
conducted based on the annual average value of a city’s command-and-control environ-
mental regulation intensity; the results are presented in Table 7. The dependent variable
in columns (5) and (7) is inter-city green innovation cooperation, and the dependent
variable in columns (6) and (8) is intra-city green innovation cooperation. Columns
(5) and (7) reveal that the estimated coefficient of the group with high command-and-
control environmental regulation is 1.908, and the estimated coefficient of the group
with low command-and-control environmental regulation is 1.976 and significant. Col-
umns (6) and (8) reveal that the estimated coefficient of the group with high command-
and-control environmental regulation is 18.073. The estimated coefficient of the group
with low command-and-control environmental regulation is 12.438. Both of them are
significant. This indicates that the pilot policy has a more significant effect on improv-
ing intra-city green innovation cooperation in cities with high command-and-control
environmental regulation intensity. This may be because, under the constraints of envi-
ronmental regulation, enterprises or institutions in the same city face similar pressure,
have sufficient motivation to carry out green innovation cooperation, and cope with the
pollution reduction cost that increases with the intensity of government environmental
regulation. The possible reason is that under the constraints of environmental regula-
tion, enterprises or institutions in the same city face similar pressure and have sufficient
motivation to carry out green innovation cooperation to cope with the cost of pollution
reduction that increases with the intensity of government environmental regulation.

Conclusion and implications
Research conclusion

(1) The carbon emission trading pilot policy is found to promote inter- and intra-city
green innovation cooperation positively. The coefficient of the independent variable
remains significantly positive at the 5% statistical significance level. This assertion is
true even after subjecting the analysis to rigorous robustness tests.

(2) The influence of the carbon emission trading pilot policy on green innovation coop-
eration has a heterogeneous pattern. The impact of the policy is more pronounced
in inter- and intra-city green innovation cooperation in cities with lower levels of
openness than those with higher levels of openness. Similarly, while the effect on
inter-city green innovation cooperation remains relatively consistent across cities
with varying levels of command-and-control environmental regulation intensity,
the promotion effect on intra-city green innovation cooperation is notably stronger.
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These findings emphasize significant variations in the effects of carbon emission
trading pilot policies across diverse city contexts.

The relationship between the carbon emission trading pilot policy and green
innovation cooperation is partially mediated by two factors—industrial structure
upgrading and the extent of digital financial coverage. Enhancing industrial struc-
ture drives the evolution of urban green innovation, while embracing digital finance
coverage facilitates the seamless transfer of urban carbon emission rights, thereby
ensuring the successful implementation of policy measures.

Policy implications

Based on the research conclusions, we propose the following policy implications.

(1)

China is currently in the process of consolidating the lessons learned from the
implementation of the carbon emission trading pilot policy and scaling it up
nationwide. The pilot policy adheres to the incremental reform approach of “pilot
first and then expansion,” mirroring the principles of China’s reform and opening-
up strategy. This strategy is particularly relevant to the green and low-carbon trans-
formation of the economy and society. Such a gradual approach minimizes and
manages the potential risks associated with extensive transformations while simul-
taneously enabling the exploitation of best practices for achieving green and low-
carbon objectives. The findings of this study underscore the significant role of pilot
cities in propelling green innovation cooperation. In July 2021, China marked a piv-
otal milestone as its carbon emission trading market officially commenced trading
operations. Local pilots have made positive progress after years of development,
accumulating experience in constructing China’s carbon market. This initiative will
make a substantial contribution toward attaining the goals of carbon peak and neu-
trality.

The government should take differentiated roads of low-carbon transformation
according to the characteristics of openness and command-type environmental
regulation intensity. For cities with low openness, the government should encour-
age enterprises to seize the opportunity of opening-up and promoting the flow of
regional factors. It should also command and control environmental regulations
to pressure enterprises to carry out R&D and production activities. Market-driven
environmental regulation will stimulate enterprises’ enthusiasm for energy conser-
vation, emission reduction, and green innovation. For cities with low command-
and-control environmental regulation intensity, the government should use two
different environmental regulation tools to expand the promotion benefits of the
carbon emission trading pilot policy on green innovation cooperation.

Relevant supporting policy documents should be issued during the carbon market
construction to upgrade a city’s industrial structure and the development of digital
finance. First, the government should foster and strengthen advanced manufactur-
ing, strategic emerging, and modern service industries; reduce the proportion of
industries with high energy consumption and high emissions; build green transpor-
tation infrastructure; and guide green travel. Second, the government should pro-
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mote the development of green finance, develop technology patents as collateral for
industrial upgrading loans, and effectively allocate social capital to promote partici-
pation in green and low-carbon construction. Third, the government should popu-
larize Internet financial knowledge education for local enterprises and other insti-
tutions. This will promote the penetration of green financial services into micro,
small, and medium-sized enterprises; transfer part of the business from offline to
online; greatly reduce the original resource loss; and achieve win—win benefits and

environmental protection.

Limitations and future research

Although this study has certain theoretical value and practical significance, there are
still some limitations that future research can improve. The research object of this
study is the level of green innovation cooperation at the city level, so we adopt the panel
data of prefecture-level cities. Future studies can be further refined as data collection
becomes more detailed. First, green innovation cooperation can be further subdivided
into school-enterprise and enterprise—enterprise cooperation. Second, a shift from
static to dynamic research can make the results have a more far-reaching impact. Third,
environmental regulation policies may produce different effects in different industries.
Therefore, future research will evaluate the effects of carbon emission trading policies
on different industries. Fourth, we will collect more detailed data, such as cooperation
data on green services and products, to measure green innovation cooperation more
comprehensively.

Through the study of the two intermediary effects, we put forward some sugges-
tions for the implementation of the policy from the two aspects of adjusting the indus-
trial structure and promoting the development of digital finance. We did not analyze
the comprehensive effects of these two mediating effects but simply divided them into
direct and indirect effects for verification, which was scattered. Therefore, future stud-
ies should deeply analyze the comprehensive effect of the interaction between different
mediating effects and the interaction between different environmental protection poli-
cies. Then, effective low-carbon development strategies can be formulated based on in-

depth analysis.
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DID Difference-in-differences
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IPC International Patent Classification

WIPO  World Intellectual Property Organization
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Isu Industrial structure upgrading

Dfc Digital financial coverage
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Pgdp  The level of economic development

Hum  Human capital

Infr Infrastructure

Gov Government expenditure on science and technology
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