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Carbon emissions have become a global challenge that threatens human
development. Governments have taken various measures to reduce carbon
emissions, and green finance is an important and innovative way to realize
carbon emission reductions. This paper uses data on a prefecture-level city in
China to explore the impact of green finance on carbon emission intensity from
both theoretical and empirical perspectives, and analyzes the mechanisms by
which green finance affects carbon emission intensity. On this basis, this paper
further analyzes the impact of green finance on carbon emission efficiency. In
addition, this paper introduces variables related to the digital economy to perform
a comprehensive examination of the moderating effect of digital economy
development on the relationship between green finance and both carbon
emission intensity and efficiency. The results indicate that green finance
reduces carbon emission intensity and that green innovation, green total
factor productivity and the transformation and upgrading of industry are
important mediating mechanisms. Meanwhile, analysis shows that green
finance improves carbon emission efficiency. This paper also finds that the
digital economy significantly enhances the role of green finance in reducing
carbon emission intensity and promoting carbon emission efficiency, and makes
a positive contribution to promoting carbon emission reduction. The findings will
contribute to strengthening the government’s capacity for environmental
protection, developing green finance, and reducing carbon emissions.
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1 Introduction

Climate change is a major and urgent global challenge for humanity. Anthropogenic
carbon emissions that seriously threaten sustainable development worldwide (Glasnovic
et al., 2016; Yang et al., 2021) and are of great global concern (Rezanezhad et al., 2020; Pan
et al., 2022a). Realizing carbon emission reduction cannot only rely on the regulation of the
market, but also requires the government to formulate effective environmental policies for
regulation. Green finance is one of the important policy tools. As a way to promote
sustainable development, green finance has been developing rapidly and is attracting
increasing attention globally (Bai and Lin, 2024), and is recognized as an effective tool
to reduce carbon emissions.
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Green finance aims to facilitate the development of green
projects by providing financial services such as investment,
financing, and funding (Ji and Zhang, 2019). The term “green
finance” covers green credit, green bonds, green funds, green
insurance, green investment, and other financial instruments with
green characteristics. Green finance has the dual functions of
financial resource allocation and environmental regulation
(Tolliver et al., 2021), and is widely recognized as the key to
combating climate change (IFC, 2016). Therefore, green finance
may be an important way to reduce carbon emissions and achieve
both the Paris Agreement and the United Nations Sustainable
Development Goals (Umar et al., 2023). In this context, this
paper attempts to explore the impact of green finance on carbon
emission intensity and the intrinsic mechanism by which this
influence occurs, and further to analyze the impact of green
finance on carbon emission efficiency.

In addition, the rapid development of the digital economy has
led scholars and policymakers to consider its role in
environmental protection and sustainable development. As a
new economic form, the digital economy takes data resources
as the key production factor, relies on digital technology
innovation as the core driving force, and continuously
improves the digitization, networking, and intelligence of the
society through the mode of digital industrialization and
industrial digitization. This can provide technical support for
green development (Balcerzak and Pietrzak, 2017; Yi, Liu, Sheng,
Wen, 2022), and produce certain beneficial environmental effects
while effectively promoting high-quality economic development.
At the same time, the advantages of the digital economy–in terms
of efficient information dissemination, data creation and
sharing–can enhance the production and operation efficiency
of enterprises, thus reducing energy consumption and carbon
emissions (Koch and Windsperger, 2017). The digital economy
also empowers the traditional financial sector to improve the
efficiency with which green finance is implemented, optimize
resource allocation by green finance, and strengthen the
environmental regulation function of green finance. Thus,
another central question of this research concerns the impact
of the digital economy on the relationship between green finance
and carbon emissions.

China, the world’s second largest economy, has become the
world’s largest emitter of carbon dioxide (CO2), which has a
significant impact on global climate change and poses a threat to
China’s own sustainable development (Shao et al., 2019; Ibrahim
and Ajide, 2021; Jia et al., 2022). In 2020, China accounted for
30.7% of global CO2 emissions, a greater share than that of the
United States (13.8%) or Europe (11.1%) (Statistical Review of
World Energy, 2021). To reduce carbon emissions, the Chinese
government has set the solemn goal of achieving carbon
neutrality by 2060 (Lin and Ma, 2022). Exploring feasible
carbon reduction measures can not only solve the serious
greenhouse effect problem and realize the above commitment,
but also provide Chinese solutions for other countries to achieve
carbon reduction and promote green development. Meanwhile,
China’s digital economy is developing rapidly: it reached a size of
39.2 trillion yuan in 2020, accounting for 38.6% of China’s GDP
(Zhang et al., 2022). These facts motivated our analysis of the
core issues of this paper in the context of China.

We use prefecture-level data to comprehensively measure the
degree of green finance development, carbon emission intensity and
efficiency, and the digital economy index in China based on a
constructed measurement system. Using the results, the impact of
green finance on carbon emission intensity and efficiency is
empirically examined. Meanwhile, we select three indicators,
namely, green innovation, green total factor productivity and the
upgrading of industrial structure, to examine the mediating
mechanisms through which green finance affects carbon emission
reduction. Further, we explore the moderating effect of digital
economy on the relationship between green finance and carbon
emission intensity and efficiency.

The contribution of this paper is threefold. First, we analyze the
role green finance plays in carbon emission intensity and efficiency.
The extant literature mostly examines important factors for carbon
emission reduction from the perspectives of environmental
regulation, green innovation, urbanization, and industrial
development, but less so from the perspective of green finance.
In addition, extant studies on carbon emissions focus on the
intensity or total amount of carbon emissions, while ignoring the
efficiency of carbon emissions. This paper not only analyzes the
impact of green finance on carbon emission intensity, but also
further examines the impact of green finance on carbon emission
efficiency using a variety of measurement methods.

Secondly, unlike extant research which uses green credit, green
investment, green funds or other single indicators to measure green
finance, we utilize a variety of indicators to construct the
measurement system of green finance, which can
comprehensively evaluate the degree of green financial
development and enhance the accuracy of the study.

Thirdly, we introduce the digital economy, a new and rapidly
developing economic model, and measure the digital economy
development index of prefecture-level cities on the basis of
multiple indicators. We then link the digital economy, green
finance, and carbon emissions to explore the moderating effect of
the digital economy on the relationship between green finance and
carbon emission intensity and efficiency. This broadens research on
the effect of the digital economy on carbon emission reduction.

The paper is organized as follows. The second section presents
our theoretical analysis and hypotheses; the third section details the
empirical design employed in the study; the fourth section contains
an analysis of the results; the fifth section presents further analysis;
the sixth section analyzes the moderating effect of the digital
economy; and the final section draws conclusions from the study.

2 Literature review

2.1 Green finance and carbon emissions

Carbon dioxide (CO2) emissions are an important contributor
to global warming and a major environmental challenge that
mankind is currently facing (Koengkane et al., 2019). Many
studies have examined ways to reduce the intensity of carbon
emissions. Estrada and Santabarbara (2021) argued that through
the imposition of carbon tax, an environmental tax reform,
technological innovation and clean energy use can be promoted,
thus reducing the amount of carbon emissions; Chen and Lin (2021)
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found that carbon emissions trading is also an important market
mechanism to promote carbon emission reduction and realize low-
carbon economic development. In addition, some studies have
analyzed carbon emission efficiency. Lin et al. (2017) used the
Shephard input distance function and the nonparametric
common Frontier method to construct a carbon emission
performance index to assess the carbon emission efficiency of
energy-intensive industries in China.

Among the many studies on carbon emission reduction, the role
played by finance has received attention from scholars. Jeucken
(2001) studied the relationship between financial institutions and
sustainable development, and points out that reducing carbon
emissions requires attention to the key role of banks. Altaghlibi
et al. (2022) argued that banks and financial regulators can promote
green finance through the regulation of money, credit, and financial
systems to guide the flow of capital to low-carbon sectors, thus
promoting a low-carbon transition. Based on these studies, some
scholars have examined the relationship between finance and the
environment. Koengkan et al. (2018) examined the impact of
national financial openness on environmental degradation and
found that financial openness increased carbon emissions in both
the short and long term; Koengkan et al. (2020) found that financial
openness, economic growth, and primary energy consumption
increased environmental degradation in both the short and long
term after conducting a study using data from Latin American and
Caribbean countries.

Some scholars further analyze the relationship between green
finance and carbon emissions. Studies have used different
dimensions of data to conduct empirical tests, and most of them
found that a certain type of green finance can effectively reduce the
intensity of carbon emissions. Wan et al. (2022) examined the
relationship between green real estate financing and carbon
dioxide emissions from the construction sector in 100 developed
and emerging countries, and found that there is a negative
correlation between the two, and that this relationship is
particularly obvious in emerging countries. In addition, the
carbon emission reduction effects of green bonds, green credit,
and green venture capital have also been confirmed by the study.
Mamun et al. (2022) found that green bonds can promote global
economic decarbonization; Hu and Zheng (2022) and Wang et al.
(2021b) showed that green financial instruments such as green credit
and green venture capital can all reduce carbon emission intensity;
Qin and Cao (2022) used the Green Credit Guidelines as a green
financial policy and constructed a difference-in-differences model,
and found that green finance represented by green credit can
significantly reduce the carbon emissions of highly polluting
enterprises.

Meanwhile, some studies construct the measurement system of
green finance and use a variety of indicators to measure green
finance, and then use the measurement results to analyze the impact
of green finance on carbon emissions. Pretis et al. (2017) combined
the time series test of different countries and found that green
finance plays a positive role in carbon emission reduction; Khan
et al. (2019) analyzed the data of the BRICS countries and found that
the development of green finance can inhibit carbon dioxide
emissions; Chen and Chen (2021) used a spatial dynamic panel
model and found that green finance can promote carbon emission
reduction in the region. Chen and Chen (2021) use a spatial dynamic

panel model and find that green finance can promote carbon
reduction and emission reduction in the region, and inhibit
carbon emissions in neighboring regions; Guo et al. (2022) test
the impact of green finance on agricultural carbon emissions based
on the perspective of meso-industry, and the study shows that green
finance can effectively reduce carbon emissions in the
agricultural sector.

2.2 Digital economy and carbon emissions

The concept of digital economy was first proposed by Tapscott
(1994), who described digital economy as an emerging form of
economy that expresses information technology and
communication economy, production, and lifestyle. Existing
studies have mainly used the entropy weight method, principal
component analysis, and input-output method to measure the
degree of development of the digital economy. Peng and Dan
(2023) chose the three indicators of the Internet, mobile
telephony, and digital inclusion, and used the entropy weight
method to measure the digital economy. Ma et al. (2022b)
constructed a digital economy measurement system using
principal component analysis, and measured China’s digital
economy development index by utilizing the development of
telecommunication industry, Internet industry, computer service
industry and software industry on China’s digital economy.

Research on the digital economy has focused on urban
development (Zhu and Chen, 2022), corporate innovation (Luo
et al., 2023), income distribution (Peng and Dan, 2023), fintech
(Chen et al., 2022), and total factor productivity (Pan et al., 2022b).
Yang et al. (2023a) found that the digital economy plays an
important role in promoting industrial green transformation, and
that the evolution of the digital economy is strongly correlated with
industrial green transformation in space and time. 2023) found that
the digital economy plays an important role in promoting the green
transformation of industries, and that the evolution of the digital
economy has a strong spatial and temporal correlation with the
green transformation of industries. Ren et al. (2023) confirmed that
the technology and efficiency revolution triggered by the digital
economy will upgrade the existing production processes across the
chain and accelerate the transformation. Chen et al. (2022) argued
that the digital economy promotes fintech through technological
advancement and credit asset quality.

Unlike the traditional economy, the digital economy, as a new
key driver of the economy and society (Cong et al., 2021), has given
rise to new economic forms and driven profound changes in the
mode of production and governance, leading to lower resource
consumption and less environmental pollution (Murthy et al., 2021).
Xiao et al. (2023) empirically examined the direct, indirect, spatial
spillover and non-linear effects of the digital economy on green
development using data from 284 prefecture-level cities in China,
and all found that the digital economy significantly promoted green
development; Ma and Zhu (2022) proposed that the green financial
system can accelerate the green transformation of traditional
manufacturing industry, improve the technological maturity of
manufacturing industry, and reduce environmental problems.

In addition, some studies have directly analyzed the relationship
between digital economy and carbon emissions. Chen et al. (2023)
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analyzed the impact of digital economy on carbon emissions by
constructing a two-way fixed-effects model using provincial panel
data in China, and found that the development of digital economy
significantly reduces the intensity of carbon emissions, and that
government support positively moderates the relationship between
digital economy and carbon emissions. Wang and Li (2023)
concluded that the development of digital economy significantly
reduces carbon emissions, and this effect has economic dimension
heterogeneity, industrial heterogeneity, production and life
heterogeneity, and urban-rural heterogeneity. Yi et al. (2022)
constructed a spatial panel Durbin model and a mediation effect
model to study the mechanism and impact of digital economy on
carbon emission reduction. The results showed that the
development of digital economy has a significant spatial spillover
effect on carbon emission reduction, which means that carbon
emission reduction can be indirectly affected by the digital
economy through the transformation of energy structure.

2.3 Research gap

Although existing studies have examined the paths affecting
carbon emissions from different aspects, they have mostly analyzed
them from the aspects of fiscal policy, tax policy, environmental
regulation, and there are fewer studies that have constructed green
finance indicators from multiple perspectives and analyzed the
relationship between green finance and carbon emissions. At the
same time, these studies have not reached a unified conclusion. In
addition, the existing studies have only analyzed the impact of these
factors on carbon emission intensity, and fewer studies have further
examined the impact on carbon emission efficiency. Furthermore,
the digital economy is a new type of economic development, which
has an impact on the environment, society, and economy. However,
existing studies have less systematically measured the degree of
digital economy development, and less examined the carbon
emission reduction effect of digital economy. Therefore, this
paper systematically constructs the measurement system of the
carbon emission intensity, carbon emission efficiency, green
finance, and digital economy to measure these variables. On this
basis, this paper further combines green finance, digital economy,
and carbon emission intensity, and examines the impact of green
finance on carbon emission reduction, and further examines the
moderating effect of digital economy on the relationship between
the two. This paper enriches the existing research on the realization
path of carbon emission reduction, the environmental effect of green
finance and the carbon emission reduction effect of digital economy,
thus making up for the shortcomings of the existing research.

3 Theoretical analysis and hypothesis

3.1 The impact of green finance on carbon
emission intensity

Due to the non-competitive and non-exclusive nature of air
resources, carbon emissions have strong negative externalities,
which makes it difficult to clearly define their property rights and
therefore leads to market failure. At this point, it is difficult to rely

solely on the market to achieve Pareto optimality of carbon
emissions, as market players will not spontaneously internalize
the social costs that are higher than the private costs, and market
decisions in the equilibrium state will bring unnecessary losses.
Therefore, as the “visible hand,” the government should intervene in
the carbon emission market to realize the optimal allocation of
resources. There are many government policies to intervene in the
carbon market, and green finance is an important market-
incentivized environmental policy tool. Green finance refers to
the fact that financial institutions take into consideration the
environmental behavior of market players when making
decisions, and through a series of institutional arrangements,
allocate more financial resources to environmentally friendly
market players, industries, and products, reflecting the green
preference of financial decision-making (Freebairn, 2012; Huang
et al., 2022).

With the dual characteristics of environmental regulation and
financial allocation (Lu et al., 2021), green finance can inhibit the
access to capital of high-carbon emitting enterprises, rationally
allocate financial resources to green industries and green projects,
and utilize financial leverage to achieve climate goals, which is
widely considered an effective policy tool to promote carbon
emission reduction and green development (Freebairn, 2012; Jin
et al., 2022). Specifically, green finance provides market players with
differentiated and preferred financial products and services based on
their environmental behavior. At the same time, it relies on the
resource allocation function of the financial market to establish an
incentive and constraint mechanism, which influences the
production and operation activities of market players, and thus
has an impact on the intensity of carbon dioxide emissions (Jalil and
Feridun, 2011; Khan et al., 2018). For example, green finance sets
higher lending rates and reduces the amount of credit up to for high-
pollution and high-emission enterprises, which limits the financing
of these enterprises and incentivizes them to shift towards low-
carbon and cleaner production and operation models, thus reducing
the carbon emission intensity. On the contrary, for environmentally
friendly enterprises, green finance has incentivized them to operate
continuously by lowering the lending rates and financing thresholds,
promoting their sustainable development, and further reducing the
carbon emission intensity, thus realizing a virtuous cycle of
enterprise development and carbon emission reduction (Wang
and Wang, 2021; Mirza et al., 2023). Therefore, Hypothesis 1 of
this paper is proposed.

H1: Green finance reduces carbon emission intensity.
Green technology innovation has the disadvantages of large

investment amount, long investment cycle and high investment risk,
and enterprises face greater difficulties in carrying out green
innovation (Hall, 2002). Therefore, it is necessary for the
government to give certain incentives to promote the green
innovation of enterprises. Green finance can guide the flow of
financial resources to green innovation activities through resource
allocation, which reduces the risk of innovation and research and
development of enterprises, thus promoting green innovation (Haas
and Popov, 2019; Wang and Yang, 2020). On the one hand, green
finance can provide financial support for green innovation. External
financing from financial institutions is an important source of funds
for enterprises to carry out green innovation activities (Su et al.,
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2022). Green finance provides lower loan interest rates and
financing thresholds for enterprises’ green innovation activities,
which encourages enterprises’ green innovation and thus
promotes their green technological innovation (Zhao et al., 2023).
In addition, green finance can effectively solve the problems of large
initial investment, long profit cycle, and unpredictable risk of green
innovation funds, and alleviate the financial constraints of
enterprises at the initial stage of green innovation (Du et al., 2022).

On the other hand, green finance incentivizes high-energy
consumption and high-emission enterprises to reduce their
reliance on high-pollution production experience patterns,
prompting them to change to an environmentally friendly
production mode, thereby promoting green innovation (Berrone
et al., 2013). Due to industry constraints, high-polluting and high-
emission firms are forced to transform their original crude
production methods, which requires the support of green
technological innovation. Therefore, green financial instruments
can also promote heavy polluting enterprises to reduce carbon
emissions through technological innovation (Bruce, 2014; Hong
et al., 2021). Some studies have showed that green finance can
promote green innovation. For example, Han et al. (2022) found that
green finance can promote green innovation in heavy polluters.
Wang et al. (2023a) employed China’s 2017 green finance reform
pilot as a quasi-natural experiment, and found that the green finance
pilot promotes green innovation. Based on the above analysis,
Hypothesis 1a is proposed.

H1a: Green finance promotes green innovation, thereby reducing
carbon emission intensity.

Total factor productivity (TFP) is the increase in output due to
technological progress in addition to labor and capital inputs.
Endogenous growth theory considers it to be the driving force
for achieving sustainable economic growth. Unlike TFP, green
total factor productivity (GTFP) is TFP under environmental
constraints, which considers the negative externalities of
environmental regulations (Chung et al., 1997). GTFP utilizes
inputs, outputs, and undesired outputs to test economic growth
(Li et al., 2022a; Liu et al., 2022). The development of green finance
can reduce energy consumption on the input side and excessive
environmental hazards on the output side, improve energy
efficiency, and thus enhance GTFP (Li et al., 2022b). Meanwhile,
green finance can improve the GTFP of enterprises, realize high-
quality development of the economy, and promote green economic
development. It improves environmental performance while
increasing productivity, thus increasing GTFP (Xia and Xu, 2020;
Yan et al., 2020). Some studies have also confirmed that green
finance contributes to GTFP (Liu et al., 2021; Meo and Abd Karim,
2021). Based on this, Hypothesis 1 b is proposed.

H1b: Green finance enhances GTFP, thereby reducing carbon
emission intensity.

Green finance is characterized by capital orientation and
industrial integration. It guides the flow of capital from backward
industries to green industries, restricts the financing of polluting
industries, and encourages the upgrading of crude traditional
industries, thus realizing industrial transformation (Bai and Lin,
2024). Specifically, green finance guides the transfer of financial
resources from high-pollution and high-emission industries to green

and low-carbon industries and environmentally friendly industries,
and guides the direction of industrial development with the flow of
funds, which realizes the transformation of industrial structure,
optimizes the industrial structure, and then reduces the intensity
of carbon emissions (Wang and Wang, 2023). At the same time,
green finance guides enterprises to realize resource reconfiguration
under the guidance of the green development concept and gradually
forms an industrial structure with green industry as the core,
promoting the adjustment of industrial structure within
enterprises (Song et al., 2021; Zhang et al., 2021). Under the
constraints of green financial development, high-pollution and
high-emission industries face greater survival pressure, which
hinders the development of these industries. To seek their own
sustainable development, these enterprises will endogenously carry
out industrial transformation and choose to transform into
environmentally friendly tertiary industries (Wang et al., 2021a).
In addition, the green finance policy, as a signal for the government
to promote green development and phase out high-pollution and
high-energy-consumption industries, plays a warning role for high-
pollution and high-energy-consumption industries. The green
finance policy guides private capital to flow spontaneously to
green projects and activities (Zhang et al., 2021). These
enterprises actively realize the green transformation of
production and operation as well as industrial structure,
eliminate backward production capacity, and build a green pro-
duction system through external regulation and their own actions.
Therefore, Hypothesis H1c is proposed.

H1c: Green finance promotes industrial transformation and
upgrading, thereby reducing carbon emission intensity.

3.2 The impact of green finance on carbon
emission efficiency

Carbon emission efficiency is the maximum desired output and
the minimum carbon emissions that can be achieved when input
factors such as capital, labor and energy are certain. Carbon
emission efficiency, as a key indicator of green and low-carbon
development, accurately utilizes the input-output relationship to
reflect the relationship between economic growth and carbon
emissions. Therefore, any behavior that can reduce carbon
emissions without reducing economic output or in-crease
economic output without increasing carbon emissions can
improve carbon emission efficiency. The theoretical analysis in
the previous section shows that green finance can reduce carbon
emission intensity through the tendentious allocation of resources.
Similarly, green finance can achieve carbon emission efficiency by
strategically allocating financial resources and incentivizing market
players to use the least amount of energy to achieve the greatest
economic output (Sohail et al., 2022; Tian et al., 2022). For example,
green finance can promote green innovation, which reduces the
amount of energy consumption required to reduce the unit output of
enterprises, improves the efficiency of energy use of enterprises, and
thus reduces the carbon emissions. Some studies have also
demonstrated the positive effect of technological progress on
improving carbon emission efficiency (Fan et al., 2021). Green
finance can also facilitate the transformation of industries and

Frontiers in Environmental Science frontiersin.org05

Liu and Zhu 10.3389/fenvs.2024.1362932

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1362932


energy infrastructure, promote the op-timization of energy structure
and upgrade of industrial structure, and thus improve carbon
efficiency (Wang and Wang, 2021; Sun and Chen, 2022). In
addition, green finance’s preference for environmentally friendly
enterprises incentivizes them to take effective measures to improve
carbon efficiency (Zhang et al., 2022). Based on the above analysis,
Hypothesis 2 is proposed.

H2: Green finance improves carbon efficiency.

3.3 Moderating effects of the digital
economy on the relationship between green
finance and carbon emissions

Digital economy is a new economic model that takes big data as
its support, the Internet as its platform, and artificial intelligence as
its main mode of operation. Its rapid development can improve the
allocation efficiency of green financial resources, and better develop
the role of green finance in reducing carbon emission intensity and
improving carbon emission efficiency (Lange et al., 2020; Liu et al.,
2021). Specifically, the digital economy plays a role in regulating the
relationship between green finance and carbon emissions
in three ways.

First, the digital economy applies digital technologies such as big
data, cloud computing, and artificial intelligence to the production
and operation of enterprises, which can not only promote the
transformation and upgrading of enterprise production
technology and organizational form, improve the output
efficiency of enterprise production, reduce the dependence on
energy in the production process, and realize the efficient use of
energy and resources (Dong et al., 2022; Yi et al., 2022), but also lead
to the reform of the internal management of the enterprise, reduce
the cost of operation, and alleviate the financing constraints of green
technology development and reduce green production costs. As a
result, enterprises can reduce unnecessary carbon emissions, so that
green finance can better play a positive role in reducing carbon
emission intensity and enhancing carbon emission efficiency (Koch
and Windsperger, 2017; Hao and Wu, 2021).

Second, the advanced digital technology and massive data
elements spawned by the development of the digital economy
can apply technologies such as big data, artificial intelligence and
distributed management to the production and operation of market
entities, which is conducive to the integration of fragmented
corporate information and the promotion of low-carbon
technological innovation as well as cleaner energy production
(Marcel and Stefanie, 2020). At the same time, digital technology
links green finance, carbon foot printing and carbon sink systems
and visualization, which can provide all-round and
multidimensional supervision and detection of production
enterprises. This can also accurately calculate the carbon intensity
and efficiency of enterprises and incentivize them to reduce carbon
emissions (Ding et al., 2022), thus deepening the relationship
between green finance and carbon intensity and efficiency.

Finally, the development of digital technology has enhanced the
effectiveness and availability of corporate carbon information,
allowing resources to be better matched through the market. The
continuous integration of the digital economy and the real economy

can realize the effective use of resources and better promote green
and low-carbon development (Ren et al., 2021; Zhang et al., 2022). In
addition, the development of digital economy accelerates the
development of digital finance, which, combined with green
finance, give rise to the new product of green digital finance,
thus strengthening the relationship between green finance and
carbon emissions. Based on the above analysis, Hypotheses 3a
and 3 b of this paper are proposed.

H3a: The development of digital economy strengthens the role of
green finance in reducing carbon emission intensity.

H3b: The development of digital economy strengthens the role of
green finance in promoting carbon emission efficiency.

4 Empirical design

4.1 Model

4.1.1 Model construction
We construct the following Models (1) and (2) to identify the

impact of green finance on carbon emission intensity and carbon
emission efficiency respectively. Following Yang et al. (2023b) and
Ran et al. (2023), we construct two-way fixed effects for empirical
testing. The two-way fixed effects model can control for individual
effects and time fixed effects while dealing with heteroskedasticity
and autocorrelation in panel data, thus improving the accuracy of
the estimation results (Guo et al., 2022).

CarIntenit � α0 + α1Greenit + γX it + γi + δt + εit (1)
CarEffit � θ0 + θ1Greenit + γX it + γi + δt + εit (2)

where i and t are prefecture-level city and year, respectively;
CarInten is the carbon emission intensity; CarEff is the carbon
emission efficiency; Green is the level of green finance; Control is a
series of time-varying control variables; γi and δt denote the city
fixed effect and year fixed effect, respectively. Year fixed effects are
introduced to control for factors that do not vary with individuals at
the year level, while city fixed effects are introduced to control for
factors that do not vary with individuals at the city level; and εit is the
error term. Standard deviations are clustered at the prefecture level.
Models (1) and (2) are both two-way fixed effects models. The
regression coefficients we focus on are α1 and θ1, which represent the
impact of green finance on carbon emission intensity and carbon
emission efficiency, respectively. If α1 is significantly negative, it
indicates that the increase in the level of green finance reduces
carbon emission intensity; if θ1 is significantly positive, it indicates
that the increase in the level of green finance improves carbon
emission efficiency. The empirical method framework is shown in
Figure 1. The empirical analysis steps are shown in Figure 2.

4.1.2 Variable definition and explanation
We study the impact of green finance on carbon emissions and

examine the moderating role of the digital economy in it. Therefore,
the dependent variable is carbon emission, the core independent
variable is green finance, and the moderating variable is
digital economy.
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4.1.2.1 Dependent variable
The dependent variables are carbon emission intensity

(CarInten) and carbon emission efficiency (CarEff). For the
carbon emission intensity variable, we use the sum of the three
scopes of carbon emissions to measure the total carbon emissions at
the prefecture-level city. Specifically, carbon emissions include three
main aspects: first, all direct emissions within the urban jurisdiction,
including those from transportation and buildings, industrial
processes, agriculture, forestry and land-use change, and waste
disposal activities; second, indirect energy-related emissions that
occur outside the city’s jurisdiction, including emissions generated
for electricity, heating and/or cooling; third, other indirect emissions
caused by activities within the city that occur outside the jurisdiction
but are not included in the second category, including emissions
from the production, transportation, use and waste disposal of all
goods purchased from outside the jurisdiction.

In terms of direct or indirect emissions, scope 1 includes all
direct emissions within the city’s jurisdiction; scope 2 refers to
energy-related indirect emissions that occur outside the city’s
jurisdiction; and scope 3 refers to other indirect emissions caused
by activities within the city that occur outside the jurisdiction but are
not covered by scope 2.

In addition, we use the alternative measure of carbon emissions
intensity for the robustness test. Following Shan et al. (2018), we use
energy supply statistics to calculate carbon dioxide emissions from
fossil fuel combustion (crude coal, crude oil, and natural gas). This is
done by multiplying the apparent consumption of the fuel by the
corresponding carbon conversion factor and subtracting the use and
loss portion of the apparent consumption of non-energy fuels, thus
yielding the total carbon emissions.

In terms of the carbon emission efficiency variable, following
Tone (2011), we use both the SBM model and the Non-Radial

FIGURE 1
The method framework of this study.

FIGURE 2
The findings of this study.
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Directional Distance Function (NDDF) to measure. Among them,
the input variables include capital stock, total urban unit employees,
and energy consumption; the output variables include GDP; and the
non-expected outputs are carbon emissions, involving coal, coke,
crude oil, gasoline, kerosene, diesel oil, fuel oil, and natural gas. The
process of calculating non-expected outputs is based on the
measurement methodology of the IPCC Guidelines for National
Greenhouse Gas Emission Inventories, 2006 edition (IPCC, 2006).

4.1.2.2 Key independent variable
The key independent variable is green finance (Green). The

green finance index data of each prefecture-level city is measured by
the entropy method. Entropy method is a mathematical method
used to determine the degree of dispersion of an index. The greater
the degree of dispersion, the greater the influence of the index on the
comprehensive evaluation. Indicators for the construction of the
Green Finance Index are shown in Table 1.

4.1.2.3 Moderating variable
The moderating variable is digital economy (Digital). The number

of Internet broadband access users per 100 people, the proportion of
employees in computer services and software industry in urban units,
the total amount of telecommunication services per capita, the number
of cell phone subscribers per 100 people, and the digital financial
inclusion index are selected, and the entropy weighting method is used
to obtain the composite index value. The entropy method is a
mathematical method used to determine the degree of dispersion of
an indicator. The greater the degree of dispersion, the greater the impact
of the indicator on the overall evaluation. The entropy value can be used
to determine the degree of dispersion of an indicator. We use the
entropy weight method to measure the development of the digital
economy through Stata 17.0, including six steps. Step 1: data
standardization; Step 2: calculate the weight of each indicator; Step
3: calculate the entropy value; Step 4: calculate the value of the utility of
information; Step 5: calculate the weight of each indicator; Step 6:
calculate the samples to derive a comprehensive score. These six steps
are all operated in stata17.0, involving the commands of global, qui su,
gen, replace, egen, rowtotal, drop.

4.1.2.4 Mechanism variables
Mechanism variables include green innovation level (Innovation),

green total factor productivity (GTFP), and industry structural
transformation (Industry). First, we use the number of green patent
applications to measure the level of green innovation. Second, we

incorporate corporate environmental pollution into the evaluation
system, and use the non-radial SBM-ML index to measure green
total factor productivity. The input and output indicators of green
total factor productivity include factor inputs, desired outputs, and
non-desired outputs. Among them, factor inputs include labor
inputs, capital inputs and energy inputs. Labor input is measured by
the number of employees in the enterprise; capital input is measured by
the net fixed assets of the enterprise; energy inputs are converted by the
industrial electricity consumption of the city where the enterprise is
located according to the proportion of the enterprise’s employees in the
employment of urban personnel in the city; desired output is measured
by the enterprise’s business revenue; non-desired output is converted to
industrial sulfur dioxide, industrial wastewater, and industrial dust
emissions by the proportion of employees in the city where the
enterprise is located. Finally, we measure the degree of industrial
transformation using the share of tertiary value added in GDP.

4.1.2.5 Control variables
Following Koengkan et al. (2018), Qin and Cao (2022), Jin et al.

(2021), Lee and Lee (2022), Wang et al. (2023b), we introduce a
series of city-level control variables over time tominimize the impact
of other factors on the empirical results. The control variables
include the level of economic development (GDP), urbanization
rate (Urban), population density (Density), fiscal expenditure
(Fiscal), foreign investment (Open), energy consumption (Energy)
and residential income (Income). Specifically, we use regional GDP
per capita to measure the level of regional economic development,
the ratio of urban population to total resident population to measure
the urbanization rate, the total regional population divided by the
total area of the region to measure the population density, fiscal
expenditure divided by GDP to measure the level of regional fiscal
expenditure, the amount of foreign investment divided by GDP to
measure the level of openness degree, the per capita electricity
consumption to measure the level of energy consumption, the
per capita energy consumption to measure the level of energy
consumption, and residential income disposable income per
capita in the region the measure the residential income. The
definition of the variables is shown in Table 2.

4.2 Data

Carbon emissions data. Carbon emission data include both
carbon intensity and carbon efficiency data. The data sources are

TABLE 1 Indicators for the construction of the Green Finance Index.

Indicator Measure

Green Investment Investment in environmental pollution control/GDP

Green Insurance Environmental pollution liability insurance income/total premium income

Green Credit Credit volume for environmental protection projects/total credit volume

Green Bonds Total green bond issuance/total of all bond issuance

Green Support Fiscal environmental protection expenditure/fiscal general budget expenditure

Green Fund Total market value of green funds/total market value of all funds

Green Equity Carbon trading, energy use right trading, emission right trading/total equity market transactions
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China’s statistical yearbooks, such as China Urban Statistical
Yearbook, China Industrial Statistical Yearbook, and China
Environmental Statistical Yearbook. In addition, some of the
missing data were supplemented using the IPCC emission factor
database. Emission factor data were obtained from the Provincial
Greenhouse Gas Emission Inventory Guidelines (Trial) and the
carbon emission inventory guidelines issued by the government.

Green finance data. The data required to measure the level of
green finance come from the Statistical Yearbook and
Environmental Status Bulletins of each region.

Digital economy data. The raw data for measuring the digital
economy index comes from the China Urban Statistical Yearbook.

Prefecture-level data. A series of city-level control variables are
introduced in the regression, and city-level mechanism variables are
also introduced in the mechanism analysis. The above data come
from China Urban Statistical Yearbook, China Environmental
Statistical Yearbook, and provincial statistical yearbooks.

Enterprise-level data. In the mechanism analysis, we match the
city-level data with enterprise micro data to analyze the impact of
green finance on carbon emissions. The enterprise-level data comes
from CSMAR database and websites of listed companies.

Based on the variables needed to measure carbon emissions,
green finance, and digital economy, we select databases that can
obtain data on these variables. In China, government statistics are
the most authoritative, official, and complete database to obtain
macro indicators, so we choose several Chinese statistical databases.
In addition, the CSMAR database is mostly used for the study of
Chinese micro-enterprises, which contains complete data on
Chinese listed companies and can be updated to the most recent
year. The use of the most authoritative official statistics in China and
the most widely used microenterprise statistics enhances the

credibility of the empirical results of the study. We process the
samples as follows: (1) we exclude prefecture-level cities with
missing samples; (2) we exclude four municipalities directly
under the control of the central government, two special
administrative regions, Taiwan Province, and the Tibet

TABLE 2 Variable definitions.

Variable Symbol Definition

Carbon emission intensity CarInten1 Measured using the sum of the three categories of carbon emissions and divided by the GDP and multiplied by 10,000

CarInten2 Apparent consumption of fuels used multiplied by the corresponding carbon conversion factor, minus the use and loss
component of apparent consumption of non-energy fuels, and divided by GDP, multiplied by 10,000

Carbon emission Efficiency CarbonEff Two methods, SBM model and Non-Radial Directional Distance Function (NDDF), are used for the measurement

Green Finance Green The entropy value method is used to measure based on the constructed index

Digital Economy Digital The entropy weight method is used to find the value of the composite index based on the constructed indicators

Green Innovation Innovation Logarithm of the number of green patents filed by the enterprise

Green Total Factor Productivity GTFP Measured using the non-radial SBM-ML index

Industrial Structure
Transformation

Industry Value Added of Tertiary Industry as % of GDP

Economic Development GDP Regional GDP per capita

Urbanization Rate Urban Ratio of urban resident population to total resident population

Population Density Density Total regional population divided by total regional area

Fiscal Expenditure Fiscal Fiscal expenditure divided by GDP

Foreign Investment Open Amount of foreign capital used divided by GDP and multiplied by 7

Foreign Investment Energy Electricity consumption per capita in prefecture-level cities

Resident Income Income Disposable income per capita

TABLE 3 Descriptive statistics of variables.

Variable Mean SD. Max Min Observations

CarInten1 2.732 2.680 15.277 0.230 2,362

CarInten2 2.324 3.123 20.119 0.120 2,362

CarbonEff 0.528 0.164 0.120 0.762 2,362

Green 0.324 0.129 0.598 0.075 2,362

Digital 0.118 0.081 0.562 0.036 2,362

Innovation 2.915 1.628 0 7.023 2,362

GTFP 0.996 0.011 1.039 0.853 2,362

Industry 0.448 0.110 0.779 0.085 2,362

GDP 5.553 3.261 17.427 1.346 2,362

Urban 0.561 0.142 0.757 0.273 2,362

Pop 0.042 0.029 0.130 0.001 2,362

Fiscal 0.212 0.112 0.407 0.182 2,362

Open 0.017 0.017 0.076 0.001 2,362

Energy 0.625 1.202 4.971 0.055 2,362

Income 3.179 0.986 7.057 1.600 2,362
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Autonomous Region samples; and (3) to exclude the outlier effect,
we winsorized all the continuous variables at 1% and 99%. To
eliminate the effect of some extreme values on the study, continuous
variables are generally subjected to winsorize. Studies usually treat
extreme values at the 1% and 99% quantiles. For values less than 1%,
the 1% value is assigned; for numbers greater than 99%, the 99%
value is assigned.We used the econometric software Stata 17.0 in our
study. The Stata commands used in this study included sum,
winsor2, global, reghdfe, ivreghdfe.

4.3 Descriptive statistics

The descriptive statistics of themain variables are shown in Table 3.
As can be seen from Table 3, the mean values of carbon emission
intensity measured using the two methods are 2.732 and 2.324, and the
standard deviations are 2.680 and 3.123, respectively, indicating that
there are large differences in carbon emission intensity among Chinese
prefectural-level cities. Meanwhile, the mean and standard deviation of
carbon emission efficiency are 0.528 and 0.164, respectively, indicating
that the carbon emission efficiency of Chinese prefectural-level cities is
not high. In addition, the measured mean values of the degree of green
finance development and the degree of digital economy development
are 0.324 and 0.118, respectively, and the standard deviation is
0.129 economy 0.081, respectively.

5 Results

5.1 Baseline results

We use Model (1) for the baseline regression. Table 4 shows
the regression results. In Table 4, Column (1) shows the

regression results without introducing any control variables,
Column (2) introduces control variables, and Column (3)
further introduces fixed effects. When no control variables are
added, the results in Column (1) show that the coefficient of
Green is −4.484 and is significant at the 1% statistical level,
indicating that green financial development can reduce carbon
emission intensity, while the results in Column (2) show that the
coefficient of Green is −2.295 after the introduction of the control
variables and remains significant at the 1% statistical level. When
all the control variables and city and year fixed effects are
introduced, the absolute value of the coefficient of Green
decreases to −1.145 and remains significantly positive at the
1% statistical level. Taken together, the results in Columns
(1)–(3) indicate that the development of green finance
significantly reduces carbon emission intensity, which verifies
Hypothesis 1.

For the other variables, as can be seen in Column (3) of Table 4,
the coefficient ofGDP is −0.085 and is significant at the 1% statistical
level, indicating that an increase in the level of economic
development significantly reduces carbon emissions. Generally,
the increase in the level of economic development may
exacerbate environmental pollution. However, China has attached
great importance to environmental protection and carbon emission
reduction in recent years, and has proposed the goal of high-quality
development to reduce environmental pollution and carbon
emissions while developing the economy. Our results confirm the
effectiveness of China’s high-quality development. In addition, the
coefficient of Fiscal is 6.748 and is significant at the 1% statistical
level, suggesting that an increase in fiscal inputs may increase carbon
emission intensity. This is because the increased fiscal investment
may be used in areas that can promote economic development, such
as production, manufacturing, and construction. These areas can
generate many carbon emissions, thus increasing carbon emission

TABLE 4 Baseline results.

Variables Dependent variable: CarInten

(1) (2) (3)

Green −4.484*** (0.656) −2.295*** (0.582) −1.145*** (0.413)

GDP −0.100*** (0.020) −0.085*** (0.019)

Urban −1.044* (0.629) 0.064 (0.529)

Pop −2.044 (2.438) −2.510 (1.930)

Fiscal 4.908*** (0.776) 6.748*** (1.158)

Open −7.799 (11.868) −3.082* (1.709)

Energy −0.015 (0.047) −0.011 (0.038)

Income −0.059 (0.049) 0.373*** (0.139)

Constant 4.170*** (0.220) 3.634*** (0.326) 0.864 (0.616)

City FE Yes Yes Yes

Year FE No No Yes

R2 0.9555 0.9679 0.9711

N 2,362 2,362 2,362

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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intensity. The coefficients of Open and Income are −0.382 and
0.373 and are significant at the 10% and 1% statistical levels,
respectively, which implies that increased openness up can
significantly reduce carbon emission intensity, but increased per
capita income increases carbon emission intensity.

5.2 Robustness checks

After the baseline regression, we conduct a series of robustness
checks to examine the robustness of the baseline regression results.

5.2.1 Alterative measures of carbon
emission intensity

In addition to the carbon emission intensity measure used in the
baseline regression, we use another carbon emission intensity
measure in the variable description section and conducts
robustness checks based on this measure. The results of the
alternative carbon emission intensity measure are shown in
Column (1) of Table 5. Column (1) of Table 5 shows that the
coefficient of Green is −1.920 and is significant at the 1% statistical
level, which is consistent with the results in the baseline regression
and proves the robustness of the baseline regression results.

5.2.2 Lagging the core explanatory variables by
one period

Green finance, as a means of government intervention in the
market, may need some time to have an impact on carbon emissions.
Therefore, we include green finance lagged by one period in Model
(1), so as to reconstruct Model (1) as the following model and re-
regress based on this model.

CarInteni,t � β0 + β1Greeni,t−1 + γXi,t + γi + δt + εi,t (3)
where, Greeni,t−1 denotes the green finance in lag one period.
Other variables are consistent with Model (1). The regression
results based on Model (3) are shown in Column (2) of Table 5.
The results show that the coefficient of Green in the lagged period
is −1.219 and is significant at the 1% statistical level, indicating
that the increase of green finance still reduces carbon emission
intensity after considering the lagged effect of green finance,

which once again proves the robustness of the baseline
regression results.

5.2.3 Additional introduction of city-year
trend term

Factors that change over time in a region, such as economic
fluctuations, also have an impact on carbon emission intensity, and
these factors differ among prefecture-level cities. Therefore, we
additionally introduce a city-year trend term in Model (1) to
explain the influence of possible time-varying factors among
cities on the results. The regression results with the additional
introduction of the area-time trend term are shown in column
(3) of Table 5. The results show that the coefficient of Green
is −1.913 and significant at the 1% statistical level, indicating that
the results after the additional introduction of the city-year trend
term support the baseline results, which also proves the robustness
of the baseline results.

5.3 Endogenous analysis

This paper explores the impact of green finance on carbon
emissions. However, if a region has a lower carbon emission
intensity, its own green financial system may be better, which
may lead to the reverse causality problem. Meanwhile, although
we introduce many other control variables that affect carbon
emission intensity to alleviate the impact of the omitted variable
problem on the empirical results, it is difficult to control all the
factors affecting carbon emissions and there may also be a certain
measurement error problem. Therefore, we construct appropriate
instrumental variables and conducts endogeneity analysis based on
the two-stage least squares method.

In this paper, instrumental variables are constructed using the
product of the average of the lagged one-period value of the green
finance index for all prefecture-level cities in a province and the
spatial distance of the prefecture-level city from the prefecture-level
city with the highest green finance index in the province. A suitable
instrumental variable is correlated with the endogenous explanatory
variables but uncorrelated with the disturbance term, i.e., it satisfies
both the correlation and exogeneity assumptions.

TABLE 5 Robustness check results.

Variables (1) (2) (3)

Dependent variable: CarInten

Alternative measure of the dependent variable Lag one period City-year trend

Green −1.920*** (0.603) −1.219*** (0.418) −1.913*** (0.422)

Controls Yes Yes Yes

City FE Yes Yes Yes

Year FE Yes Yes Yes

R2 2,362 2,120 2,362

N 0.9020 0.9750 0.9722

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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For the relevance assumption, green finance, as an innovation in
the environmental regulatory system, is characterized by policy
diffusion. When a prefecture-level city introduces an innovative
policy, there may be imitation behavior in other prefecture-level
cities, leading to the immediate-neighborhood effect of institutional
innovation. Therefore, the instrumental variable constructed in this
paper is correlated with the endogenous explanatory variables, and
this instrumental variable satisfies the correlation assumption. In
addition, the green financial development in the lagged period does
not affect the degree of previous green financial development, and
the spatial distance between two prefectures is a non-time-varying
variable that does not affect green financial development. Therefore,
the instrumental variables constructed also satisfy the exogeneity
assumption of instrumental variables.

Using the constructed instrumental variables, we analyze using
two-stage least squares. The results of the two-stage least squares
regression are shown in Table 6. Panel A and Panel B report the first
and second stage regression results, respectively. From the
regression results of Panel A, the coefficient of the instrumental
variable is −0.010 and significant at the 1% statistical level, which
indicates that the instrumental variable is correlated with the
endogenous explanatory variables, once again proving the
correlation assumption of the instrumental variable. In addition,
the results of Panel B show that the coefficient ofGreen is −4.941 and
is significantly negative at the 5% statistical level. After the analysis
using two-stage least squares, the coefficient of Green becomes
smaller, indicating that the results in the baseline regression
underestimate the impact of green finance on carbon emission
intensity. The endogeneity analysis shows that the regression
results of the two-stage least squares method using instrumental
variables also prove that the development of green finance can
reduce the intensity of carbon emissions, which is consistent with
the results of the baseline regression.

5.4 Mechanism analysis

We construct a mediating effect model based on model (1) to
identify the mediation mechanism of green finance affecting carbon
emission intensity. The models are as follows:

Mechanismit � φ0 + φ1Greenit + γXit + γi + δt + εi,t (4)
CarIntenit � ϑ0 + ϑ1Greenit + ϑ2Mechanismit + γXit + γi + δt + εi,t

(5)
whereMechanism denotes the mediating variables, including green
innovation, green total factor productivity and industrial
transformation and upgrading. The independent variable in
Model (4) is the green finance, and the dependent variable is the
mediating variable. The model is used to test whether green finance
has an impact on the mediating variables; Model (5) introduces the
mediating variables on the basis of Model (1) to test whether the
mediating variables have an impact on carbon emission intensity.
The coefficients we are interested in are φ1, ϑ1 and ϑ2. It has been
proved earlier that green financial development significantly reduces
carbon emission intensity, so if the coefficients of φ1 and ϑ2 are
significant, it suggests that green innovation, green total factor
productivity, and industrial transformation and upgrading are the
important mechanisms through which green finance affects the
carbon emission intensity.

The results of themechanism test are shown inTable 7. Panel A and
Panel B are the regression results of Model (3) and Model (4),
respectively. Columns (1)–(3) are the mediating effects of green
innovation, green total factor productivity and industrial
transformation and upgrading, respectively. The coefficients of Green
in Columns (1)–(3) of Panel A are 0.249, 0.031, and −0.121, and are
significant at the statistical levels of 5%, 10%, and 1%, respectively,
which indicates that the development of green finance significantly
improves the green innovation, increases green total factor productivity,
and promotes industrial transformation and upgrading. In addition, the
regression results of Panel B show that the coefficients of Innovation,
GTFP and Industry in Columns (1)–(3) are 2.009,
2.890 and −2.121 respectively, and are significant at 1%, 10% and
1% statistical levels respectively. This indicates that the increase of green
innovation, green total factor productivity and industrial
transformation and upgrading significantly reduces carbon emission
intensity, which also means that the mediating effect of green
innovation, green total factor productivity and industrial
transformation and upgrading is established.

The above results show that green finance reduces carbon
emission intensity by improving green innovation, increasing

TABLE 6 Endogeneity analysis results.

(1) (2)

The first stage The second stage

IV −0.010*** (0.001)

Green −4.941** (2.540)

Controls Yes Yes

City FE Yes Yes

Year FE Yes Yes

Kleibergen-Paap rk Wald F statistic 174.921

Hansen J statistic 0.000

N 2,362

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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green total factor productivity and promoting industrial
transformation and upgrading, which verifies Hypothesis 1a,
Hypothesis 1 b and Hypothesis 1c.

6 The impact of green finance on
carbon emission efficiency

After examining the impact of green finance on carbon
emission intensity, we further analyze the impact of green
finance on carbon emission efficiency. Carbon emission
efficiency indicates that the maximum desired output and the
minimum carbon emission can be achieved when the input
factors such as capital, labor, and energy are certain, and it is
a key indicator for measuring green and low-carbon
development. Therefore, examining the impact of green
finance on carbon emission efficiency is of great significance
to comprehensively test the carbon emission reduction role of
green finance. In analyzing the impact of green finance on carbon
emission intensity, we use data at the prefecture-level city level.
However, due to data limitations, we can only obtain provincial-

level data when using both SBM and NDDF methods to measure
carbon emission efficiency. Therefore, we use provincial-level
data to test the impact of green finance on carbon emission
efficiency in China.

The results are shown in Table 8. Columns (1) and (2) of Table 8
show the regression results of green finance on carbon emission
efficiency measured by SBM and NDDF methods, respectively. The
results show that the coefficients ofGreen in Columns (1) and (2) are
0.271 and 0.069, respectively, and are significant at 5% and 10%
statistical levels, respectively. This indicates that the results using the
two different carbon emission efficiency measures all show that the
development of green finance improves carbon emission efficiency,
which verifies Hypothesis 2.

The results in Table 8 also support the conclusion of the
benchmark regression in Table 4. Green finance development
reduces carbon emission intensity by enhancing the level of
green innovation, improving green total factor productivity and
promoting industrial structure transformation. In this process,
carbon emission efficiency is also greatly improved, which once
again verifies the positive role of green finance in realizing carbon
emission reduction and environmental protection.

TABLE 7 Mechanism analysis results.

Panel A

Variables (1) (2) (3)

Innovation GTFP Industry

Green 0.249** (0.102) 0.031* (0.017) −0.121*** (0.040)

Controls Yes Yes Yes

City FE Yes Yes Yes

Year FE Yes Yes Yes

R2 0.6022 0.5031 0.9024

N 2,362 2,362 2,362

Panel B

variables Dependent variable: CarInten

(1) (2) (3)

Innovation 2.009*** (0.706)

GTFP 2.890* (1.740)

Industry −2.121*** (0.600)

Green −0.206 (0.438) 1.033 (1.330) −0.007* (0.004)

Innovation 2.009*** (0.706)

Controls Yes Yes Yes

City FE Yes Yes Yes

Year FE Yes Yes Yes

R2 0.9787 0.9787 0.9725

N 2,362 2,362 2,362

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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7Moderating effects of digital economy

We further introduce the interaction term between green
finance and digital economy based on Model (1) to investigate
the moderating effect of green finance on the relationship between
green finance and carbon emission intensity and efficiency, and
construct the following model:

CarInteni,t � φ0 + φ1Greenit × Digitalit + φ2Greenit + φ3Digitalit

+ γX it + γi + δt + εi,t

(6)
CarEffi,t � ρ0 + ρ1Greenit × Digitalit + ρ2Greenit + ρ3Digitalit

+ γX it + γi + δt + εi,t

(7)
where Model (6) is used to identify the effect of digital economy on
the relationship between green finance and carbon intensity; Model
(7) is used to identify the effect of digital economy on the
relationship between green finance and carbon efficiency;
Green × Digital is the interaction term between green finance
and digital economy. The definitions of the other variables are

consistent with Model (1). The coefficients we are interested in
are φ1 and ρ1. In the previous analysis, our results show that the
green finance reduces carbon intensity and improves carbon
efficiency. Therefore, if φ1 is significantly less than 0, it indicates
that the development of digital economy strengthens the reduction
effect of green finance on carbon emission; if ρ1 is significantly
greater than 0, it indicates that the development of digital economy
strengthens the promotion effect of green finance on carbon
emission efficiency.

The results of the moderating effect of digital economy are
shown in Table 9. Columns (1) and (2) of Table 9 demonstrate the
moderating effect of digital economy on the relationship between
green finance and carbon intensity and carbon efficiency,
respectively. In Column (1), the coefficient of Green × Digital
is −5.227 and significant at 10% statistical level, which indicates
that the development of digital economy significantly strengthens
the negative correlation between green finance and carbon emission
intensity, which verifies Hypothesis 3a. Meanwhile, the results in
Column (2) show that the coefficient of Green × Digital is
1.825 and is significant at 5% statistical level, which indicates
that the development of digital economy significantly strengthens

TABLE 8 The results of the impact of green finance on carbon efficiency.

Variable Dependent variable: CarEff

(1) (2)

SBM NDDF

Green 0.271** (0.118) 0.069* (0.039)

Controls Yes Yes

City FE Yes Yes

Year FE Yes Yes

R2 0.8343 0.9542

N 1898 1898

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

TABLE 9 Moderating effects analysis results.

Variable Dependent variable: CarInten Dependent variable: CarEff

(1) (2)

Green × Digital −5.227* (2.921) 1.825** (0.769)

Green 0.573 (0.676) 0.023 (0.172)

Digital 1.701* (0.918) −0.474 (0.316)

Controls Yes Yes

Year FE Yes Yes

Industry FE Yes Yes

R2 0.9818 0.8372

N 1937 1897

Note: The standard deviation is reported in the parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.
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the positive correlation between green finance and carbon emission
efficiency, which verifies the Hypothesis 3 b. Overall,

8 Discussion

This study discusses the relationship between green finance, the
digital economy and carbon emissions in the context of China.
Reducing carbon emissions is an important issue of global concern.
China is the country with the largest carbon emissions in the world, and
the reduction of its carbon emissions is of great significance to the
realization of global carbon emission reduction. Meanwhile, green
finance has been highly valued as an important way for
governments to reduce carbon emissions. This study confirms the
positive effect of green finance on carbon emission reduction, which
provides a reference for global carbon emission reduction, especially for
many developing countries facing the choice between economic
development and carbon emission reduction. In addition, with the
rapid development of the digital economy, its role in promoting carbon
emission reduction has also been emphasized. This study also provides a
reference for better utilizing the digital economy to play the role of green
finance in carbon emission reduction on a global scale.

Therefore, this study is not only conducive to promoting the
development of green finance and carbon emission reduction,
enhancing the efficiency of carbon emission, and realizing green
and sustainable development in China, but also provides references
for carbon reduction in other developing countries, which are also
facing the threat of carbon emission.

The feasibility of this study has several aspects: first, the Chinese
government attaches great importance to the development of green
finance, regards green finance as an important tool for environmental
governance, and continues to innovate green financial instruments;
second, the central government of China has made “carbon neutrality
and carbon peaking” a national strategic goal, and is committed to
realizing this goal on schedule; third, the central government requires
local government officials to consider carbon emission reduction as an
important task, and this task is closely linked to the officials’ future,
whichmotivates local officials to fulfill carbon emission reduction goals.
However, using green finance to reduce carbon emission needs to solve
some challenges, such as insufficient financial resources for
environmental protection, spillover of carbon emission reduction
externalities, and conflicts between economic development and
environmental protection.

9 Conclusion

Using data at the prefecture-level city level in China, this paper
theoretically and empirically examines the impact of green finance
on carbon emission intensity and efficiency, and further examines
the moderating role of the digital economy therein. The conclusions
are as follows: (1) green finance reduces carbon emission intensity;
(2) green finance reduces carbon emission intensity by promoting
green innovation, increasing green total factor productivity, and
facilitating the transformation of industrial structure; (3) green
finance improves carbon emission efficiency; (4) the development
of the digital economy strengthens the reduction effect of green
finance on carbon emission intensity; and (5) the development of

digital finance strengthens the promotion effect of green finance on
carbon emission efficiency.

10 Policy implications

Based on the above findings, we put forward the following policy
recommendations to facilitate and promote the development of green
finance, reduce the intensity of carbon emissions, and improve the
efficiency of carbon emissions. First, regional green technology
innovation should be upgraded. The government should further
encourage green innovation, strengthen the development and
support of green technology, and improve the quality of green
innovation while improving the quantity, so as to continuously
improve the innovation capacity of green technology and better
utilize its role in promoting green development; second, the green
total factor productivity of regions should be further enhanced. Green
total factor productivity is an important intermediary linking green
finance and carbon emissions. Green total factor productivity
incorporates environmental factors into the input-output evaluation
system and is an important indicator of production quality. The
government should continuously improve the green output level of
enterprises and regions, thereby promoting the improvement of green
total factor productivity and better playing its role as a bridge to
promote carbon emission reduction; thirdly, industrial
transformation and upgrading should be promoted. The government
and policymakers should continuously optimize the industrial
structure, accelerate the transformation of highly polluting and
energy-consuming enterprises, promote the development of the
structure of polluting highly polluting and energy-consuming
industries in the direction of cleanliness, advancement and greening,
and guide the allocation of the factor resources of these enterprises to
the tertiary industry, so as to give full play to the positive effect of
upgrading the industrial structure in connecting green finance and
carbon emission reduction; fourthly, the digital economy should be
vigorously developed. The development of digital economywill not only
apply a variety of digital technologies to the production and operation
activities of enterprises, but also promote the resource allocation and
efficiency of the financial industry. The government should vigorously
develop the digital economy, and fully link and organically integrate it
with the green financial industry. At the same time, the government
should vigorously introduce the digital economy into environmental
governance, carbonmonitoring, carbonmeasurement and carbon sinks
to better utilize its role in promoting carbon emission reduction.

11 Limitations and future
recommendations

This paper focuses on the impact of green finance on the
intensity and efficiency of carbon emissions and the moderating
role of the digital economy therein. However, carbon emissions in
one region may have an impact on carbon emissions in another
region, which requires further analysis of the spatial spillover effects
of green finance on carbon emissions. In addition, since
environmental pollution and carbon emissions have market
failures and require government intervention to achieve optimal
allocation of resources, future research can also focus on other
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government intervention policies, such as regional financial subsidy
policies and tax incentives to analyze the impact of these policies on
carbon emissions. At the same time, since green finance includes
multiple dimensions, it is possible to compare the differences in the
impact of different green financial instruments on carbon emissions,
and then design a better combination of green financial instruments
to reduce carbon emissions. In addition, future research can
examine the moderating effect of other factors on the
relationship between green finance and carbon emissions to
better utilize the carbon emission reduction effect of green finance.
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