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Abstract

Recently, the rapid development of digital finance in China has exerted a subtle influence on many aspects of social and
economic development. However, the research on the impact of digital finance on corporate green innovation is rather lack-
ing. In order to fill this gap, this paper uses the “Peking University Digital Finance Index” to evaluate the micro impact of
financial innovation development on environmental governance from the firm level. The results show that digital finance
can significantly improve the quantity and quality of corporate green innovation, and this effect still exists after considering
endogeneity and a series of robustness tests. The promotion effect of digital finance on the quantity and quality of corporate
green innovation is more obvious in state-owned, eastern, and mature enterprises. In addition, we find the mechanism behind
the positive relationship between digital finance and corporate green innovation: digital finance makes firms more transpar-
ent and funds flow more convenient. Overall, this paper provides a micro explanation of environmental governance for the
accelerated popularization of digital finance in emerging markets, which is urgently needed for most emerging economies
seeking high-quality development.
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Introduction

Since the reform and opening up in 1978, China has grown
from a relatively underdeveloped country to become the
world’s second-largest economy with its fastest-growing and
most energetic economy; the GDP has grown from 367.8
billion yuan in 1978 to over 90 trillion-yuan threshold in
2018, which created a “Chinese miracle” in the history of
economic development (Xu, 2018). Meanwhile, behind the
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rapid economic development of China, it has also brought
about the rapid deterioration of the ecological environment
(Elmagrhi et al., 2018), which has severely restricted the
people’s pursuit of better welfare. According to a report
published by the US Energy Information Administration,
China is currently the world’s largest producer and consumer
of coal, accounting for 23% of global energy consumption
(EIA, 2019), which makes the issue of environmental sus-
tainability becoming a real concern. As the main culprit of
regional environmental pollution, enterprises have the indis-
pensable responsibility to balance economic benefit and the
environment. Building a green, intensive, and efficient inno-
vation system is an inevitable decision for the sustainability
of all companies. Therefore, activating new kinetic energy
for corporate development and realizing the transition from
the past “resource predatory” development to “resource pro-
tection” development, from “rough” development to “green”
development, and it is crucial to use green innovation as
“nuclear power” as an aid (Abdullah et al., 2016; Miao et al.,
2017; Xie et al., 2019; Li et al., 2018). As a new sustainable
development model, corporate green innovation has attracted
extensive attention from researchers and practitioners (Pol-
zin et al., 2016), seeking a “Harmonious coexistence” with
the environment has become a global issue (Li et al, 2019).
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Existing studies have actively explored the antecedents of
corporate green innovation, mainly including market pres-
sure and orientation (Lin et al., 2013a, b; Qiu et al., 2020;
Wang, 2020), environmental regulation (Cai et al., 2020;
Zhang et al., 2020), government subsidies (Huang et al.,
2019), the distance of environmental protection (e.g., the
distance between firms and environmental protection organi-
zations) (Hu et al., 2021), knowledge transfer (Awan et al.,
2021), and green knowledge sharing (Song et al., 2020).

Compared with ordinary innovation activities, green
innovation is a continuous task with higher risk coefficient, a
higher possibility of failure, and longer return cycle (Huang
et al., 2019; Ren et al., 2021), which requires stable, suffi-
cient, and efficient financial resources as the guarantee. With
the support of objective factors such as traditional financial
policies and tools, firms have also made some progress in
green innovation, which is manifested as a large number
of green patent applications but low quality! (Wang et al.,
2021). However, it is undeniable that for most firms in devel-
oping countries whose financial markets are not fully devel-
oped, such a development model that ignores quality makes
green innovation gradually fall into a low-end dilemma and
difficult to achieve breakthrough progress. This also shows
that the traditional financial system in the process of green
innovation of service firms has been stretched out.

The predicament of enterprise development led by tradi-
tional finance needs to be solved by a new financial model.
In recent years, the emergence of modern technology repre-
sented by big data, cloud computing, artificial intelligence,
and blockchain deepens the deep integration of traditional
finance and modern science and technology, and a new
financial model—digital finance emerges at the historic
moment (Huang and Huang, 2018; Knaack and Gruin,
2020). Digital finance is the combination of digital technol-
ogy and traditional finance, aiming to provide more conveni-
ent, transparent, and effective financial services for individu-
als of traditional financial services (Jain and Gabor, 2020).
With its features of “wide coverage, deep application, and
digitalization,” digital finance develops rapidly, and its eco-
nomic consequences are gradually affecting many aspects of
social development (Li et al., 2020). It has gradually become
a key factor to solve problems such as financing difficulties
and financial information mismatch (Yang and Zhang, 2020;
Tang et al., 2020a, b). At present, most of the research on

! By the end of 2018, the number of patent applications processed in
China had topped the world for eight consecutive years, almost equal
to the total number of applications from the second to the 11th place.
However, according to the “2018 Global Innovation Index Report”
released by the World Intellectual Property Organization (WIPO)
and Cornell University in the United States, China ranked only 17th
in innovation The gap also reflects the low quality of Innovation in
China.

digital finance focuses on the macro level, and there is little
research on the micro-level. In terms of the macro level,
digital finance can improve the per capita disposable income
of urban and rural residents, promote local tax revenue, and
narrow the urban—rural gap (Shrader and Duflos, 2014;
Zhang et al., 2019; Liang, 2020). At the micro-level, most
of them focus on the impact of digital finance on corpo-
rate financing constraints and financing channels (Mollick,
2014; Michalopoulos et al., 2015). Therefore, whether and
how digital finance can affect corporate green innovation is
unclear. As a new financial model driven by emerging tech-
nologies, whether the impact of digital finance on corporate
is different from that of traditional finance, so as to achieve
the effect of improving both quantity and quality still need
to be further discussed. This research aims to fill this gap.

We utilize the listed companies in Shanghai and Shenz-
hen stock markets in China from 2011 to 2018 as research
samples and match the data at the enterprise level with the
regional digital finance development data, so as to study
the impact of digital finance on corporate green innovation.
There are mainly three reasons why we choose Chinese
firms to verify our hypothesis. First, as the largest develop-
ing country in the world, behind its rapid development in
economic construction, China’s environmental problem is
becoming increasingly severe, and it has gradually become
one of the main contradictions that hinder high-quality
economic development, which is also a common problem
of most developing countries (Cai et al., 2016). Second,
China’s digital finance scale and technology practice is in
the leading position in the world (Tang et al., 2020a, b). To
study the driving effect of digital finance on corporate green
innovation is in line with the practical needs of sustain-
able development in China and the world at present. Third,
China is composed of 34 provincial-level administrative
regions and more than 300 prefecture-level administrative
regions. Significant spatial and temporal differences (e.g.,
Beijing and Xinjiang are in different time zones; the land
distance between the north and south of China is about
5,500 km), which leads to the diversity of economic and
social development, and also makes the supply of financial
resources and the development of green innovation in dif-
ferent regions present an unbalanced situation. Therefore,
studying the impact of digital finance on corporate green
innovation in the context of China can provide more devel-
oping countries with empirical solutions to environmental
problems.

Our results show that the development of regional digi-
tal finance can significantly improve the quantity and qual-
ity of corporate green innovation, and this result remains
unchanged after a series of robustness tests, such as replac-
ing variable measurement indicators and measurement mod-
els. In addition, we also consider that endogenous problems
such as missing variables and reverse causality affect the
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results of the study. We select two variables at the regional
level that may have been omitted to add into the regres-
sion model and found that the regression results were basi-
cally consistent with the benchmark model. Further, we
also select two instrumental variables for two-stage least
squares (2SLS) regression to alleviate the possible endoge-
neity problem, and the results remain the same. Therefore,
our results also provide a competitive explanation, that is,
digital finance is more effective than traditional finance in
promoting corporate green innovation.

Furthermore, we propose two channels through which
digital finance affects the quantity and quality of corporate:
transparent channel and convenient channel. We find that
digital finance can enhance the information screening abil-
ity of regional financial institutions, reduce the information
asymmetry within and outside enterprises, and enhance the
transparency of enterprises, which also drives enterprises to
actively carry out green innovation activities to compensate
or avoid the economic losses caused by the amplification of
improper environmental behaviors. In addition, we also find
that the development of regional digital finance will promote
the improvement of the capital flow efficiency of local enter-
prises. Through digital technology, digital finance breaks
the hand-to-hand transaction mode under the traditional
financial mode, making financial services no longer subject
to the limitation of time and space (Gomber et al., 2017),
which greatly improves the convenience of the transfer of
financial resources among enterprises and provides a strong
guarantee for the improvement of the quality of corporate
green innovation.

Compared with the existing literature, the possible con-
tributions of this paper are mainly reflected in three aspects.
First, to the best of our knowledge, this paper is the first
to explore the impact of digital finance on corporate green
innovation. Driving by the traditional financial model, there
is a low-end development dilemma of corporate green inno-
vation with large quantity and low quality. This paper tries
to reinterpret the corporate green innovation from the per-
spective of digital finance, as a new financial model which
expands the research on the influence of digital finance on
corporate strategy. Second, most of the existing studies focus
on the input and output of corporate green innovation, and
describe corporate green innovation from the two aspects of
quantity and quality, which can further illustrate the effect
of digital finance on corporate green innovation. Third, this
study also provides some enlightenment for the research on
environmental issues in developing countries. Compared
with developed countries, the financial service system of
developing countries is relatively backward, and the envi-
ronmental governance problem is more urgent. But even
in developing countries, digital finance can have a positive
impact on corporate green innovation. The driving effect of
the development of digital finance in China on the corporate
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green innovation provides a reference for more developing
countries to enable the sustainable development of enter-
prises through the innovative financial development mode
of emerging science and technology.

The remaining structure of this paper is arranged as
follows: the “Literature review and hypotheses develop-
ment” section reviews relevant literature and develops the
hypothesis. The “Research design” section presents research
design. The “Empirical results” section reports Empirical
results, includes robustness test, heterogeneity analysis and
mechanism analysis. Conclusion and discussion are given in
“Conclusion and discussion” section.

Literature review and hypotheses
development

Traditional finance and corporate green innovation

Green innovation is an innovative activity that firms use
green intensive innovative methods and technologies to
achieve the dual goals of economic performance and envi-
ronmental performance based on the purpose of improving
resource utilization and reducing energy consumption (Ren-
nings, 2000; Barbieri et al., 2020). It is a system engineering
involving market, economy, policy, technology, and other
factors, which has the typical characteristics of high risk,
high cost, and long-term commitment. In addition to the
internal factors of enterprises, the effective supply of finan-
cial factors is also crucial to the development and imple-
mentation of corporate green innovation, and the financial
market will directly serve the corporate green innovation
(Hottenrott and Peters, 2012). Therefore, it is necessary for
us to sort out the studies on the relationship between tradi-
tional finance and green innovation, so as to better grasp
the research topic of corporate green innovation driven by
digital finance.

Most of the existing studies on the impact of traditional
finance on corporate green innovation focus on the charac-
teristics of traditional finance and a single financial product.
Under the traditional financial model, the banking sector
always occupies the dominant position of the financial credit
system (Zhong and Wang, 2018; Jin et al., 2021). The con-
tinuous expansion of commercial banks and the intensifying
competition in the banking industry will have an impact on
the innovation decisions of enterprises (Chong et al., 2013),
but this impact is also significantly different in the stud-
ies of different scholars (Ayyagari et al., 2010; Chava et al.,
2013). Aiming at the development of traditional finance and
the allocation of bank credit, some scholars have pointed
out that when enterprises’ loans to banks reach a certain
threshold, the continuous increase of loans can promote
corporate green innovation (Huang et al., 2019). Based on
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this, a series of green financial products derived from the
traditional financial model began to appear and gradually
serve the corporate green innovation. The emergence of
green finance greatly alleviates the financial pressure in the
process of corporate green innovation, increases the invest-
ment in R&D of enterprises, and promotes the development
of corporate green innovation activities (Yu et al., 2021).
However, this promoting effect is only limited to the quantity
of corporate green innovation, with little effect on the core
factor of green innovation quality (Wang et al., 2021), thus
generating the low-end dilemma of green innovation.

Undeniably, under the service of a traditional financial
model, corporate green innovation has made some pro-
gress and development, but it cannot get rid of the low-end
dilemma of low innovation quality. Therefore, we urgently
need a new financial model to remedy this problem.

China’s digital finance

Digital finance generally refers to a new financial develop-
ment mode in which traditional financial institutions utilize
emerging technologies such as big data and cloud computing
to innovate financial products, business processes, and busi-
ness models and realize financing, payment, investment, and
other financial activities (Huang and Huang, 2018). China’s
digital finance originated from the launch of Alipay in 2004,
but the industry generally regards 2013 as the first year of
the development of digital finance. Digital finance is an
emerging product in China and even the world. In a short
period of more than 10 years, China’s digital finance devel-
opment has taken the lead in the global scope. In the 2019
Global Fintech 100 list jointly released by KPMG and H2
Ventures, three of the top 10 companies are from China, and
Ant Financial, as one of the world’s top five digital finance
companies, retained the No. 1 spot in the list. Mobile pay-
ment, Internet banking, and other digital financial ecosys-
tems with payment as the core have considerable influence
on a global scale.

The rapid rise of digital technology has caused an unprec-
edented impact on the traditional financial service system.
The emerging digital financial service system has impercep-
tibly changed many aspects of social and economic develop-
ment and greatly promoted the high-quality development
of the global economy. Compared with traditional finance,
digital finance mainly has the following advantages: First,
digital finance makes use of the scale effect and low cost
brought about by the revolution of information technology,
enabling users to enjoy more high-quality financial services
in many fields, while traditional finance has very few finan-
cial services and high cost. Second, the traditional finan-
cial on economic development is not obvious, effect on the
development of the real economy is not prominent, and digi-
tal financial field is applied science and technology in the

financial industry, promote the financial innovation activity,
make the financial sector more standardization and standard-
ization, changed the way the public’s life work, and improve
the quality of life. Third, digital finance is more intelligent
and internet-based. With the deep integration of big data,
more accurate user data can be obtained and analyzed to
make financial services more accurate and professional.
This is the way to expand from online to offline. Fourth,
compared with traditional financial institutions, which need
governance mechanisms such as guarantee mortgage regis-
tration and post-loan management, enterprises under digi-
tal financial services have a higher degree of marketization,
and win trust through the establishment of transparent rules
and the establishment of public supervision mechanism. In
addition, digital finance makes use of digital advantages to
analyze and review a large amount of individual behavioral
data. Based on these “behavioral footprints,” it can accu-
rately judge individual credit risks and improve the risk con-
trol ability of the financial industry.

With the accelerated evolution of a new round of sci-
entific and technological revolution, digital finance has
entered a stage of rapid development, and its economic
consequences have attracted more and more attention from
scholars (David-West et al., 2018; Buchak et al., 2018; Bol-
laert et al., 2021). However, it is a pity that due to the
lack of measurement indicators for digital finance, part of
the research is only carried out from the theoretical level,
but cannot provide objective empirical support. It was not
until the “Digital Finance Index” released by the research
group of the Digital Finance Research Center of Peking
University in 2018 that the data basis was provided for the
research of digital finance in the context of China (Guo
et al., 2020). On this basis, most scholars start to study the
economic consequences of digital finance from a macro
perspective, focusing on promoting entrepreneurship,
improving the level of regional technological innovation,
and promoting local economic growth (Zhang et al., 2019).
In recent studies, some scholars have gradually begun to
explore the role of digital finance in corporate innovation
(Tang et al., 2020a, b; Zhao et al., 2021).It can be predicted
that with the continuous improvement of the development
of digital finance, more and more studies will focus on the
enterprise level, so as to better promote the development
of the real economy.

Digital finance and corporate green innovation

As discussed above, under the traditional financial model,
the quality of corporate green innovation can no longer
match the quantity, which can be attributed to the following
three reasons: First, green innovation is a strategic activity
with a large amount of investment in the early stage. The
high transaction cost of capital in the traditional financial
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market and the cumbersome loan and credit review process
may lead to the insufficient supply of financial resources at
the critical moment of core technology research and devel-
opment. Second, the high degree of information asymmetry
between lenders and borrowers cannot be effectively solved,
resulting in the inability of financial institutions to accu-
rately evaluate enterprises, making it difficult for financial
resources to continue to supply green innovation. In addi-
tion, there are prominent problems such as bloated scale
and low efficiency under the traditional financial model, and
the high risk of corporate green innovation cannot be fully
guaranteed.

With the rapid rise of modern information technology
represented by big data, cloud computing, artificial intel-
ligence, and blockchain, it provides great convenience for
financial services to reduce costs, improve efficiency and
expand scope (Kshetri, 2016; Gomber et al., 2018), and
financial development is gradually moving toward the digi-
tal age (Huang and Huang, 2018). We predict that digital
finance will affect corporate green innovation in the follow-
ing two ways.

Based on the theory of information asymmetry, the basis
of cooperation is information equivalence. Green innovation
is one of the sources of long-term strategic planning and
market competitiveness of enterprises. Key information is
often hidden by enterprises and cannot be effectively shared.
Faced with this huge information asymmetry, financial insti-
tutions will greatly reduce the incentive to provide credit
for green innovation projects of enterprises (Stiglitz and
Weiss, 1981; Yuan et al., 2021). However, the continuous
innovation of the financial industry is to better screen enter-
prises and avoid ineffective and low-end mismatch of finan-
cial resources so as to maintain competitiveness (Lin et al.,
2013a, b; Laeven et al., 2015), and digital finance coincides
with this. First, digital finance improves the transparency of
enterprises and the ability of stakeholders to screen infor-
mation through digital advantages. When the stakeholders
have relatively complete behavior information of the enter-
prise, they can identify the “false green” or even the adverse
activities to the environment, thus amplifying the environ-
mental violations of the enterprise to a certain extent. After
receiving such signals, the government and the public make
mandatory and non-mandatory orders and denunciations
to achieve the dual purposes of mandatory governance and
social governance. Financial institutions will also reduce
enterprise evaluation to a certain extent so that financial
resources can be better transferred to enterprises with high
evaluation. In this context, enterprises’ motivation for envi-
ronmental speculation will be weakened, and green inno-
vation, as a pro-social sustainable development behavior,
will receive enterprises’ attention (Bendell, 2017). Second,
for some enterprises, due to the lack of complete business
records, traditional financial institutions cannot objectively
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evaluate corporate credit, leading to insufficient financial
support (Aivazian et al., 2015). Through the information
monitoring and evaluation system established by big data
technology, digital finance integrates the “digital foot-
print” of enterprises, so that financial institutions can more
accurately match the needs of enterprises and enhance the
quantity and quality of enterprise financing. Third, digital
finance uses diversified financial service modes such as digi-
tal payment and online lending to meet the more flexible and
different payment demands of different groups, enrich the
financing channels and methods of enterprises, and greatly
stimulate the supply vitality of the financial market (Gabor
and Brooks, 2017), laying a foundation for corporate green
innovation. Therefore, digital finance enables enterprises to
live in the “sunshine,” and the supply of financial resources
is more diversified and precise, which will help enterprises
to carry out green innovation practices. Thus, we propose
the following hypothesis:

HI: Digital finance can promote the quantity of corporate
green innovation.

Furthermore, while the quantity of green innovation
is improved, it is also urgent for enterprises to make
efforts in quality (Akcigit et al., 2016; Aghion et al.,
2019). Especially in today’s rapid development of digi-
tal technology, enterprises’ pursuit of innovation quality
becomes more urgent. Due to the prominent problem of
low efficiency of traditional financial service mode, it has
been unable to meet the objective needs of enterprises to
improve the quality of green innovation. Digital finance
has gradually begun to show the driving advantage of
green innovation quality. First, digital finance breaks the
limitation of time and space in a traditional financial
model, overturns the value delivery link of hand by hand
in a traditional business model, and enables customers to
enjoy all-day, contactless remote intelligent transactions
(Gomber et al., 2017), which greatly improves the effi-
ciency of capital flow among enterprises and transfers
financial resources toward high-quality green innovation
projects. Second, the rapid flow of financial resources
deepens the cooperation between enterprises and stake-
holders expands the positive spillover effect of green
innovation (Peng et al., 2021), and helps enterprises to
absorb and integrate key knowledge of green innova-
tion. In addition, by analyzing the digital information of
enterprises, financial institutions can accurately target
the heterogeneous demands among enterprises, provide
a set of differentiated financial service processes for dif-
ferent enterprises, and help enterprises identify oppor-
tunities and risks in the process of green innovation. On
this basis, the cutting-edge technologies and knowledge
of various industries should be integrated to realize the
optimal allocation of financial resources and avoid the
ineffective and low-end financial mismatch (Norden
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et al., 2014). Deeply process the pain points of corporate
green innovation, guide them to make more reasonable
green innovation decisions, and thus find the optimal
path of green innovation practice (Buchak et al., 2018).
Finally, digital finance can screen out low-quality green
innovation projects through better screening technology,
and then provide more support for high-quality green
innovation projects (Beck et al., 2018), so as to achieve
the purpose of “survival of the fittest.”

H2: Digital finance can promote the quality of corporate
green innovation.

Research design
Sample selection

This paper took the A-share listed firms on the Shanghai
and Shenzhen exchanges as the research object, take the
prefecture-level cities where firms are registered as the
benchmark, and paired them according to the starting year
of digital financial index measurement (2011) to form the
panel data set during 2011-2018. In order to improve the
reliability and validity of the data, we excluded the fol-
lowing firms: firms listed after 2011, firms in the finan-
cial industry, firms with ST mark (special treatment), and
firms with missing data related to major variables. After
screening and matching, 2080 firms and 16,640 observa-
tions were used in the analyses.

Among them, we collect patent information from the
State Intellectual Property Office of China, including pat-
ent application number, applicant, application date, patent
type, IPC classification number, and other information.
The IPC Classification list of green patents released by
World Intellectual Property Organization (WIPO) in 2010
enables us to more accurately screen out corporate green
patents from the above information. In view of China’s
State Intellectual Property Office (SIPO) patent database
does not provide patent citations information, we combine
manual retrieval and web crawler technology, and search
the green patent numbers matched by sample enterprises
in turn to obtain the specific citation information of each
green patent. Finally, the number of citations of each pat-
ent is summed up to the enterprise level by the application
date and year. Corporate financial data was obtained from
the China Stock Market & Accounting Research (CSMAR)
database. If the CSMAR data is missing, we manually
complete it by consulting the annual report of the enter-
prise. The digital financial index in prefecture-level was
collected from the Peking University Digital Financial
Inclusion Index (2nd issue, 2011-2018) compiled by the
Digital Finance Research Center of Peking University.

Variable measurement
Explained variable: corporate green innovation

We use the number of green patent applications and the
number of citations to describe the corporate green inno-
vation, and study the impact of digital finance on the cor-
porate green innovation from the two aspects of quantity
and quality. First, based on existing studies (Carrién-Flores
and Innes, 2010; Amore and Bennedsen, 2016; Kim et al.,
2021), we measure the green innovation quantity by using
the number of corporate green patent applications in the
current year. To eliminate the problem of a right-biased
distribution of the data of green patent applications, we
add 1 to the number of green patent applications and take
the natural logarithm [Ln(Apply + 1)]. A patent often takes
1-2 years from application to authorization, and there is a
lag (Kim et al., 2021). In the process of patent applications,
enterprises have shown that they are engaged in innovative
practices, so the number of patent applications will be reli-
able than the amount of authorization (Li and Zheng, 2016).
The World Intellectual Property Office (WIPO) issued the
“IPC Green List” in 2010, which covers more than 200 top-
ics related to environmentally sound technologies and is
directly matched with the IPC classification numbers by
authoritative experts. Based on this list, all green patented
IPC is refined and a total of 3554 classification number
locations are collected. Then, according to the classifica-
tion number, the number of green patents of each enterprise
in each issue was retrieved and labeled, so as to measure
corporate green innovation quantity more accurately. Of
course, we also use the number of green patents authorized
as a substitute indicator in the robustness test, and also add
1 to take the natural logarithm (He and Tian, 2013), which
is Ln(Granted + 1).

Second, there has been no consensus on the measure-
ment standard of innovation quality in the academic com-
munity. Existing studies mostly measure innovation quality
from R&D investment (Ren et al., 2020) and the number of
patents (Liu and Qiu, 2016). However, earnings management
behaviors of enterprises often exist in the disclosure of R&D
investment, and the data is highly variable and difficult to
identify (Chen et al., 2021). There is also a certain degree
of speculation in patent applications of enterprises, so as
to obtain government subsidies and market monopoly (Hu
et al., 2017). Therefore, we drew on another set of literature
(Akcigit et al., 2016; Aghion et al., 2019; Hvide and Jones,
2018), using the citation of green patents applied by enter-
prises to investigate the quality of green innovation. The
more times a patent is cited, the more valuable the patent is,
and the higher the green innovation quality of the enterprise
applying for the patent is. Because patent citation data also
has a certain degree of a right-hand distribution problem, we
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also add 1 to the number of green patent citation times and
take the natural logarithm [Ln(Citation + 1)]. In addition,
due to the temporal truncation bias of patent citations, we
control the year effect in the regression to eliminate the pos-
sible year accumulation effect. In the robustness test, we use
the number of green invention patent applications to the total
number of green patent applications (InvRatio) as a substi-
tute indicator of green innovation quality (Qi et al., 2018).

Core explanatory variable: digital finance (/ndex)

In this paper, the “Peking University Digital Financial Index
(Phase II, 2011-2018)” compiled by the Center for Digi-
tal Finance Research of Peking University was selected as
the proxy variable for digital finance (Guo et al, 2020). The
index was developed in 2016 by Peking University’s Digital
Finance Research Center in collaboration with Ant Financial
Group. The researchers used Ant Financial massive financial
data, through six business indicators and three secondary
indicators of coverage breadth, use depth and digitaliza-
tion degree, according to mathematical formula reasonable
weight, and finally synthesized the digital financial index. In
the empirical part of this paper, the digital financial index at
the municipal level was used to match the registration place
of enterprises. In addition, in the robustness test, we also
examine the impact of the two symmetric sub-dimensions
of digital finance [coverage width (Width) and depth of
use (Depth)] on the quantity and quality of corporate green
innovation, and select the digital finance index of provincial
caliber as the instrumental variable. In the regression, the
indexes of all levels and dimensions of digital finance are
normalized.

Control variable

In order to avoid the estimation bias caused by the omission
of variables, refer to existing literature (Amore and Benned-
sen, 2016; Ren et al, 2020), a number of variables with high
correlation with green innovation at the enterprise level was
selected as the control variables, which involved two aspects
of firm characteristics and corporate governance.

Firm size (Asset) Large enterprises tend to have more
resources and capacity to carry out green innovation activi-
ties (Gonzalez-Benito and Gonzalez-Benito, 2010). We use
the natural logarithm of total assets at the end of each year
as a proxy variable.

Firm age (Age) The older an enterprise has been estab-
lished, the stronger its competitiveness becomes (Phelps,
2010). However, due to organizational inertia, firm age will
also hinder innovation (Barron et al., 1994). We use the
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natural logarithm of the number of years the firm has been
established.

R&D investment (R&D) Existing literature shows that the
higher the R&D investment, the more beneficial it is to
carry out green innovation activities (Arranz et al., 2020).
We control the proportion of enterprise R&D investment in
total assets in the model.

Corporate debt (Debt) Debt reflects the asset structure of an
enterprise (Chen and Zhao, 2006), and moderate liabilities
can make up for the lack of funds (Qi et al., 2018), which
may have an impact on green innovation. Therefore, we
control for corporate debt and express them as the natural
logarithm of total debt (LnDebt).

Corporate profitability (ROE) Continuously profitable enter-
prises will have more funds to invest in research and devel-
opment, which will significantly promote the development
and implementation of green innovation (Arena et al., 2018).
We use ROE to measure firms’ profitability.

Cash flow ratio (Cash_rate) Firms with more internal cash
flow are more inclined to invest in R&D (Lyandres and
Palazzo, 2016), which is conducive to green innovation. We
use cash flow as a percentage of total assets.

Board independence (/ndep) Existing studies have found
that board independence is closely related to corporate social
responsibility and innovation (Chang et al., 2017; Lu and
Wang, 2018). We use the independent director/board size
ratio to measure board independence (Coles et al., 2008).

Board meetings (Meeting) As a channel for board members
to communicate with each other, board meetings are condu-
cive to enhancing the communication among them and have
an impact on the development and implementation of corpo-
rate innovation strategies. Therefore, we took the number of
board meetings as a control variable and normalized it. All
the variable definitions are shown in Table 1. All continu-
ous variables were winsorized at a 1% level in the empirical
regression so as to reduce the interference of outliers.

Summary statistics

In order to more intuitively reflect the actual characteris-
tics of the main variables, we first reported the descriptive
statistics of each variable in Table 2 before the logarithm
and standardization of the main variables (excluding the
control variables). By analyzing the data in the table, it can
be seen that (1) the average amount of green patent appli-
cations of sample firms is 5.512, the minimum amount of
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Table 1 Variable definitions

Variable Code Definition

Dependent variables
Green innovation quantity Ln(Apply + 1)

Green innovation quality
year plus 1

Independent variables

The natural logarithm of green apply patent plus 1

Ln(Citation 4+ 1) The natural logarithm of the average number of citations to the corporate green patents in a given

The score of Beijing University Digital Inclusive Financial Index (city level)

The ratio of the number of independent directors to the total number of directors

Digital finance (city) Index

Control variables

Firm size Ln(Assets) The natural logarithm of total assets plus 1
Firm age Ln(Age) The natural logarithm of firm's age

R&D investment R&D The ratio of R&D investment to the total assets
Corporate debt Ln(Debt) The natural logarithm of total debt plus 1
Corporate profitability ROE The ratio of profit to the net assets

Cash flow ratio Cash _rate The ratio of cash flow to the total assets

Board independence Indep

Board Meeting Meeting Number of board meetings

Other variables
Green patents granted

plus 1
Green invention patents  InvRatio

green patents
Coverage width Width
Use depth Depth
Digital finance (province) Index_p
GDP per capita PerGDP
Loan balance Loans
Internet penetration rate  Internet

province
Non-performing loan rate Transparent
Turnover of fixed assets ~ Convenient

Ln(Granted + 1) Alternative measure of green innovation quantity. The natural logarithm of green granted patent
Alternative measure of green innovation quality. The ratio of green invention patents to the total

The coverage width dimension score of the digital Finance index

The use depth dimension score of the digital finance index

The score of Beijing University Digital Inclusive Financial Index (province level)

The natural logarithm of the year's urban GDP per capita

The natural logarithm of the loan balances of financial institutions at the end of the year
Instrumental variable of digital finance. The ratio of internet population to the total population by

The ratio of non-performing loan to the regional financial institutions
Enterprise fixed assets turnover

green patent applications is 0, the maximum amount of
green patent applications is 116, and the standard deviation
is 16.186, indicating that the sample firms have great dif-
ferences in the transformation of green innovation achieve-
ments, which is also in line with the theme of our study.
(2) The average value of green patent citation is 6.678,
the minimum value is 0, the maximum value is 185, the
standard deviation is up to 24.321, and the 75% quantile
is 1, indicating that the green patent citation presents the
phenomenon of zero value accumulation, which reflects
the low quality of green patents and has not yet come out
of the low-end plight of “patent bubble” in China. (3)
The difference between the maximum value and the mini-
mum value of digital finance is nearly 7 times (maximum
value =291.443, minimum value =45.660), indicating that
the development of digital finance in China is unbalanced,
which also provides an ideal scenario for our study. (4)

Descriptive statistical results of related control variables
and other variables are also presented in the table.

Empirical design

In order to test the impact of digital finance on corporate
green innovation quantity (hypothesis 1), we used ordinary
least squares to estimate the following model:

Ln(Apply + 1);, = o + BIndex;, + yX;, + Industry, + Year, + ¢;,
ey

Among them, Ln(Apply + 1); is the explained variable
of the model, representing the green innovation quantity of
firm i in the ¢ year. Index;, is the core explanatory variable
of the model, which represents the digital financial index
of the region where firm i is located in the year ¢. X;, con-
tains all the control variables mentioned above in year ¢ of
enterprise /, including the control of firm characteristics
and corporate governance. Industry, and Year, are dummy
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Table2 Descriptive statistics Variable Obs Mean SD MIN p25 p50 p75 MAX
Dependent variables
Apply 16,640  5.512 16.186 0 0 0 3 116
Citation 16,640  6.678 24321 0 0 0 1 185
Independent variables
index 16,640  181.275 64.770  45.66 135.030 186.440 232.638 291.443
Control variables
LnAsset 16,565  22.243 1.303 19.593  21.324 22.078 23.000 26.139
LnAge 16,640  2.745 0.393 1.386 2.565 2.833 3.045 3.401
R&D 13,274  0.039 0.040 0.000 0.012 0.032 0.048 0.240
LnDebt 16,565  21.262 1.698 17.536  20.081 21.189 22.362 25.758
ROE 16,565  0.067 0.111 -0.490  0.025 0.066 0.116 0.376
Cash_rate 16,565 0.163 0.132 0.010 0.071 0.124 0.212 0.645
Indep 16,553  0.374 0.054 0.333 0.333 0.333 0.429 0.571
Meeting 16,565  0.281 0.189 0 0.143 0.238 0.381 1.000
Other variables
Granted 16,640  3.120 8.882 0 0 0 2 61
InvRatio 16,640 0.214 0.339 0 0 0 0.423 1
Width 16,640  181.008 61.466 40.080 134.800 188.670  230.622  287.588
Depth 16,640 178.511 68.707 50.320 128.390 172.480 232384  320.502
Index_p 16,640 205.275 86.903 16220 146.350 215.620 271.567 377.734
PerGDP 16,088  11.448 0.465 10.176  11.172 11.506 11.767 13.056
Loans 16,640  26.638 3.374 9.210 25.748 27.336 28.450 29.542
Internet 16,568  0.561 0.134 0.266 0.460 0.570 0.675 0.778
Transparent(%) 16,640  1.379 0.693 0.400 0.910 1.230 1.700 4
Convenient 16,557  0.625 0.446 0.061 0.331 0.520 0.775 2.577

variables of industry and year, representing the industry and
time fixed effect, respectively. €;, is the random error term
of the model.

In order to test the impact of digital finance on corporate
green innovation quality (hypothesis 2), we also used ordi-
nary least squares to estimate the following model:

Ln(Citation + 1);, = a + pIndex; , + vX; , + Industry, + Year, +¢;,
@
where Ln(Citation + 1), , is the dependent variable that pre-
sent the green innovation quality of firm i in year t. The
definitions of other variables are the same as formula (1).

Empirical results
Baseline result

Table 3 reports the results from the estimation of our base-
line model. Columns (1) and (2) take the green innova-
tion quantity as the dependent variable; column (1) only
includes the control variable and column (2) adds the inde-
pendent variable on this basis. We find that the regression
coefficient of digital finance (index) is 1.086, which is
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significantly positive at the 1% level, indicating that digital
finance can promote the improvement of corporate green
innovation quantity. Hypothesis 1 is verified. This may be
because digital finance relies on digital characteristics, and
the acquisition of digital footprints has greatly increased cor-
porate transparency and regulatory oversight. In addition,
digital technology is used to strengthen information sharing
between enterprises and stakeholders, reduce the degree of
internal and external information asymmetry, and enable the
barrier-free transmission of green innovation knowledge and
technology inside and outside enterprises. The regression
results of control variables show that firm size, R&D invest-
ment, debt, ROE, and cash holding ratio are positively cor-
related with the green innovation quantity.

Columns (3) and (4) are the regression results of green
innovation quality as the dependent variable. The results
show that the regression coefficient of digital finance on
green innovation quality is 0.847, which is significantly
positive at 1% level (B= 0.847, p <0.01), indicating that
digital finance can also promote the improvement of cor-
porate green innovation quality. Hypothesis 2 is verified.
The reason for its existence may be that digital finance
uses its digital characteristics to find out the “track” in
the practice of corporate green innovation, integrate and
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Ta!"letj" Baseline regression Variables La(Apply + 1) La(Apply + 1) Ln(Citation+ 1) Ln(Citation + 1)
e ) ) 3 )
index 1.086™" (0.225) 0.847°"" (0.242)
LnAsset 0.352""" (0.041) 0.345""" (0.040) 0.353""" (0.046) 0.347°"" (0.046)
LnAge —0.045 (0.052) —0.035 (0.051) —0.038 (0.060) —0.030 (0.059)
R&D 3.678" (0.497) 3.522" (0.491) 4.248"" (0.586) 4.126™" (0.578)
LnDebt 0.151""" (0.030) 0.153"" (0.029) 0.125"" (0.033) 0.126™" (0.033)
ROE 0.219" (0.116) 0.197" (0.114) 0.292™ (0.131) 0.275™ (0.130)
Cash_rate 0.354"" (0.125) 0.306™ (0.124) 0.506™" (0.152) 0.468"" (0.152)
Indep —0.179 (0.290) —0.182 (0.288) —0.132 (0.314) —0.135 (0.312)
Meeting —0.001 (0.044) —0.003 (0.043) 0.015 (0.050) 0.014 (0.050)
Constant — 104677 (0.517)  —10.464"(0.506)  —9.77477(0.592)  —9.772" (0.587)
Industry fixed  Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
Observations 13,135 13,135 13,135 13,135
R? 0.409 0.414 0.296 0.299

Standard error clustering is at the firm level

***Statistical significance at the 1% level

“*Statistical significance at the 5% level

*Statistical significance at the 10% level

summarize the differences and common points of differ-
ent types of enterprises, so as to better provide construc-
tive guidance for the corporate green innovation and find
the optimal path.

Robustness tests
Alternative measure of variables

In order to ensure the robustness of the results, we use
the scores of two symmetric sub-dimensions of the digi-
tal finance index (width and depth) and the provincial-
level digital financial index (Index_p) as the alterna-
tive variables of digital finance. The variable data are
also from “Peking University Digital Financial Inclu-
sion Index (Second Issue, 2011-2018).” Before regres-
sion, we normalize the three variables. The results are
shown in Table 4. The regression coefficients of digital
finance alternative variables are all significantly positive
at the 1% level, which is consistent with the previous
conclusion.

Second, we use the number of green innovation pat-
ents granted and the proportion of green invention pat-
ents as the proxy variables of green innovation quantity
and green innovation quality respectively. The results
are shown in Table 5. The regression coefficients of the
digital finance variable (index) are significantly positive,
which also supports our hypothesis.

Eliminate some samples

The digital financial index was developed by the Digital
Finance Research Center of Peking University in coopera-
tion with Ant Financial, which is headquartered in Hang-
zhou. Therefore, compared with listed companies in other
regions, listed companies in Zhejiang Province may have
a more convenient and unimpeded financial inclusion ser-
vice system, and digital finance may have a more profound
impact on Zhejiang Province. In view of this, we excluded
the sample of listed companies registered in Zhejiang Prov-
ince to test whether the role of digital finance in promoting
enterprises green innovation was general. The regression
results are reported in Table 6. We find that the significance
of the coefficient of the digital finance variable (index) does
not change compared to the baseline regression, but the
coefficient increases. It shows that digital finance plays a
more significant role in improving the quantity and quality
of corporate green innovation in other regions, which sup-
ports our hypothesis.

The time-lag effect of green innovation patents

Although the green patent application can reflect the cor-
porate green innovation more reliable than the granted (Li
and Zheng, 2016), the green patent application also needs
a certain amount of time. Therefore, considering the time
delay of patents, the quantity and quality variables of green
innovation are treated in advance. Where, F.Ln(Apply + 1),
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Table 4 Alternative measure of the digital finance

Ln(Apply + 1)

Ln(Citation + 1)

Ln(Apply + 1)

Ln(Citation + 1)

Ln(Apply + 1)

Ln(Citation + 1)

Variables
Width
Depth
Index_p
LnAsset
LnAge
R&D
LnDebt
ROE
Cash_rate
Indep
Meeting
Constant

Industry fixed
Year fixed
Observations
R2

)
0.757""" (0.169)

0.347""" (0.040)
—0.035 (0.051)
3.548™ (0.491)
0.152" (0.029)
0.198" (0.114)
0.303™ (0.124)
—0.199 (0.288)
—0.002 (0.043)
—10.485™
(0.507)
YES

YES

13,135
0.413

@)

0.662""" (0.187)
0.348""" (0.046)
—0.029 (0.059)
4.134" (0.577)
0.125"" (0.033)
0.274™ (0.130)

0.4617"" (0.152)

—0.150 (0.312)
0.015 (0.050)
—9.787""
(0.586)

YES

YES

13,135

0.299

3

stk

0.910" " (0.200)

0.343"" (0.040)
—0.037 (0.051)
3.536"™ (0.494)
0.158" (0.029)
0.191° (0.115)
0.343" (0.125)
—0.145 (0.290)
—0.004 (0.043)
—10.461°""
(0.507)

YES

YES

13,135

0.413

@

sk

0.601"" (0.210)
0.347""" (0.046)
—0.033 (0.060)
4.154™ (0.583)
0.129" (0.033)

0.274™ (0.130)

ek

(6))

0.847+%% (0.250)
0.340%%* (0.040)
—0.035 (0.051)
3.563%%* (0.496)
0.159%#% (0.029)
0.201% (0.115)

0.498" (0.152) 0.346%%% (0.124)
—0.110 (0.314) —0.172 (0.290)
0.014 (0.050) —0.004 (0.044)
-9.767" —10.424%%
(0.587) (0.508)

YES YES

YES YES

13,135 13,135

0.298 0.412

©)

0.657%%* (0.270)
0.343%%% (0.046)
—0.030 (0.059)
4.159%#% (0.583)
0.131%%% (0.033)
0.279%#% (0.131)
0.450%%% (0.152)
—0.127 (0.314)
0.013 (0.050)

— 9,737
(0.587)

YES

YES

13,135

0.298

Standard error clustering is at the firm level

“*Statistical significance at the 1% level

“*Statistical significance at the 5% level

“Statistical significance at the 10% level

Table 5 Alternative measure of the corporate green innovation

Table 6 Eliminate some samples regression results

Variables Ln(Granted + 1) InvRatio Variables Ln(Apply + 1) Ln(Citation + 1)
M ) M )
index 0.902""" (0.198) 0.208"" (0.063) index 1.107"" (0.240) 0.894™" (0.260)
LnAsset 0.284™" (0.036) 0.060"" (0.011) LnAsset 0.352""" (0.042) 0.359"" (0.049)
LnAge —0.049 (0.044) 0.022 (0.014) LnAge —0.008 (0.054) —0.026 (0.064)
R&D 2.085"" (0.432) 1.577"" (0.154) R&D 3.559 (0.505) 4.034™" (0.597)
LnDebt 0.125" (0.025) 0.027"*" (0.009) LnDebt 0.151"" (0.031) 0.122" (0.035)
ROE —0.032 (0.104) 0.091"" (0.032) ROE 0.222" (0.121) 0.296™ (0.138)
Cash_rate 0.176" (0.100) 0.054 (0.039) Cash_rate 0.287" (0.134) 0.491""" (0.165)
Indep 0.111 (0.255) —0.157" (0.080) Indep —0.150 (0.302) —0.190 (0.331)
Meeting —0.013 (0.038) —0.015 (0.015) Meeting —0.006 (0.046) 0.001 (0.054)
Constant —8.726™" (0.454) —1.684""(0.127)  Constant —10.646"" (0.520) —9.901""" (0.607)
Industry fixed Yes Yes Industry fixed Yes Yes
Year fixed Yes Yes Year fixed Yes Yes
Observations 13,135 13,135 Observations 11,678 11,678
R2 0.389 0.175 R? 0.423 0.307

Standard error clustering is at the firm level

stk

Statistical significance at the 1% level

“*Statistical significance at the 5% level

“Statistical significance at the 10% level
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Standard error clustering is at the firm level

“**Statistical significance at the 1% level

“*Statistical significance at the 5% level

“Statistical significance at the 10% level
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Table 7 Persistent effects regression results

Variables F.Ln(Apply + 1) F2.Ln(Apply + 1) F3.Ln(Apply + 1) F.Ln(Citation + 1) F2.Ln(Citation + 1) F3.Ln(Citation + 1)
(e 2 ©) “) 5) (6)

index 1.144™" (0.238) 1.346™ (0.254) 1.463"(0.270)  0.884" (0.252) 1.035™ (0.260) 0.882"" (0.256)

LnAsset 0320 (0.043) 0.301" (0.045) 030077 (0.049)  0.320°7(0.048)  0.280" (0.049) 0.244™ (0.051)

LnAge —0.042 (0.052) —0.040 (0.052) —0.056 (0.055) —0.052 (0.059) —0.062 (0.057) —0.084 (0.056)

R&D 3.449" (0.506) 2.883" (0.535) 2.938"(0.590)  3.903" (0.587)  3.253" (0.613) 2.943" (0.615)

LnDebt 0.174" (0.032) 0.183" (0.034) 0.183"7(0.038)  0.1317(0.034)  0.146™ (0.036) 0.155™" (0.038)

ROE 0.636" (0.131) 07617 (0.145) 0.750"" (0.163)  0.607" (0.149)  0.632" (0.153) 0.578™" (0.165)

Cash_rate 0.345" (0.130) 0.384™ (0.137) 0.312" (0.149) 0.496™ (0.155)  0.542™" (0.157) 0.479"" (0.161)

Indep —0.163 (0.302) —0.041 (0.322) —0.170 (0.354) —0.039 (0.322)  0.085(0.327) —0.024 (0.337)

Meeting 0.009 (0.050) 0.032 (0.055) —0.005 (0.063)  0.031 (0.056) 0.007 (0.059) —0.003 (0.067)

Constant —10.290""(0.523) —10.162" (0.543) —9.915" (0.581) —9.234" (0.601) —8.710" (0.605)  —7.844" (0.623)

Industry fixed Yes Yes Yes Yes Yes Yes

Year fixed Yes Yes Yes Yes Yes Yes

Observations 11,351 9621 7908 11,351 9621 7908

R? 0.410 0.401 0.391 0.296 0.294 0.291

Standard error clustering is at the firm level

“**Statistical significance at the 1% level

“*Statistical significance at the 5% level

“Statistical significance at the 10% level

F2.Ln(Apply + 1), F3.Ln(Apply + 1) respectively represent
the quantity variables of green innovation in the next period,
the next two periods and the next three periods, and the qual-
ity variables of green innovation are similar. The results are
reported in Table 7. We find that the regression coefficients
of digital finance variable (index) on the quantity and qual-
ity variables of green innovation in the next period, the next
two periods and the next three periods are all significantly
positive at the 1% level, which indicates that the impact of
digital finance on corporate green innovation is sustainable.

Change model

Due to the green innovation data have some years of zero,
the pattern of zero value accumulation and positive value
coexistence is shown. In view of this data structure, we used
the Tobit model to replace the original model for robustness
test, the results are shown in Table 8. We find that the size
and significance of the regression coefficients of the digital
finance (index) variables are basically consistent with the
baseline regression.

Endogeneity treatment

In the baseline regression, we control the industry fixed
effects and year fixed effects, and select some factors that can
affect the corporate green innovation, including enterprise
characteristics and corporate governance. However, there
may still be potential endogeneity problems in our findings.

First, we do not control the regional effect and time-varying
factors in the model, which may cause estimation bias due to
the influence of unobserved factors. Second, macro-factors
in the regions where enterprises are located will also affect

Table 8 Change model regression results

Variables Ln(Apply + 1) Ln(Citation + 1)
(D 2

index 1.086™ (0.109) 0.847"" (0.127)

LnAsset 0.345™" (0.023) 0.347"" (0.027)

LnAge —0.035 (0.024) —0.030 (0.028)

R&D 3.522"(0.270) 4.126" (0.315)

LnDebt 0.153™ (0.018) 0.126" (0.021)

ROE 0.197" (0.080) 0.275" (0.093)

Cash_rate 0.306™" (0.079) 0.468" (0.092)

Indep —0.182 (0.156) —0.135 (0.182)

Meeting —0.003 (0.044) 0.014 (0.051)

Constant —10.465""" (0.240) —9.769"" (0.279)

Observations 13,135 13,135

Industry fixed Yes Yes

Year fixed Yes Yes

Log Likelihood -17,857.578 -19,851.286

Pseudo R2 0.164 0.105

All equations are estimated by Tobit

“**Statistical significance at the 1% level

“*Statistical significance at the 5% level

“Statistical significance at the 10% level
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Table 9 Control for the other unobservable factors regression results

Variables Ln(Apply + 1) Ln(Apply + 1) Ln(Apply + 1) Ln(Citation + 1)  Ln(Citation+ 1)  Ln(Citation + 1)
() ) 3) 4 )] (6)
index 1.068 (0.293)  1.0817"(0.230)  1.554%** (0.345)  0.787" (0.312) 0.846™"(0.248)  1.417*%* (0.356)
LnAsset 0.343"(0.040)  0.359" (0.041)  0.200%** (0.044)  0.343"(0.045)  0.358™(0.047)  0.198%*** (0.048)
LnAge —0.016 (0.052) —0.037 (0.052) —0.101%* (0.056)  0.003 (0.060) —0.029 (0.061) —0.058 (0.063)
R&D 334477 (0.486)  3.59777(0.503)  6.257%*% (0.564) 3.87977(0.565)  4.19377(0.599)  7.035%** (0.617)
LnDebt 0.149" (0.029)  0.146™ (0.030)  0.237*** (0.032)  0.120" (0.033)  0.121777(0.034)  0.201%*** (0.035)
ROE 0.175 (0.114) 0.217" (0.123) 0.205 (0.138) 0.282" (0.129) 0.252" (0.140) 0.323%* (0.149)
Cash_rate 0.282" (0.121) 0.301° (0.130) 0.222 (0.141) 04377 (0.149)  0.46377 (0.160)  0.441%** (0.162)
Indep —0.203 (0.284) —0.175 (0.296) —0.243 (0.329) —0.169 (0.305)  —0.145 (0.322) —0.068 (0.336)
Meeting —0.007 (0.043)  0.017 (0.045) —0.022 (0.048)  0.014 (0.049) 0.023 (0.052) —0.013 (0.053)
Constant —-10.381"" —10.496™" —8.474%% —9.751"" (0.581) —10.062""" —7.802%%* (0.581)
0.511) (0.509) (0.532) (0.602)
Industry fixed Yes No No Yes No No
Year fixed Yes No No Yes No No
Province fixed Yes No No Yes No No
Industry*year No Yes No No Yes No
fixed
Province*year No No Yes No No Yes
fixed
Observations 13,135 13,135 13,135 13,135 13,135 13,135
R? 0.422 0.433 0.305 0.311 0.318 0.231

Standard error clustering is at the firm level
“Statistical significance at the 1% level
“*Statistical significance at the 5% level

“Statistical significance at the 10% level

the development of digital finance and green innovation to a
certain extent, and the problem of missing variables will also
have a certain impact on the estimation results. In addition,
while digital finance affects enterprises green innovation,
green innovation may also affect the development of digital
finance. When enterprises have a high level of green innova-
tion, it may also drive the development of digital finance in
the region. Therefore, our results may also be disturbed by
reverse causality. In this section, we use three approaches to
address potential endogeneity concerns: controlling for prov-
inces effects and time-varying factors effects, adding macro
control variables, and the instrumental variable regression.

Control for province and time-varying effects

We control for industry and year fixed effects in the base-
line regression, but some unobservable regional and time-
varying factors may cause our estimates to be biased. For
example, the difference of resource endowment in different
regions may be an important factor affecting the location
of enterprises. Over time, changes in the supply and cost of
inputs may also prompt firms in certain industries to move to
a particular province (Ren et al., 2021). In order to consider
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geographical location and time-varying variables of indus-
tries and regions that change with time, we add province
fixed effect, year * industry fixed effect, and year * prov-
ince fixed effect into the regression model respectively, and
report the regression results in Table 9. As can be seen from
the regression results in the table, the regression coefficient
of digital finance variable (index) is still significantly posi-
tive, indicating that the driving effect of digital finance on
corporate green innovation is not affected by regional and
unobserved time-varying factors.

Omitted variables

In the baseline regression, although we control the enter-
prise characteristics and corporate governance variables
in the model, some regional macro factors will also affect
digital finance and corporate green innovation, so there will
be the problem of omitted variables. In view of this, we add
two regional macro variables that may affect the results of
the estimate: GDP per capita and year-end loan balance of
financial institutions. The regression results are shown in
Table 10. In model 1 and model 2, the per capita GDP varia-
ble (PerGDP) and the year-end loans of financial institutions
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Table 10 Omitted variables regressions results

Variables Ln(Apply + 1) Ln(Citation + 1)
(e )
index 0.977"" (0.291) 0.641" (0.316)
LnAsset 0.346™" (0.041) 0.350"" (0.047)
LnAge —0.037 (0.052) —0.037 (0.060)
R&D 3.515™ (0.496) 4.134" (0.582)
LnDebt 0.153"" (0.030) 0.123" (0.034)
ROE 0.188 (0.117) 0.290™ (0.133)
Cash_rate 0.286" (0.125) 0.442" (0.155)
Indep —0.152 (0.292) —0.168 (0.320)
Meeting —0.002 (0.044) 0.014 (0.051)
PerGDP 0.038 (0.050) 0.060 (0.056)
Loans —0.003 (0.006) —0.001 (0.007)
Constant —10.783" (0.758) —10.378" (0.847)
Industry fixed Yes Yes
Year fixed Yes Yes
Observations 12,714 12,714
R? 0.413 0.298

Standard error clustering is at the firm level
“*Statistical significance at the 1% level
“*Statistical significance at the 5% level

“Statistical significance at the 10% level

variable (Loans) are not significant, and the regression coef-
ficient of the digital financial variable (index) is still signifi-
cantly positive, indicating that our results are robust.

Instrumental variable analysis

In addition, we also use instrumental variable regression to
alleviate possible endogeneity problems. Drawing on exist-
ing studies (Tang et al., 2020a, b; Cao et al., 2021), we use
the Internet penetration rate of each province (Internet) as an
instrumental variable. On the one hand, the internet penetration
rate, as the infrastructure of digital finance, is closely related to
the changes of digital finance and meets the correlation condi-
tions. On the other hand, there is no direct correlation channel
between internet penetration rate and enterprises, which satis-
fies the exogenous conditions. Therefore, Internet penetration
rate may become an effective instrumental variable.

The regression results of 2SLS instrumental variables are
reported in Table 11. The estimation results of the first stage
show that the instrumental variables are positively correlated
with the digital financial variable (index), indicating that
the instrumental variables do meet the correlation condition.
The results of Kleibergen — PaaprkLM showed that there
was no problem of insufficient identification of instrumental
variables, and the Kleibergen — Paaprk WaldF statistic was

Table 11 2SLS instrumental

: . Variables First stage Second stage
variable regressions results . o
index Ln(Apply + 1) Ln(Citation + 1)
)] 2 3)
Internet 0.039"" (0.005)
index 0.953""" (0.186 0.945"" (0.230)
LnAsset —0.0032" (0.0015) 0.345™ (0.022) 0.346™" (0.026)
LnAge —0.001 (0.002) —0.035 (0.024) —0.029 (0.030)
R&D 0.082"" (0.017) 3.562" (0.273) 4.137"" (0.346)
LnDebt 0.004™ (0.001) 0.154™ (0.017) 0.127°" (0.020)
ROE 0.0098" (0.0053) 0.200" (0.080) 0.273" (0.091)
Cash_rate 0.032"" (0.005) 0.316" (0.075) 0.467"" (0.094)
Indep —0.014 (0.010) —0.179 (0.159) —0.129 (0.181)
Meeting —0.001 (0.003) —0.001 (0.043) 0.015 (0.050)
Constant —-0.103" (0.015 —10.472" (0.245) —9.777"" (0.300)
Industry fixed Yes Yes Yes
Year fixed Yes Yes Yes
Observations 13,100 13,100 13,100
F value 7228.26

Kleibergen — PaaprkLM
Kleibergen — Paaprk WaldF

3578.149 [0.000]
7228.263 {16.38}

3578.149 [0.000]
7228.263 {19.93}

All equations are estimated by the two-stage least square (2SLS) instrument variables regressions. Num-
bers in () are robust standard errors. Numbers in [] are p value. Numbers in {} represent the critical value
of the Stock-Yogo test at the 10% significance level

“**Statistical significance at the 1% level

**Statistical significance at the 5% level

*Statistical significance at the 10% level
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Table 12 Heterogeneity of

SOEs=0
Ln(Apply + 1)

@

SOEs=1
Ln(Citation + 1)

3

SOEs=0
Ln(Citation + 1)

(C))

. Variables SOEs=1
firm’s ownership structure
Ln(Apply + 1)
1
index 1.626™ (0.390)
LnAsset 0.425" (0.086)
LnAge —0.190 (0.126)
R&D 4.830" (1.120)
LnDebt 0.085 (0.070)
ROE 0.214 (0.197)
Cash_rate 0.105 (0.294)
Indep 0.734 (0.500)
Meeting —0.015 (0.076)
Constant —11.118"
Industry fixed  Yes
Year fixed Yes
Observations 4876
R? 0.471

(0.788)

0.889"" (0.275)
0.293"" (0.047)

0.006 (0.056)
3.375™ (0.556)
0.158™ (0.031)

0.227" (0.136)
0.2477 (0.129)
—0.710™ (0.345)
0.018 (0.052)
—8.851"" (0.718)
Yes

Yes

8259

0.373

stk

1.4917™ (0.446)
0.404™ (0.101)
—0.404™" (0.147)
4.453" (1.202)
0.066 (0.083)
0.408" (0.230)
0.354 (0.344)
0.693 (0.541)
0.064 (0.089)
—-9.300"" (0.949)
Yes

Yes

4876

0.366

0.641" (0.282)
0.301""" (0.053)
0.036 (0.065)
4231 (0.674)
0.121°" (0.034)
0.255" (0.146)
0.470"" (0.165)
—0.611 (0.372)
—0.018 (0.058)
—8.360""" (0.838)
Yes

Yes

8259

0.255

Standard error clustering is at the firm level

***Statistical significance at the 1% level

“Statistical significance at the 5% level

*Statistical significance at the 10% level

7228.263, greater than the critical value of Stock Yogo test
at the 10% significance level, indicating that there was no
weak instrumental variable problem in the model. Similar
to our baseline regression results, the results of two-stage
least squares estimation also show that the coefficient of
digital financial variable (index) is significantly positive at
the 1% level. Therefore, these results also further support
our hypothesis that digital finance can improve the quantity
and quality of corporate green innovation.

Heterogeneity analysis

First, we report the estimated results of state-owned
enterprises (SOEs=1) and non-state-owned enterprises
(SOEs=0) in Table 12. According to the regression results
of columns (1) and (2), in the regression analysis of the
green innovation quantity, the coefficient of digital finance
variable (index) has the same significance, and the coeffi-
cient seems to be greater in the group of state-owned firms
than in the group of non-state-owned firms. However, we
find in Chow-texts that there is no statistically significant
difference between the two coefficients. Therefore, we can-
not deny that the impact of digital finance on the corporate
green innovation quantity may be the same in state-owned
and non-state-owned firms. According to the regression
results of columns (3) and (4), the regression coefficient
of digital finance variable (index) on the corporate green
innovation quality is more significant in the group of state-
owned firms (p <0.01 and p <0.05), which indicates that

@ Springer

the promotion effect of digital finance on corporate green
innovation quality is stronger in state-owned firms than in
non-state-owned firms, which may also be closely related
to the innate resource endowment advantage of state-owned
firms in the context of China.

Second, considering the diversity of geographical envi-
ronment in China, the level of economic development in
different regions is quite different. Compared with the tradi-
tional less developed central and western regions, the finan-
cial market in eastern China is more fully developed (Ren
et al., 2021). To further explore whether the impact of digital
finance on corporate green innovation is significantly differ-
ent among different regions, the original sample is divided
into two sub-samples according to the provinces where the
sample companies are registered, namely the eastern (East)
and the central and western (Midwest) provinces,2 and the
grouping regression test is conducted. Table 13 reports the
estimated results for the two regions, respectively. We can
see from the results that the regression coefficient of digital
financial variable (index) on the quantity and quality of cor-
porate green innovation is more significant in eastern region.

2 Eastern provinces include Beijing, Tianjin, Hebei, Liaoning,
Shanghai, Jiangsu, Zhejiang, Fujian,

Shandong, Guangdong, Guangxi, and Hainan; The central & west-
ern provinces include Shanxi, Inner Mongolia, Jilin, Heilongjiang,
Anbhui, Jiangxi, Henan, Hubei, Hunan, Sichuan, Chongqing, Guizhou,
Yunnan, Tibet, Shaanxi, Gansu, Ningxia, Qinghai, and Xinjiang.
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Table 13 Heterogeneity of

: Variables East Midwest East Midwest
firm’s region o o
Ln(Apply + 1) Ln(Apply + 1) Ln(Citation + 1) Ln(Citation + 1)
(D 2 3) 4
index 1.308™" (0.318) 0.993" (0.414) 1.087"" (0.337) 0.595 (0.447)
LnAsset 0.391""" (0.050) 0.244™" (0.064) 0.420"" (0.058) 0.198™ (0.072)
LnAge —0.013 (0.059) —0.066 (0.105) —0.020 (0.068) 0.013 (0.121)
R&D 3.681% (0.570) 2.996"" (1.014) 4.527"" (0.658) 3.095" (1.152)
LnDebt 0.141"" (0.036) 0.180"" (0.048) 0.103" (0.041) 0.169"" (0.051)
ROE 0.161 (0.150) 0.251 (0.173) 0.276 (0.170) 0.271 (0.194)
Cash_rate 0.257" (0.147) 0.385" (0.229) 0.346" (0.181) 0.792"" (0.280)
Indep —0.289 (0.343) 0.059 (0.517) —0.200 (0.374) 0.057 (0.538)
Meeting 0.009 (0.052) —0.021 (0.077) 0.040 (0.059) —0.040 (0.089)
Constant —11.0017"(0.639)  —9.063" (0.819)  —10.854""(0.737)  —7.626"" (0.978)
Industry fixed  Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
Observations 9026 4109 9026 4109
R? 0.437 0.389 0.322 0.281

Standard error clustering is at the firm level

***Statistical significance at the 1% level

“Statistical significance at the 5% level

* Statistical significance at the 10% level

This also shows that digital finance plays a significant role
in promoting corporate green innovation in eastern China.
Third, enterprises in different life cycles will deploy dif-
ferent strategic actions according to their own needs. For
enterprises in the growth stage and maturity stage, the effect
of digital finance on driving green innovation may also be
different. Based on this, we defined 10 years as the limit,
the establishment period of more than 10 years defined as
mature enterprise (Mature), assigned a value of 1, otherwise
0, to examine the difference in the effect of digital finance
in promoting corporate green innovation under different life
cycles. Table 13 reports the estimated results for the two
periods, respectively. We can see from the results that the
regression coefficient of digital financial variable (index)
on the quantity and quality of corporate green innovation
is more significant in mature firms, which shows that the
digital finance effects on the mature corporate green innova-
tion activities is bigger. This may be related to the fact that
mature enterprises have more human, financial and material
resources than those in the growing stage (Table 14).

Potential Channels

In this section, we mainly explore two potential channels
through which digital finance influences corporate green
innovation: transparent channel and convenient channel.
First, as we discussed in “Literature review and hypoth-
eses development” section, we believe that digital finance
improves corporate transparency and stakeholders’ ability

to sift through information. In this case, corporate specula-
tion in environmental governance will be further amplified.
Therefore, digital finance may force enterprises to undertake
green innovation activities by enhancing corporate trans-
parency. We use the non-performing loan ratio of regional
financial institutions as a proxy variable for corporate trans-
parency. Because the loans of regional financial institu-
tions mostly come from local enterprises, and the higher
the non-performing loan ratio may mean that the financial
institutions have a worse ability to screen corporate infor-
mation and a lower transparency of enterprises, the regres-
sion results are shown in columns (1) and (2) of Table 15.
We can see from the regression results that the regression
coefficient of digital finance variable (index) to the non-
performing loan ratio variable (Transparent) of regional
financial institutions is significantly negative, indicating
that the development of digital finance does improve the
transparency of firms.

Second, digital finance promotes the efficiency of capi-
tal flow among enterprises through the remote intelligent
delivery mode to a certain extent, and realizes the efficient
allocation of financial resources, which makes enterprises
more capable of equipment transformation and technology
upgrading, thus boosting the improvement of green inno-
vation quality. Based on the accounting data provided by
CSMAR database, we use fixed asset turnover as the proxy
variable of capital flow efficiency, and the regression results
are shown in columns (3) and (4) of Table 15. We find that
the regression coefficient of digital finance variable (index)
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Table 14 Heterogeneity of

firm’s life cycle

Table 15 Mechanism analysis

is significantly positive to the enterprise capital flow effi-

Variables Mature =1 Mature =0 Mature =1 Mature=0

Ln(Apply + 1) Ln(Apply + 1) Ln(Citation + 1) Ln(Citation + 1)

1) @) 3) )
index 1.032" (0.239) 1.066™ (0.464) 0.716™ (0.254) 1.0917 (0.596)
LnAsset 0.3417" (0.044) 0.397""" (0.083) 0.328" (0.049) 0.504™ (0.108)
LnAge —0.047 (0.081) 0.074 (0.098) —0.067 (0.089) 0.132 (0.136)
R&D 3.800"" (0.562) 2368 (0.924) 4303 (0.637) 3.186™ (1.188)
LnDebt 0.146™" (0.032) 0.175"" (0.059) 0.120™" (0.035) 0.120 (0.078)
ROE 0.205" (0.119) 0.173 (0.278) 0.247° (0.135) 0.477 (0.357)
Cash_rate 0.234" (0.142) 0.695"" (0.228) 0.445™" (0.170) 0.719™ (0.324)
Indep —0.253 (0.307) —0.508 (0.554) -0.299 (0.323) —0.370 (0.650)
Meeting —0.029 (0.048) 0.072 (0.099) —0.010 (0.054) 0.079 (0.133)
Constant —10.189"(0.545)  —11.915"" (1.111)  —9.003" (0.624)  —13.362"" (1.354)
Industry fixed  Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
Observations 10,999 2136 10,999 2136
R? 0.413 0.484 0.301 0.362
Standard error clustering is at the firm level
***Statistical significance at the 1% level
“Statistical significance at the 5% level
*Statistical significance at the 10% level

)] ) 3) “

Ln(Apply + 1) Transparent Ln(Citation + 1) Convenient
index 1.086™ (0.225) —2.408"" (0.134)  0.8477 (0.242) 0.353""" (0.087)
LnAsset 0.345"" (0.040) —0.022 (0.023) 0.347°" (0.046) —0.146"" (0.016)
LnAge —0.035 (0.051) 0.007 (0.025) —0.030 (0.059) 0.032" (0.019)
R&D 3.522(0.491) —0.682™ (0.307) 4.126™ (0.578) —2.230"" (0.168)
LnDebts 0.153" (0.029) —0.015 (0.018) 0.126™ (0.033) 0.132" (0.012)
ROE 0.197" (0.114) 0.167" (0.065) 0.275™ (0.130) 0.650""" (0.054)
Cash_rate 0.306™ (0.124) —0.104 (0.075) 0.468" (0.152) 0.100™ (0.047)
Indep —0.182 (0.288) —0.455"7(0.148)  —0.135(0.312) —0.127 (0.104)
Meeting —0.003 (0.043) —0.013 (0.026) 0.014 (0.050) 0.011 (0.015)
Constant —10.465"(0.506)  2.004™" (0.261) —9.769" (0.586)  0.994" (0.197)
Industry fixed Yes Yes Yes Yes
Year fixed Yes Yes Yes Yes
Observations 13,135 13,135 13,135 13,135
R? 0.414 0.333 0.299 0.363

Standard error clustering is at the firm level

***Statistical significance at the 1% level
““Statistical significance at the 5% level

*Statistical significance at the 10% level

ciency variable (Convenient), which fully indicates that the

development of digital finance can improve the efficiency
of capital flow between enterprises and make the financial

resource allocation more convenient.
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Conclusion and discussion

We use green innovation quantity and quality to character-
ize corporate green innovation activities, and link digital

finance with corporate green innovation firstly, revealing
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the effectiveness of digital finance in environmental gov-
ernance, and filling the research gap in this field. Utilizing
the sample of Chinese companies from 2011 to 2018, our
results show that:(1) the development of digital finance can
not only improve the quantity of green innovation, but also
increase the quality of green innovation; (2) this effect is
greater in the east enterprises, the state-owned enterprises,
and the mature enterprises; and (3) we identify two poten-
tial channels for digital finance to drive corporate green
innovation: transparent channel and convenient channel.
Overall, our research to a certain extent makes up for the
regret of the large quantity and low quality of corporate
green innovation under the traditional financial model, and
provides a micro explanation of environmental govern-
ance for the accelerated popularization of digital finance
in emerging markets, which is urgently needed for most
emerging economies to seek high-quality development.

Our study has several policy implications. First, give full
policy support to the integrated development of emerging
technology and financial system, vigorously promote the
integrated development of digital finance. Strengthen the
foundation of digital information technology, establish a
complete financial risk assessment mechanism, give appro-
priate policy preference to new forms of financial services,
empower enterprises to make green innovations, and release
new vitality for high-quality development of economy.

Second, the government should give full play to the role
of “guide,” and provide sufficient innovation policy support
to the enterprises with strong financing needs and sufficient
innovation vitality, so as to “adapt measures to enterprise
conditions.” In addition to guiding the equalization of finan-
cial resource allocation and enhancing corporate green inno-
vation willingness, enterprises should be encouraged to put
green innovation practice into action.
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