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Abstract: China is currently in the process of industrialization, and the excessive consumption of
fossil energy results in a significant increase in carbon emissions. With the significant development
of information technology and the digital economy, digital finance has gradually become a new
model that affects human activities, motivating us to explore the relationship between digital fi-
nance and carbon emissions. Based on panel data from 278 cities from 2011 to 2019, this study em-
pirically analyzes the relationship between digital finance and carbon emissions and discusses it in
terms of the nonlinearity, regional heterogeneity, and spatial spillover effects. We find empirical
evidence indicating that digital finance can mitigate regional carbon emissions. Finally, we propose
some relevant suggestions for promoting sustainable and healthy development of digital finance,
and achieving carbon emissions reduction.
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1. Introduction

Since the industrial revolution, production and business activities worldwide have
increased air pollutant emissions, primarily of carbon dioxide, which can significantly
negatively impact on human production and life. An increase in carbon emissions can
lead to climate warming and environmental pollution. To reduce the impact of carbon
emissions on the environment and climate, in September 2020, China proposed in the
United Nations General Assembly to make carbon dioxide emissions peak by 2030 and
strive to achieve the two stages of carbon emission reduction goals of carbon neutrality
by 2060. As a major carbon-emitting and energy-consuming country, achieving carbon
peaking and carbon neutrality goals is a way to ensure energy security and promote sus-
tainable energy development and is the main driving force for high-quality economic de-
velopment and ecological civilization construction.

Existing studies generally agree that developing a low-carbon economy in China is
based on transformation-driven approach among industries [1], particularly through the
financial transformation pathway [2]. In recent years, the continuous progress of the In-
ternet and digital technology based on big data, block chain, and artificial intelligence has
been continuously applied to the financial industry. This brings new momentum to
China’s monetary development in terms of information networks, intelligent algorithms,
and data resources [3]. Digital finance, as a modern financial industry, is widely used in
developing various industries because of its low cost, convenience, and other advantages
that can break through traditional spatiotemporal financial restrictions [4]. This promotes
the financial structural change and efficiency [5] to meet the development needs of a low-
carbon economy to the greatest extent, to promote China’s sustainable development [6].
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Concerning financial development and carbon emissions, some researchers argue
that the development of finance helps reduce transaction costs and promote investment
and financing, thereby improving the ecological environment [7]. At the same time, some
studies indicate financial development and carbon emissions are correlated in more com-
plicated patterns, such as an inverted U-shape between financial development and envi-
ronment pollution [8]. Recently, in order to explore how financial development affects the
environment, a growing number of papers have incorporated financial development into
the analysis of the relationship between finance and the environment. Bai et al. study the
mechanism by which financial development affects environmental change [9]. Some stud-
ies empirically show that the development of inclusive finance reduces carbon emissions,
where its thresholds vary with the level of financial development [10]. The relationship
between digital finance and regional carbon emissions is discussed above. Because some
scholars have different opinions on the relationship between financial development and
carbon emissions, this paper again examines the relationship between digital finance and
regional carbon emissions using the two-way fixed effects, instrumental variables (IV) ap-
proach, spatial spillover effects, and the difference-in-difference (DID) model. The main
research questions in this paper are the following: (1) What kind of impact does digital
finance have on regional carbon emissions? (2) What are the relationships between the
coverage breadth, usage depth, and digitization level of digital finance and regional car-
bon emissions, respectively? (3) When conducting heterogeneity analysis, how do differ-
ent degrees of marketization, levels of financial development, and digitalization affect the
results? We will explain these questions in the empirical analysis.

The low-carbon economic effect of financial development has become the focus of
academia. Some studies have found that digital finance has become the cornerstone for
developing the global digital economy and that digital platforms can guide the green
transformation of various industries through information dissemination, thus promoting
carbon peaking and carbon neutrality goals. There is a dual mechanism (indirect mecha-
nism and direct mechanism) for the impact of digital finance on regional carbon emissions
as an important supporting force for the implementation of green and sustainable devel-
opment. In the indirect mechanism, digital finance can give full play to the connotation
that technology is the means and finance is the essence; promote technological innovation
and industrial upgrading; reasonably solve the problems of corporate financing dilemmas
and industrial lag; and enrich the green financial services content while giving full play
to the advantages of digital technology [11]. In the direct mechanism, digital finance uses
mobile payment and Internet credit functions to build carbon trading channels on various
mobile platforms, thereby reducing energy consumption and regional carbon emission
intensity. Furthermore, a study argues that digital finance combines traditional finance
with modern information science and technology, achieving online, paperless, and intel-
ligent financial services. Digital finance reduces travel and paper usage, and promotes the
development of green financial services such as green credit, green securities, and green
investment, and it also guides people to pay attention to environmental protection in their
lifestyle, thereby reducing carbon emissions [12]. The research mentioned above has
solved the problems of the lack of innovation ability and service level in the financial field
and promoted the process of green technology innovation and carbon reduction.

Based on the above analysis, this study constructs an analytical framework from the
perspective of digital finance characteristics to explore the digital finance impact on re-
gional carbon emissions and deeply explore the mechanism of its effect. Compared with
the extensive research of traditional financial development on carbon emissions, there is
rarely work on the impact of digital finance on carbon emissions, particularly from the
view of the low-carbon economy. Zhou et al. empirically find that achieving carbon re-
duction requires policy, technical, and financial support [13]. In addition, reducing re-
gional carbon emissions, especially the tertiary industry carbon emissions, will enable dig-
ital finance to improve total factor productivity [14]. Some researchers introduce digitiza-
tion into the Solow growth model as technical progress and find an inverted U-shaped
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relationship between regional carbon emissions and digitization, consistent with the EKC
hypothesis [15]. The above research either conducts simple empirical tests based on a
small amount of data or consists of theoretical research without empirical evidence. There-
fore, based on the existing literature, this paper constructs the scientific problem of low-
carbon economic development from the perspective of digital technology and financial
development, and attempts to explore the relationship between digital finance and re-
gional carbon emissions in order to obtain more reliable conclusions.

Exploring the threshold characteristics, mechanisms, and heterogeneity effects be-
tween digital finance development and regional carbon emissions has theoretical signifi-
cance and practical value for improving China’s digital finance development. Further
analysis reveals that, because of the cross-regional spread of digital finance and the fluid-
ity of air pollution, this study speculates that there will also be some spatial spillover ef-
fects between digital finance and carbon emissions.

The theoretical contributions of this paper are as follows: Firstly, low-carbon econ-
omy, environmental economy, and ecosystem are discussed theoretically, which enriches
the research on digital finance and carbon emissions. Second, from the perspective of
China’s “double carbon” target and financial development theory, it provides a new the-
oretical framework for the green effect of digital finance. The empirical contributions of
this paper are as follows: First, the intrinsic link between digital finance and carbon emis-
sions was tested and passed the robustness test. Second, the nonlinear relationship, re-
gional heterogeneity, and spatial spillover effects between digital finance and carbon
emissions are discussed. Third, to robustly assess the impact of digital finance on carbon
emissions, we continue to use the smart city pilot as an exogenous policy shock and assess
it using the DID model.

The remainder of this paper is organized as follows: Section 2 briefly reviews the
relevant literature. Section 3 proposes the research hypothesis. Section 4 includes the data
and methods. Section 5 presents the empirical results, which are the benchmark regres-
sion, robustness test, threshold estimation, heterogeneity analysis, and spatial spillover
effect. Section 6 reports the results of the DID design, with parallel trend test, PSM-DID,
placebo test, and others. Section 7 summarizes the main conclusions and proposes policy
implications.

2. Literature Review
2.1. Environment and Low-Carbon Economic Development

Existing studies have shown that, in recent years, economic development and eco-
environmental systems in China have been in the development trend of mutual coordina-
tion, the system coupling degree is generally at a high level, and the system coordination
degree is also on the rise, but the overall coordination level of the system is low, and the
development of each region varies significantly [16]. A good ecological environment can
reduce damage to the environment, effectively reduce energy consumption [17], and unify
economic development and environmental development, which can further promote
technological innovation and achieve good economic returns.

In recent years, China has raised the level of awareness, depth of practice, and pro-
motion of eco-economy construction to an unprecedented level, and eco-economy con-
struction has been placed in a more important strategic position. China has continuously
raised its financial support for ecological environmental protection and environmental
pollution control, and investment in environmental protection has continued to grow. At
the same time, China has been focusing on strengthening ecological and environmental
information construction, has vigorously been promoting the construction of environ-
mental big data projects, and has made significant progress in the integration and appli-
cation of data resources. China has been implementing regional ecological economy de-
velopment strategies, focusing on comparative advantages, and promoting the construc-
tion of ecological economy on a larger scale to achieve effective results [18].
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Sustainable development of a low-carbon economy is the main model of current eco-
logical economic development. Low-carbon economy is an economic model based on low
energy consumption, low pollution, and low emissions, and is an inevitable choice to
achieve a win-win situation for economic development and resource and environmental
protection [19]. Under the dual pressure of China’s international commitment to green-
house gas emission reduction obligations and the reduction of resource and energy con-
sumption led by heavy chemical industries, China must adjust its industrial structure,
change its economic growth mode, implement policies related to energy conservation and
emission reduction, and must seek a balance between low-carbon emissions and economic
development. The development of a low-carbon economy is a long-term goal for China’s
economic development.

In early studies, the representative study on economic development and carbon emis-
sions is the environmental Kuznets curve (EKC), which suggests that there is an inverted
U-shaped relationship between economic development level and pollutant emissions, that
is, the environmental pollution problem will become severe at the beginning of economic
development. However, after crossing the inflection point, economic development will
improve people’s incomes and living standards, which will also alleviate carbon emis-
sions and environmental pollution. Since the introduction of the EKC hypothesis, there
has been a partially supportive attitude toward the conclusions of the literature. Selden
and Song found an inverted U-shaped relationship between per capita air pollutant emis-
sions and per capita GDP using cross-country data for various air pollutants [20]. Hu and
Wang investigated the existence of the EKC for carbon emissions using provincial panel
data in China. They found that the EKC for carbon emissions per capita existed in the
national sample in the eastern and central regions [21]. However, some studies have ques-
tioned the EKC hypothesis. Regarding its establishment conditions, Harbaugh concluded
that the EKC hypothesis is not robust, and its establishment conditions are affected by the
type of pollutant [22], location choice, and measurement method. Regarding its shape,
some studies conclude that the relationship between economic growth and carbon emis-
sions is not an inverted U-shaped, and some studies conclude that the EKC curve does
not exist [23].

In recent years, owing to the rapid rise of the global low-carbon economy and China’s
carbon peaking and carbon neutrality goals, many studies have begun to focus on devel-
oping a low-carbon economic transition. Frankel summarized the core meaning of a low-
carbon economy as broad and narrow, and argued that from a narrow perspective, more
emphasis is placed on the stage and coordination characteristics of the low-carbon econ-
omy. This sustainable development model considers economic development and environ-
mental carrying capacity [24] and pays more attention to coordinating an energy—envi-
ronment-economy (3E) system. Related studies have also conducted a comprehensive
evaluation of regional low-carbon economy indicators. He and Zhang constructed a low-
carbon economy indicator system based on the natural, industrial, and human ecosys-
tems. They found that the region’s comprehensive situation of low-carbon economy de-
velopment level remained good with overall planning [25]. In low-carbon economic de-
velopment, the contradiction between the sharp increase in energy demand and decrease
in carbon emissions is an important factor affecting China’s realization of carbon peaking
and carbon neutrality goals. To achieve the goal as soon as possible, China needs to opti-
mize the energy structure, improve emission reduction efficiency, and reduce production
consumption of energy. Additionally, there is a need for local financial, monetary support,
and industrial policy guidance to achieve the resource allocation green effect. In particu-
lar, regarding financial development, Shahbaz tested the conclusion that financial devel-
opment in Malaysia reduces regional carbon emissions and leads to environmentally sus-
tainable development [26]. Meanwhile, some studies have concluded that the higher the
carbon price, the more significant the carbon reduction effect at the macro level. Compar-
ing carbon tax and carbon trading policies shows that a reasonable carbon trading
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mechanism can mitigate the impact of the indirect carbon tax on China’s energy sector
and macro economy to a certain extent.

2.2. The Green Effect of Financial Digitization

Finance is a key factor in the effective operation of a modern economy and is im-
portant for achieving rapid economic development [27]. Some studies have found that
traditional finance is conducive to alleviating the financing constraints of some enterprises
and improves resource allocation efficiency, which is an important way to achieve inclu-
sive financial development. However, in the case of information asymmetry, traditional
finance usually suffers from a high financing threshold and high offline network services
cost. Some studies have begun to focus on the impact of digital technology on the quality
and effectiveness of financial services to address this financial exclusion. With the rise of
block chain technology, artificial intelligence, and big data technology, digital technology
is being widely used in various fields, and digital finance is being developed. In the G20
High-Level Principles for Digital Financial Inclusion, digital finance broadly refers to all
actions that promote financial inclusion through digital financial services [28]. Thus, dig-
ital finance provides efficient financial services, while the use of Internet technology is
another means to meet society’s needs and achieve sustainable economic development
[29]. Many studies verify this, and the results all show that digital finance can expand the
financial scale and optimize the financial structure by improving inclusiveness character-
istics and information transparency, thus promoting high-quality economic development
[30].

In China’s carbon peaking and neutrality goals, many studies have begun to examine
digital finance as an influencing factor for energy consumption, green total factor produc-
tivity, climate change, green environmental development, and green finance. A study
found that digital finance can effectively reduce energy consumption per unit of GDP in
the real economy by promoting the development of technology-intensive manufacturing
and other paths, and is a new engine for green development in China. Puschmann meas-
ured green total factor productivity (GTFP) using an SBM model that includes non-de-
sired output and explored the relationship between digital finance and GTFP and the un-
derlying mechanism [31]. Puschmann concluded that digital finance could improve GTFP
through indirect mechanisms such as technological innovation and regional entrepre-
neurship. A study on developing digital finance in Switzerland concluded that the re-
gion’s financial services industry is undergoing a major transformation. Supporting digi-
tal transformation and environmental sustainability is an important factor in improving
the quality and effectiveness of green digital financial services and an effective means of
mitigating local climate change. Some studies have also studied the green transformation
of the industry using digital finance as a new financial development model in China and
found that digital finance can significantly reduce the emissions of pollutants such as sul-
fur dioxide, industrial wastewater, and dust. However, its spatial heterogeneity is more
obvious, showing the characteristics of ‘high in the east and low in the west’. Dong and
Cai discussed the impact of financial digitization on the development of green finance
using data from Chinese industrial listed enterprises [32]. They found that financial digit-
ization has a facilitating effect on green finance in general. The test results were consistent
with breadth, depth, and degree of digitization as sub-dimensions. All the above studies
show that digital finance can promote the construction of a green-friendly ecosystem and
thus achieve sustainable development in China.

2.3. Financial Development and Regional Carbon Emissions

The relationship between financial development and carbon emissions is discussed
in the literature. Conversely, it has been argued that financial development can effectively
curb carbon emissions and produce green effects. Tamazian and Rao analyzed capital
markets and financial openness data in BRICS countries. They found that economic and
financial development are determinants of environmental quality in BRICS countries and
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that higher financial openness and liberalization are associated with lower carbon emis-
sions [33]. Subsequent studies have also confirmed the reliability of the conclusion that
financial development does not come at the expense of the environment but rather curbs
regional carbon emissions and energy consumption. For the government, financial devel-
opment can provide more environmentally friendly construction projects for market op-
erations, reduce financial pressure and burden [34], and achieve low-cost operations while
reducing CO: emissions. Regarding impact mechanisms, financial development can miti-
gate carbon emissions by easing corporate financing constraints [35], diversifying risks,
promoting FDI flows, enhancing corporate social responsibility [36], and promoting in-
dustrial upgrading. Additionally, some studies have found that to focus on climate
change, pollution control, and development in energy conservation and emission reduc-
tion, China supports and promotes construction of a green financial system to achieve
differentiated financial policies [37]. China also mobilizes capital gathering and forms
green investments. This will also provide capital elements for green production.

In contrast, some studies believe that financial development reduces carbon emis-
sions and induces other environmental problems. At the level of economic development,
enterprises can expand their financing through financial channels [38]. However, they will
gradually neglect environmental governance issues under mass production pressure,
which will lead to more serious energy consumption and increased pollution. He found
that China’s natural resource-intensive industries have greater development advantages
and profit margins [39] and have easy access to many financial resources. However, the
natural resource-intensive industries generate greater pollution in their extraction and
production, which is also detrimental to future green finance and sustainable develop-
ment goals. Some studies have found that certain financial services for middle-class con-
sumers expand domestic consumer demand. Among them, Sadorsky believes that finan-
cial development allows consumers to easily obtain loans to purchase large household
appliances, which improves the consumption quality of the population but also increases
the CO:2 emissions of their lives [40].

3. Research Hypothesis
3.1. The Relationship between Digital Finance and Regional Carbon Emissions

Compared with the impact of traditional finance on carbon emissions, the literature
on the impact of digital finance on carbon emissions is scarce, especially the lack of argu-
ments from the low-carbon economic development perspective [41], and few studies have
examined the impact of digital finance only in the context of the digital economy [42].
Zhou argues that policy, technology, and financial capital support are needed to achieve
carbon emission reductions and examines this with panel data from China [43]. It is also
found that the improvement of total factor productivity by digital finance can be achieved
by reducing carbon emissions, especially in the tertiary sector. This again proves that dig-
ital finance has become an important tool for reducing carbon emissions in contemporary
economic development. As a new economic model, some studies introduced digitization
as a technological advancement into the Solow growth model while looking at the impact
of import and export data on carbon emissions from digital delivery services provided by
the United Nations Conference on Trade. It is found that there is an inverted U-shaped
relationship between carbon emissions and digitization, which is consistent with the EKC
hypothesis [44]. Some of the above studies only argue from a theoretical perspective and
lack empirical evidence. Some studies have conducted empirical tests, but they also lack
an exploration of China’s financial digital development. This study explores the relation-
ship between digital finance and regional carbon emissions to obtain more reliable con-
clusions. Therefore, we propose Hypothesis 1 as follows:

Hypothesis 1 (H1). Digital finance can mitigate carbon emissions.
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3.2. Non-Linear Effects of Digital Finance on Regional Carbon Emissions

In the era of the Internet economy, digital finance development is supported by dig-
ital technologies such as big data, information networks, and intelligent algorithms [45],
and carbon emissions reduction is one of the important goals of sustainable development.
Therefore, this study also conducted a non-linear effect test using digital and green thresh-
olds. Regarding the digital threshold, relevant studies have defined the difference in In-
ternet information as a digital divide [46]. Expanding the digital divide will make the in-
formation gap form a polarization trend and be detrimental to the development of various
industries in China [47]. Since the digital threshold indirectly reflects the willingness of
residents to use the Internet [48], this paper proposes the digital threshold effect consti-
tuted by the digital divide. Regarding the green threshold, studies have found that digital
finance can promote green innovation and green industrial development, and digital tech-
nology has its environment-friendly characteristics, causing less impact on environmental
pollution. Therefore, digital finance can use digital technology to transform traditional
industries and achieve intelligent industrial development to reduce energy consumption
and carbon emissions. Additionally, some studies have found that the digital economy
can reduce carbon emission intensity through green technological advances in carbon
trading policies [49] to encourage companies to take the initiative to save energy and re-
duce emissions. Summarily, this study conjectures that the relationship between digital
finance and carbon emissions may vary under different digital and green thresholds.
Based on the above analysis, we propose Hypothesis 2 as follows:

Hypothesis 2 (H2). The impact of digital finance on carbon emissions has a threshold effect under
different levels of Internet development and green innovation.

3.3. Spatial Spillover Effects of Digital Finance and Carbon Emissions

With the rapid development of network technology, digital finance, with its digital
and financial attributes, offers more possibilities for achieving carbon peaking and carbon
neutrality goals and will have stronger penetration at the spatial level of green develop-
ment [50]. In terms of digital attributes, most studies have concluded that today’s ICT has
gradually covered all aspects of our life and production and has become a driving force
for sustainable development in our country. Some studies have found that the spontane-
ous environmental regulation effect generated by Internet public opinion and keyword
searches on Internet platforms also has an effect on emission reduction. Additionally, us-
ing Internet platforms as communication channels can better strengthen public awareness
of energy saving in life and low-carbon production in enterprises, which can promote the
development of a local low-carbon economy and generate spillover effects in neighboring
areas. Some studies have tested the spillover effect of financial development on regional
economic growth at the financial attribute level. Yan and An took the financial system
function as a starting point to explore the financial development impact on green sustain-
able development and tested it through GIS tools and the spatial Durbin model. It was
found that financial development can promote regional green development through cap-
ital support, resource allocation, enterprise supervision, and green finance and that there
is a spatial spillover effect [51]. The above summary shows that digital technology and
financial development can bring about certain green effects, and both should also have
spatial spillover effects. Accordingly, we propose Hypothesis 3 as follows:

Hypothesis 3 (H3). Spatial spillover effects exist between digital finance and carbon emissions in
neighboring regions.
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4. Methodology and Data
4.1. Baseline Regression Model

This study used panel data from 2011 to 2019 of 278 cities in China for the empirical
analysis and constructed a benchmark model through time and region, as follows:

Yie = ag + a1dfis + ax Xy + 1y + 10 + & 1)

In Model (1), Y;; denotes regional carbon emissions, i and t denote regions and
years, a; denotes digital finance coefficient, dfj; is the digital finance development, X;,
denotes each control variable, u; denotes the fixed effect at the regional level, 7, denotes
the year-fixed effect, &; is the random disturbance term.

4.2. Panel Threshold Model

To further explore the impact of digital finance on carbon emissions under different
threshold effects, this study, based on the panel threshold model proposed by Hansen
[52], measures the digital threshold by the ratio of the number of broadband access users
to the total population. The study then analyzes the results of digital finance and carbon
emissions in different digital threshold intervals through threshold regression. Addition-
ally, this study uses the logarithm of the number of green utility model inventions in the
current year to measure the green threshold and further explores the impact of digital
finance on carbon emissions under the green threshold effect. Based on this, this study
constructs a threshold regression model with digital and green thresholds as threshold
variables as follows:

2)

where Thresh is the digital threshold and green threshold and t;, t,, and t; are the
threshold values of the threshold variables. ¢; indicates the digital financial develop-
ment effect on carbon emissions, without crossing the first threshold. ¢, denotes the dig-
ital financial development effect on carbon emissions between the first and second thresh-
olds. ¢; indicates the digital finance effect on carbon emissions when the second thresh-
old is exceeded. The meanings of the remaining variables were consistent with those of
the baseline regression.

4.3. Spatial Model
4.3.1. Moran’s |

Before a spatial measurement can be performed, it must pass a spatial correlation test.
There are two methods to test spatial correlation: First, global spatial correlation, which is usu-
ally tested using Moran’s I index. Second, the local spatial correlation is usually tested using a
Moran scatter plot. The global spatial correlation was tested using Moran’s I index to examine
the correlation between neighboring areas in the whole spatial region, to explore whether
there is a spatial agglomeration effect, with the following formula:

n . Ly X Wy (X = D (X — X)
?:12;';1 Wij ?:1(Xi -X)

where X; is the sample observation of city i, n is the sample number of cities. W;; is the
spatial weight matrix. The geographic distance matrix and economic distance matrix are
chosen in this study to respond to the degree of association between individuals in terms
of geographic space and economic behavior patterns, respectively. Moran’s I index ranges
from -1 to 1. When Moran’s I index is positive, it indicates a positive spatial correlation.
This means that if a region is better developed, its neighboring regions are also better
developed and will show the regional agglomeration phenomenon with the same level of
development. When the Moran index is negative, it indicates a negative spatial

Moran'l =

(©)
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correlation. This means a region is better developed, but its neighboring cities are worse
developed, showing the regional agglomeration phenomenon with different levels of de-
velopment. If the Moran index is 0, there is no spatial correlation, and the development of
such areas shows a random distribution.

4.3.2. Spatial Weights

In this study, we use the geographic distance weight matrix for analysis. As the spa-
tial weight matrix is exogenous, the economic distance weight matrix is also used for ro-
bustness testing. Drawing on the study by Lin and Long [53], a geographic distance matrix
was constructed with W;j; denoting the geographic distance weight and d denoting the
inverse of the nearest road mile between regions as follows:

1
—— (0 # ) Wija = 0, =) (4)

Coordinated regional economic development also generates spillover effects, draw-
ing on the study of Gottmann to construct an economic distance matrix with W;;, denot-
ing the economic distance weights. The weights are set using the inverse of the difference
in economic development levels between regions [54]. GDP; and GDP; denote the mean
regional GDP after deflating from 2011 to 2019.

Wiy =———— (i # ;W =0,(i =]
ije |GDPi—GDPj| ( ]) ije ( ]) (5)

The matrix was normalized in this study to avoid analysis errors. The sum of each
row of the weight matrix was set to 1. The normalization is as follows:

Wi; = Wij/ZjVVij (6)

4.3.3. Spatial Model

To further discuss the spatial spillover effects of digital finance on carbon emissions,
the baseline regression was extended to a spatial econometric model.

n n
Ve=aotp)  Wy¥et8i) Wydfy+adfy+at e %
j= j=

n
Eix = /12, IVVij g +u; ~ (0,0%1,) 8)
]:

where p is the spatial autoregressive coefficient, 1 is the spatial autocorrelation coeffi-
cient, W;; is the spatial weight matrix, §; is the spatial spillover effect coefficient, ¢;; is
the residual, and ¢ is the variance in .

4.4. Description of the Data
4.4.1. The Dependent Variable

Regional carbon emissions were the dependent variables. Drawing on the research
methodology of Han and Xie [55], there are three types of energy consumption, namely
natural gas, liquefied petroleum gas, and electricity, which were measured as follows:

COZ = Cl + CZ + C3 = 191E1 + 192E2 + 192(7] * E3) (9)

C1, Cz, and Cs are carbon emissions from natural gas, liquefied petroleum gas, and urban
industrial electricity. E1 and E: are the consumption of natural gas and liquefied petroleum
gas, respectively; 9; and ¥, are the carbon emission coefficients of natural gas and liquefied
petroleum gas, respectively. According to China Contract Energy Management Network, nat-
ural gas’s carbon emission coefficient is 2.1622 kg/m3; the carbon emission coefficient of lique-
fied petroleum gas is 3.1013 kg/kg. Es is the urban industrial electricity consumption, 95 is the
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coefficient of greenhouse gas emissions from the fuel chain of coal power, which translates
into an equivalent CO: of 1.3023 kg/(kW-h), 7 is the ratio of coal-fired power generation to
total power generation. According to the China Electric Power Yearbook, the average propor-
tion of coal power generation in the total power generation from 2011-2019 was 82.5%, 78.6%,
79.2%, 80.3%, 73.7%, 71.8%, 67.0%, 71.2%, and 72.3%, respectively.

4.4.2. Independent Variable

Digital finance is the independent variable. We use China’s Digital Financial Inclu-
sion Index (DFII) to reflect digital finance development. This index was compiled by a
joint research group composed of the Institute of Digital Finance of Peking University,
Shanghai Finance Institute, and Ant Financial Services Group based on big data from Ant
Financial Services. Guo [56] provides more details regarding this index.

4.4.3. Control Variables

Based on the current situation of China’s development, GDP per capita, employment
rate, urbanization level, human capital, and government intervention were selected as
control variables. The specific contents are as follows.

(1) Regional per capita GDP is a dynamic indicator reflecting the degree of change in the
level of economic development in a certain period and a basic indicator reflecting
whether the regional economy has internal dynamics. This paper uses the real GDP
per capita of the region to measure it.

(2) Employment rate is linked to the productive activities of a region, which brings about
population clustering over a certain period, thus affecting economic development. There-
fore, this study uses the proportion of urban unit employment to the total population of
the region.

(38) The level of urbanization is a common indicator used to evaluate the development of
a country or region and is an important measure of urban development. In this study,
the measurement of urbanization level is the ratio of population to the area, which is
then processed by taking the logarithm.

(4) Human capital is an important factor that affects the development of various indus-
tries; therefore, this study uses the level of education as a measure of human capital
in existing studies.

(5) Government intervention. Fiscal policy is one of the two major instruments of mac-
roeconomic regulation by the government, and fiscal expenditure and taxation poli-
cies can regulate aggregate market demand, thus influencing the region’s economic
development. This study measures government intervention based on the proportion
of fiscal expenditure to GDP. The specific indicators are listed in Table 1.

Table 1. Variables and data sources.

Variable Types

Dependent variable

Independent variable

Threshold variables

Control variables

Variables Abbreviation Data Calculation
Carbon emissions CO: CO=C1+C2+Cs
Digital finance DF Peking University Digital Financial Inclusion Index
Digital threshold DGT Number of network access users/total population
Green threshold GRT Logarithm of green utility model inventions in the year
per capita GDP GDP Regional real GDP per capita
Employment rate EMP Proportion of urban unit employment to total population
Urbanization URB Share of population and area by province
Human capital HUM Number of students in higher education/total population
Governmentinter- ¢y Fiscal spending/GDP

vention
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4.5. Data Source and Processing

This study focuses on digital finance’s impact on regional carbon emissions and con-
structs panel data for 278 cities above the prefecture-level in China from 2011 to 2019. The
study uses data from the China City Statistical Yearbook, the China Financial Statistical
Yearbook, the Compilation of Statistics for the Six Decades of New China, each region’s
annual government work reports, and the National Bureau of Statistics website. All non-
comparable and non-standardized variables were treated logarithmically in this study to
reduce the effect of heteroskedasticity. The descriptive statistical analysis of the main var-
iables is shown in Table 2.

Table 2. Summary statistics of main variables.

Variables N Mean Std.Dev. Min Max

CO2 2502 5.0055 0.5101 3.0569 5.7735

DF 2502 6.4132 1.1268 2.7462 9.6032
DGT 2502 4.1753 0.9153 1.4483 7.3364
GRT 2502 4.3653 1.6095 0.0000 9.1350
GDP 2502 10.957 0.5656 8.3270 15.675
EMP 2502 0.2114 0.1841 0.0051 4.3462
URB 2502 0.0944 0.1449 0.0012 5.1754
HUM 2502 5.8202 0.9801 0.5137 10.174
GOV 2502 0.1542 2.9983 -2.9773 10.980

5. Empirical Results and Analysis
5.1. Baseline Regression and Sub-Dimensional Tests

Table 3 reports the results of the estimation of Equation (1). Columns (1) and (2) are
the panel fixed effects model Fe and OLS estimation results, respectively. The baseline
regression results show that the estimated digital finance and carbon emissions coefficient
are significantly negative at the 1% confidence level. This indicates that digital finance
development can effectively mitigate regional carbon emissions and thus achieve the
green effect of energy saving and emission reduction. The results of the control variables
in Column (1) show that GDP per capita is significantly and positively correlated with
carbon emissions. This indicates that developing the regional economy cannot completely
suppress carbon emissions, which shows that China needs to achieve an integrated and
coordinated development with environmental sustainability while grasping high-quality
economic development. Human capital is positively but not significantly related to carbon
emissions. This is probably because human capital input promotes enterprise output,
which will inevitably cause energy consumption while increasing enterprise output.
Therefore, it is necessary to increase enterprise productivity while expanding human cap-
ital and strengthening human skills development to lay a good foundation for realizing
the emission reduction effect. Employment rate, urbanization level, and carbon emissions
are negatively correlated, indicating that employment rate and urbanization level can sup-
press carbon emissions to a certain extent. However, increasing social employment rate
and urbanization is inherently a complex process, which is one of the main reasons why
the baseline regression results are not significant. Government intervention is signifi-
cantly and negatively associated with carbon emissions. This indicates that the govern-
ment plays a role in regulating environmental governance and green emission reduction,
conducive to reducing carbon emissions.
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Table 3. Regression results.

Variables Baseline Regression Sub-Dimensional Test
(1) FE (2) OLS (3) CO: 4) CO: (5) CO:
DF —6.286 ***  -9.967 ***
(0.305) (2.780)
Coverage breadth -3.159 ***
(0.198)
Usage depth —4.589 ***
(0.245)
Digitization level -1.661 ***
(0.150)
Square items 0.737 *** 1.118**  0.415*** 0.559 *** 0.217 ***
(0.0328) (0.269) (0.0223) (0.0263) (0.0167)
Per capita GDP 0.251 *** 0.557 ***  (0.282 *** 0.220 *** 0.452 ***
(0.0431) (0.0402) (0.0445) (0.0423) (0.0481)
Employment rate -0.0578 0.563 *** -0.0877 0.0573 -0.0939
(0.139) (0.162) (0.144) (0.137) (0.157)
Urbanization -0.101 1.819 *** -0.0435 -0.0282 -0.0750
(0.0770) (0.242) (0.0798) (0.0756) (0.0868)
Human capital 2.78 x 10> 0.0001 ** 2.80x10° 5.30x10% 1.45x10°
(2.75x10%) (418 x107%) (2.85x10%) (2.71x107%) (3.12x107)
Government inter- 5.03 x 107

~2.50 x 107 ***

=7.95x108 -1.93x107 ***1.85 x 107 ***

vention i
(6.50 x 108)  (3.42 x 10-8) (6.59 x 10-8) (6.31 x 10-8) (7.18 x 10-8)
Time fixed effect yes yes yes yes yes
Urban fixed effect yes yes yes yes yes
Constant 21.37 *** 8.709 ***  12.87 *** 4.094 *** 21.37 ***
(7.210) (0.665) (0.757) (0.642) (7.210)
R-squared 0.485 0.571 0.447 0.497 0.339

Note: **, and *** indicate statistical significance at the 5%, and 1% levels, respectively. The values in
parentheses are the clustering robust standard errors of the estimated coefficients of each variable,
the same as below: The squared terms in the table represent the squared terms of digital finance,
breadth, depth, and digitization, in that order.

Columns (3)—(5) show the results of the sub-dimensional test of digital finance. The
explained variables are still regional carbon emissions, and the explanatory variables cor-
respond to the breadth, depth, and digitization of digital finance. The results show that
the coefficients of all three models are negative and pass the 1% significance test. This
indicates that digital finance can effectively mitigate carbon emissions in terms of cover-
age, depth of use, and digitization and can effectively promote China’s carbon peaking
and carbon neutrality goals. It is worth noting that the squared terms of the explanatory
variables are included in the baseline regression and the sub-dimensional test with signif-
icant effects. This indicates that digital finance and its sub-dimensional variables have a
U-shaped relationship with carbon emissions. That is, the effect of each explanatory vari-
able on carbon emissions decreases and then increases. The reason for the first decline
may agree with the findings of Tamazian [33], who concluded that, under a rational sys-
tem, financial development can reduce CO:z emissions and that sectors such as capital mar-
kets have a greater dampening effect on carbon emissions. The reason for the latter rise
may agree with the conclusions of Frankel et al. Frankel argued that financial develop-
ment drives international trade expansion, foreign investment, and other behaviors, thus
accelerating economic growth and carbon emissions [57]. It has also been found that fi-
nancial intermediation leads to consumption escalation, which increases consumers’
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carbon emissions [58]. Although China was already supporting green finance develop-
ment and low-carbon markets, there are still some unstable factors in digital finance and
Internet technology at this stage. First, digital finance development has not fully kept pace
with China’s economic transformation. Second, digital finance in less economically devel-
oped areas and the infrastructure of the place lacks matching and other problems; third,
there may be many problems at the level of financial regulation and implementation.
From a long-term development perspective, the impact of China’s digital financial devel-
opment on carbon emissions has not reached the inflection point. To avoid the rebound
of carbon emissions, we should develop digital and low-carbon industries to reduce in-
dustrial energy consumption and regional carbon emissions.

5.2. Robustness Test
5.2.1. Robustness Results

This study uses several methods to test the robustness of the model: First, by replac-
ing the variables; second, by replacing the sample period; and third, by removing the in-
fluencing factors from the sample. Regarding replacement variables: Conversely, since
PM2.5 is a major pollutant in the atmosphere with carbon emissions, this study regresses
with PM2.5 as the dependent variable. In contrast, industrial waste emission can further
reflect the energy consumption and pollutant emission in the production process of in-
dustrial enterprises, so this study also uses industrial waste (wastewater, SOz, solid waste)
as the explained variable for regression. In terms of replacing the sample period, since the
industry generally believes that China’s digital finance officially entered the first year of
development from 2013, the measurement period was changed to 2013-2019 for estima-
tion, drawing on Jiang [59]. In removing some influences, the municipality in the sample
was removed to reduce regression bias, drawing on Sutherland [60]. The robustness test
results in Table 4 show that the coefficient of the impact of digital finance on regional
carbon emissions is significantly negative at the 1% confidence level, regardless of the
method used. This indicates that digital finance can effectively mitigate carbon emissions.
Thus, Hypothesis 1 is verified again.

Table 4. Robustness checks.

Variables ® (2) (3) 4) (5) (6) (7)
FE OLS Wastewater SO: Solid waste  2013-2019 CO:
DF —0.234 *** -0.213***  -0.453 **  —0.783 ***  -0.460 *** -18.55*** 6,123 ***
(0.0074) (0.0196) (0.0220) (0.0337) (0.0350) (1.842) (0.315)
Control variables yes yes yes yes yes yes yes
Time fixed effect yes yes yes yes yes yes yes
Urban fixed effect yes yes yes yes yes yes yes
Constant 5.884 *** 4.055 *** 11.04 *** 17.02 *** 15.32 *** 47.28 *** 9.723 ***
(0.141) (0.186) (0.448) (0.686) (0.711) (4.820) (1.286)
R-squared 0.455 0.129 0.298 0.469 0.210 0.536 0.911

Note: *** indicate statistical significance at the 1% levels. In this study, the three industrial wastes
primarily refer to industrial wastewater, SOz emissions, and solid wastes.

5.2.2. Endogenous Treatment

Various methods were used for endogeneity treatment: two-way causality, omitted
variables, controlling for traditional finance, and regression model turnover.

This study treats the explanatory variables and all control variables separately with
a one-period lag to eliminate endogeneity problems due to reverse causality as much as
possible. However, the model also omitted variables, leading to a correlation between the
nuisance terms. Based on this, this study draws on Claessens [61] and uses a one-period
lag of digital finance as an instrumental variable for a two-stage least squares regression
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(IV). The results show that digital finance’s impact on carbon emissions remained con-
sistent with the baseline regression results after considering the potential two-way cau-
sality and omitted variable issues. This also reaffirms that digital finance can effectively
curb carbon emissions, that is, Hypothesis 1 holds.

Yan found that traditional financing can also impact carbon emissions [62]. There-
fore, we control for traditional financial development, measure it by the value-added of
the financial industry as a share of GDP, and test it in the benchmark model. The addition
of macro variables further controls for the provincial fixed effect. To replace the regression
model approach, SYS-GMM was used for testing [63]. Table 5 presents the regression re-
sults. After endogeneity treatment, digital finance still mitigates carbon emissions, and
the baseline regression results are still reliable.

Table 5. Endogenous treatment results.

. (1) CO:2Lagged  (2) Control Variables (5) Control of Tra- (6) SYS-
Variables One Period Lagged by One Period G IV1 - @Iv2 ditional Finance GMM
DF —7.301 *** -14.31 *** -17.649 *** -1.430 ** -12.131 ***
(0.708) (0.806) (2.113) (0.638) (0.668)
L. COy/ 0.600 *** —0.080 *** 0.576 ***
Instrumental varia- (0.0191) (0.003) (0.018)
bles
Traditional finance —5.845 ***
(1.157)
Control variables yes yes yes yes yes yes
Time fixed effect yes yes yes yes yes yes
Urban fixed effect yes yes yes yes yes yes
Provincial fixed ef-
no no no no Yes no
fects
Constant 18.09 *** 37.03 *** 2.413**  39.945 9.723 *** 27.637 ***
(1.849) (2.072) (0.007)  (5.440) (1.286) (1.715)
R-squared/Sargan 0.689 0.517 0.999 0.506 0.911 0.998

Note: ** and *** indicate statistical significance at the 5% and 1% levels. The instrumental variables
in Columns 3-4 are digital finance lagged by one period. The results of the SYS-GMM regression
using digital finance lagged by one period as an instrumental variable show that AR (1) =0.001 and
AR (2) = 0.322.

5.3. Threshold Estimation

This section describes the nonlinear effects of digital finance on mitigating carbon
emissions. Table 6 shows a panel threshold existence test with 300 iterations of sampling
by bootstrap. The results show that the digital and green thresholds pass the significance
test for the single and double threshold estimates. In contrast, the triple threshold esti-
mates do not pass the significance test. The digital threshold values were 4.277 and 4.585,
and those of the green threshold were 3.218 and 4.382, respectively.

Table 6. Threshold effect test results of loan size and carbon emissions.

Threshold Critical Critical Critical Value
Variable Model F-Value p-Value Value (1%) Value (5%) (10%)
Digital Single-
brehold  fheedng 4432 00000 36.8633 24.1433 19.5367
Double- 2/ 14 00033 27.6970 18.7614 16.1396
threshold
Three-thresh- 0 o) 15067 48.5343 29.1474 29.1474

old
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Green Single-

threshold threshold 4924 0.0033 4757 209150 7
Double- = 594 00700 395161 28.8093 23.6279

threshold
Thre‘:fgreSh' 1553  0.7733  54.6588 45.3760 39.2516

Table 7 reports digital finance regression results and carbon emissions under single and
double thresholds, which also have different effects on carbon emissions when the digital
thresholds and green thresholds are in different intervals. In the digital threshold model, the
single-threshold results show that when the digital threshold is less than 4.277, the regression
coefficient of digital finance on carbon emissions is —4.532 and significant at the 1% confidence
level. When the numerical threshold is greater than 4.277, the regression coefficient of digital
finance on carbon emissions drops to —4.487, also significant at the 1% confidence level. The
double-threshold reflects the regression results more clearly. When the digital threshold is less
than 4.277, the regression coefficient of digital finance and carbon emissions is —4.466 and sig-
nificant. When the digital threshold is between 4.277 and 4.585, the regression coefficient of
digital finance and carbon emissions is —4.413 and significant. When the digital threshold is
greater than 4.585, the regression coefficient of digital finance and carbon emissions decreases
to—4.359 and is significant at a 1% confidence level. The results of single-threshold and double-
threshold regressions show that the inhibitory effect of digital finance development on carbon
emissions will show different results with the change of digital threshold, with a marginal
decreasing effect. This means that the mitigation effect of digital finance on carbon emissions
will decrease. In the green threshold model, the regression results of the single threshold and
double threshold also show that the effect of digital finance to alleviate carbon emissions con-
tinues to decrease and shows a non-linear characteristic of diminishing margins.

This study concludes that the major carbon emitters’ industrial enterprises and many
industrial enterprises that meet the digital finance policy will enjoy the dividends brought by
the current digital financial services. Simultaneously, they will have an obvious suppressive
effect on carbon emissions. However, for other industrial enterprises that do not receive divi-
dends, the effect of digital finance on their carbon emissions is smaller, although the overall
performance is significant regarding emissions reduction. In the late stage of digital finance
development, the number of industrial enterprises receiving dividends remains stable under
the same policy. In contrast, the number of industrial enterprises not receiving dividends re-
mains the same, showing the marginal decreasing effect of digital finance and carbon emis-
sions. This also means that, while digital finance can inhibit carbon emissions in certain peri-
ods as a catalyst, it needs to be adjusted in time to avoid carbon emission rebound.

Table 7. Threshold estimation results.

Threshold Threshold Inter- Regression Threshold Regression Co-
Variable Model val Coffficients Variable Model  Threshold Interval ifﬁcients
digi <4.277 —4.532 *** gre <3.218 —4.820 ***
Single- (0.3542) Single- (0.3369)
threshold digi > 4.277 —4.487 *** threshold gre >3.218 —4.778 ***
.. (0.3561) (0.3386)
th[r);gsgzi B digi <4.277 ~4.466 *** thfersesz 4 gre <3218 —4.776
(digi) (0.3507) (are) (0.3349)
Double- 4.277 <digi<4.585 —4.413 *** Double- 3.218 < gre <4.382 —4.729 ***
threshold (0.3511) threshold (0.3353)
digi > 4.585 —4.359 *** gre > 4.382 ~4.681 ***
(0.3530) (0.3371)

Note: ** indicate statistical significance at the 1% levels.
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5.4. Heterogeneity Results

The above test examines the inhibitory effect of digital finance on carbon emissions,
and this section explores the heterogeneity of digital finance in mitigating carbon emis-
sions. Digital finance is inclusive and technological and is currently a driving force for
China to achieve its carbon peaking and carbon neutrality goals. Therefore, is the impact
of digital finance on carbon emissions related to the region’s development? What is the
performance in different regions? This section explores these questions further.

5.4.1. Heterogeneity Analysis Based on Degree of Marketization

A higher degree of local marketization can maintain supply and demand balance,
reduce information asymmetry, improve the efficiency of market resource allocation, and
improve the total factor productivity. The degree of local marketization is measured using
the ratio of the annual sales value of private industrial enterprises to that of the entire
industrial enterprises, where the higher ratio indicates higher private economic activity
and degree of marketization. Table 8 treats our marketization degree in groups to show
the variability of different marketization degrees (bounded by 50% average). Compared
to the regions with a lower degree of marketization, the inhibitory effect of digital finance
on carbon emissions is more significant in the regions with a higher degree of marketiza-
tion. It is possible that regions with a higher degree of marketization have better economic
development and meet the conditions for developing green finance and green travel for
residents, thereby reducing the regional carbon emissions.

Table 8. Heterogeneity analysis based on degree of marketization.

Degree of Marketization

Variables High Tow
DF —12.34 *** —3.784 ***
(0.725) (0.456)
Control variables yes yes
Time fixed effect yes yes
Urban fixed effect yes yes
Constant 22.26 *** 7.218 ***
(3.891) (0.921)
R-squared 0.411 0.402

Note: ** indicate statistical significance at the 1% levels.

5.4.2. Heterogeneity Analysis Based on the Characteristics of Digital Finance

As a product of financial development and technological innovation, digital finance
offers financial service efficiency and Internet technical support. Therefore, this study
draws on the research of Jiang et al. to explore the heterogeneity of digital finance on car-
bon emissions using the level of traditional financial development and the degree of dig-
itization. The samples were divided into financially developed and underdeveloped re-
gions and high and low digitization regions according to the mean value of each region
(bounded by 50% average). The results are shown in Table 9, where digital finance miti-
gates carbon emissions in financially developed and less developed regions and passes
the 1% significance test. However, the impact is greater in financially developed regions.
The results for the Internet subgroup show that digital finance is effective in curbing car-
bon emissions in regions with higher Internet penetration. Thus, against the background
of different financial development and Internet development, digital finance has a Mat-
thew effect in alleviating carbon emissions. Therefore, strengthening China’s digital in-
vestment and financial construction is key to broadening its digital financial development
and reducing the digital divide.
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Table 9. Heterogeneity analysis based on digital finance characteristics.
) Financial Development Level Digitization Level
Variables -
Development Under-Development  High Low
DF -13.67 *** —-3.640 *** —11.48 *** —2.724 ***
(1.208) (0.343) (0.770) (0.302)
Control variables yes yes yes yes
Time fixed effect yes yes yes yes
Urban fixed ef-
fect yes yes yes yes
Constant 33.25 *** 9.573 *** 27.39 *** 8.248 ***
(3.181) (0.964) (2.116) (0.808)
R-squared 0.506 0.337 0.452 0.376

Note: *** indicate statistical significance at the 1% levels. Financial development level is the ratio of
financial industry employees to the regional population, and Internet penetration rate is the ratio of
the number of Internet users to the regional population.

5.4.3. Heterogeneity Analysis Based on Different Regions

Table 10 shows digital finance impact on carbon emissions in the different regions.
Columns 1-3 are based on the classification of central, eastern, and western regions in
China, columns 4-5 are based on the classification of central and non-central cities in
China. The regression results show that the coefficient of digital finance impact on carbon
emissions remains consistently and significantly around -5, indicating that the inhibitory
effect of digital finance on carbon emissions maintains a stable trend in different regions
of China.

Table 10. Heterogeneity analysis based on different regions.

Variables (¥)) (2) 3) 4) (5)
Central Eastern Western Central Cities Non-Central Cities
DF -5.371 *** 5188 *** -5.49] *** -5.058 *** —5.840 ***
(0.440) (0.518) (0.601) (0.482) (0.346)
Control varia-
ble yes yes yes yes yes
Time fixed ef-
fect yes yes yes yes yes
Urban fixed ef-
fect yes yes yes yes yes
Constant 13.50 *** 1448 ***  16.48 *** 17.24 *** 15.33 ***
(1.288) (1.543) (1.630) (1.468) (0.978)
R-squared 0.542 0.546 0.530 0.560 0.540

Note: *** indicate statistical significance at the 1% levels. The central cities in this study are classified
according to the National Urban System Plan prepared by the state, and the rest are non-central
cities.

5.5. Spatial Analysis
5.5.1. Spatial Autocorrelation Analysis

Based on the heterogeneity analysis of different regions in China, it is found that the
inhibitory effect of digital finance development on carbon emissions in China tends to be
stable. Since air pollution is liquid, to further explore the impact of digital finance on car-
bon emissions, this section will continue the analysis from the perspective of spatial ef-
fects. Before conducting the spatial regression analysis, this study examined the spatial
correlation between digital finance and carbon emissions using the economic distance ma-
trix, and the results are shown in Table 11. Moran’s I indices of digital finance and carbon
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emissions are all significant. The corresponding Z-values for all years are also greater than
1.96. This indicates that all cities’ digital finance and carbon emissions have significant
spatial autocorrelation from 2011 to 2019. There is a spatial agglomeration phenomenon
and a positive spatial correlation between digital finance and carbon emissions.

Table 11. Spatial correlation test.

Year Digital Finance CO: Emissions
Moran’s I Z-Value Moran’s 1 Z-Value

2011 0.274 *** 9.077 0.134 *** 4.814
2012 0.253 *** 8.380 0.138 *** 4916
2013 0.282 *** 9.336 0.142 *** 5.040
2014 0.288 *** 9.535 0.137 *** 4.841
2015 0.288 *** 9.532 0.130 *** 4.621
2016 0.266 *** 8.795 0.138 *** 4.920
2017 0.255 *** 8.454 0.115 *** 3.977
2018 0.213 *** 7.067 0.112 *** 3.871
2019 0.199 *** 6.622 0.104 *** 3.600

Note: ** indicate statistical significance at the 1% levels.

5.5.2. Moran Scatter Diagram

We further examine the spatial linkage of local regions by Moran’s I scatterplot and
use the economic distance matrix to draw the Moran's I scatterplot of carbon emissions of
each region in 2011 and 2019, as shown in Figure 1.
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Figure 1. A partial Moran scatter diagram of carbon emissions (2011 and 2019).
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The results show that carbon emissions in most regions of China are located in the
first and third quadrants, with obvious H-H and L-L agglomeration states. There is a
strong correlation between high value and high value of carbon emissions and between
low and low values. Therefore, it is necessary to continue using a spatial econometric
model for the estimation.

5.5.3. Spatial Spillover Effect

To select the best model, the LM test, Hausman test, Wald test (to select time fixed
effects, individual fixed effects, and two-way fixed effects), and LR test (to see whether
SDM would degenerate into SEM and SAR) were carried out. Finally, the SDM with the
time-fixed effect was determined as the best choice. The regression results are presented
in Table 12, and the estimation results of the SAR and SEM models are compared. The
results of the geographic distance matrix show that the spatial autoregressive coefficient
(p) and spatial autocorrelation coefficient (1) in the three models are significantly negative,
indicating that the spatial spillover effect of regional carbon emissions in China is signifi-
cant. Moreover, the spatial effect coefficient of digital finance and carbon emissions is
-77.18, which indicates that digital finance development has a significant endogenous
negative spatial spillover effect. This means that the development of local digital finance
will increase the inhibitory effect on carbon emissions in neighboring regions. A possible
reason is that digital finance has accelerated enterprise technology innovation and total
factor productivity to curb energy consumption and carbon emissions. In contrast, China’s
economy and transportation development have accelerated inter-regional cooperation
and communication, with fast information transmission characteristics. This also facili-
tates the dissemination of emission reduction technology among different places, thus
helping to develop China’s carbon peaking and carbon neutrality goals. To verify the ro-
bustness of the estimation results, we re-estimated the study using the economic distance
matrix, whose spatial effect coefficient was —7.434, and passed the 5% significance test.
This means that there was also a significant negative spatial spillover effect in the eco-
nomic distance matrix, which proved the reliability of the conclusions of this study.

The above spatial regression tests the impact of local digital finance on carbon emis-
sions in neighboring areas. However, since the SDM model contains global effects, the
regression coefficients of its spatial interaction terms cannot be used to reflect digital fi-
nance’s marginal impact on carbon emissions. To explore the effects of the explanatory
variables in a region on the explained variable in the region and other regions, we adopted
a spatial regression partial differencing method to decompose the spatial spillover effects
of digital finance’s impact on carbon emissions. The results are shown in Table 12 for the
direct, indirect, and total effects. It can be seen that digital finance has a negative indirect
effect on carbon emissions in the geographical distance matrix and the economic distance
matrix. Both are significant at the 5% confidence level, indicating that the development of
digital finance in neighboring cities also has a suppressive effect on carbon emissions in
the region, which is consistent with the above conclusions. In the direct effect, the digital
finance effect on carbon emissions is negative. It passes the 1% significance test in the
geographical distance matrix, indicating that the development of digital finance in the
region can also mitigate local carbon emissions. The insignificance in the economic dis-
tance matrix may be that the regional economy is in transition. However, the financial
system has not been fully transformed, thus weakening the inhibitory effect of digital fi-
nance on carbon emissions. However, the results of the total effect of the different matrices
show that the digital finance effect on carbon emissions is significantly negative, which
means that digital finance in adjacent areas has a suppressive effect on carbon emissions
in general.
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Table 12. Empirical results of the spatial spillover test.

Variables Geographical Distance Matrix Economic Distance Matrix
SAR SEM SDM SAR SEM SDM
DF -3.048 ** —4.437 *** -5.038 *** -3.212 ** —3.545 *** -1.881
(1.331) (1.427) (1.489) (1.391) (1.363) (1.562)
plA —2.053 *** —2.429 *** —1.199 *** 0.0233 -0.0866 **  -0.0794 **
(0.176) (0.161) (0.334) (0.0310) (0.0348) (0.0351)
W x DF ~77.18 *** ~7.434 **
(26.45) (3.026)
Control variable yes yes yes yes yes yes
Sigma 1.477 *** 1.482 *** 1.454 *** 1.611 *** 1.605 *** 1.580 ***
(0.0407) (0.0420) (0.0408) (0.0455) (0.0454) (0.0447)
Log-likelihood -4088.548 -4061.345 -4037.565 -4146.475 -4143.665  -4122.614
) .. . Indirect ef- Total Direct . Total
Spatial effect decomposition Direct effect fect effect effect Indirect effect effect
DF —4.781 *** -34.57 ** -39.35 ** -1.745 -6.904 ** —8.649 ***
(1.512) (15.99) (16.43) (1.620) (2.841) (2.490)
R-squared 0.321 0.174 0.080 0.186 0.187 0.158

Note: ** and *** indicate statistical significance at the 5% and 1% levels.

6. Further Analysis
6.1. Digital Finance and Carbon Emissions: A DID Design

The development of smart cities is based on big data, cloud computing, and the In-
ternet of things. It is a new generation of urban forms under information technology de-
velopment and knowledge society, which can promote collaborative innovation of enter-
prises and guarantee the healthy and harmonious development of cities. Digital finance
is inseparable from regional economic, industrial, technological, and urbanization devel-
opment factors. The quality of its financial services and digital development depends on
urban infrastructure development. Therefore, to assess the digital finance impact on car-
bon emissions more robustly, this study uses a smart city pilot as an exogenous policy
shock with a DID model. The smart city policy was proposed in 2013. Since it is only being
implemented in pilot cities, the carbon intensity of cities implementing the policy will be
affected to some extent. However, cities not implementing the policy will be less or not
affected, providing a suitable quasi-natural experiment. Therefore, a sample of cities im-
plementing the smart city pilot was used as the treatment group. A sample of cities not
implementing the smart city pilot was used as the control group. In the context of the
rapid development of digital finance in China, smart cities have reduced energy consump-
tion and pollutant output of enterprises and increased residents’ level of green consump-
tion, thus affecting regional carbon emissions. Accordingly, this study draws on most
ideas about the difference-in-differences model (DID) and establishes the following
model:

Yie = vo tyitreat; X posty + vy, Xy + p; + 70 + & (10)

where Y;; represents the carbon emissions of city i in period t, and treat; = 1 repre-
sents the cities that implemented the smart city pilot, which is the treatment group.
treat; = 0 represents the city that does not implement the pilot of a smart city, which is
the control group. post; denotes the time dummy variable, which is 1 if the smart city
pilot policy of implementation year and after; otherwise, it is 0, and the rest of the varia-
bles have the same meaning,.

6.2. Parallel Trend Test
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An important prerequisite for conducting a smart city pilot policy for effect assess-
ment is satisfying parallel trends. Drawing on Howell’s study, this study sets multiple
time dummy variables before and after the policy pilot implementation and includes them
as independent variables in the regression model. Suppose the confidence interval of the
time dummy variable before the policy implementation contains 0. In that case, it indicates
no systematic difference between pilot cities and non-pilot cities and satisfies the parallel
trend result. Specifically, using the policy implementation year as the base period (2013),
the time dummy variables for the first two and last three years of pilot policy implemen-
tation are set. Their regression coefficients and 95% confidence intervals are represented
by plots, as shown in Figure 2. The results show that the regression coefficients are ap-
proximately zero and insignificant before implementing the policy. The regression coeffi-
cients are significantly negative in the policy implementation year and after, indicating
that the carbon emissions of the treatment and control groups satisfied the parallel trend
before the implementation of the smart city pilot policy.

b}
<}

-0.5
|

-1.0

I
T T T T T T
pre2 prel current post1 post2 post3

Figure 2. Parallel trend test.

6.3. DID and Robustness Results

Columns 1 and 2 of Table 13 are fixed effect analysis and ordinary panel analysis,
respectively, and both results show that smart city pilot implementation can reduce car-
bon emission intensity. Because of the different levels of economic development and en-
vironmental governance in each city in China, some cities will have priority development,
and there will be a regression bias if extreme values are included in the sample; therefore,
to exclude the influence of extreme values on the regression results, we winsorized CO:
emissions at 1%, as shown in Column 3 of Table 13, which shows that the estimated coef-
ficient of the smart city pilot policy is still significantly negative.

Table 13. DID and robustness results.

(4) Counterfactual

Variables (1) CO: (2) CO:2  (3) Winsorized Method (5) PSM-DID (6) Placebo
treati X postt -0.167 *** -0.101 ** —0.138 *** -0.079 —0.145 *** -0.018
(0.0559) (0.0503) (0.0498) (0.0510) (0.0532) (0.0229)
Constant 0.0115 =5.972 *** -1.298 *** 0.126 -1.626 *** —2.831 ***
(0.630) (0.568) (0.494) (0.502) (0.528) (0.516)
Control variable yes yes yes yes yes yes
Time fixed effect yes no yes yes yes yes
Urban fixed effect yes no yes yes yes yes
R-squared 0.397 0.349 0.251 0.410 0.252 0.464

Note: ** and *** indicate statistical significance at the 5% and 1% levels.
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The study continues with another series of robustness tests: the counterfactual

method, propensity score matching, and placebo test. The details are as follows:

(1) Using the counterfactual method: This study advances the policy time of 2012 for a

2)

00 05 10 15 20 25

00 05 1.0 15 20 25

counterfactual test to obtain the net policy effect. It was found that when the pilot
policy was advanced to 2012, the regression coefficient of this policy was still nega-
tive but no longer significant. This verifies that the inhibitory effect of the original
pilot policy on carbon emissions is influenced by non-pilot policy factors, eliminates
the interference of non-pilot factors in the regression results, and again verifies the
conclusion that the smart city pilot can reduce regional carbon emissions.
Propensity score matching method (PSM-DID): To satisfy the randomization of
quasi-natural experiments and avoid selection bias in the estimation results, we use
propensity score matching to solve this problem by first conducting a logic regression
on the policy experiment group. We then use kernel matching to find the city with
the closest situation to the treatment group as the matching city for the pilot city.
Before that, the common trend assumption has to be satisfied; therefore, the study
uses kernel density plots to test the matching effect. Figure 3 shows the results of
kernel matching, and the results showed a significant difference between the scores
of the treatment and control groups when they were not matched. After matching,
the probability density function values of the two sets of samples became extremely
close, indicating that the sample selectivity bias problem was eliminated. Column 7
shows the results obtained using the kernel matching method. The results show that
the coefficient between smart cities and carbon emissions is —0.145 and is significant
at the 1% confidence level. These results again demonstrate the reliability of the
study’s findings.

Unmatched

0.0 0.2 0.4 0.6 0.8

Matched

T
0.2 0.4 0.6 0.8

Treated Untreated ‘

Figure 3. Propensity score matching (kernel matching).

(3) Placebo test: In this study, the smart city pilot randomly generated part of the treat-

ment group list, with the rest of the sample set as a control group. The extracted data
were regressed 1000 times, and the regression coefficients were counted 1000 times.
Suppose the coefficients are distributed around zero and not significant; the effect of
unobservable factors on the results can be excluded. Figure 4 shows the kernel den-
sity plot of the placebo test; its estimated coefficient follows a normal distribution
with a mean approximation of 0. The results in column 6 of Table 13 also show that
their estimated coefficients are significantly different from those of the true treatment
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and control groups; that is, the unobserved factors did not affect the estimated results
in this study, which further verifies the robustness of the results.

0.4

0.3

0.2
|

0.1

0.0

-4

Figure 4. Placebo test.

7. Conclusions
7.1. Conclusions

One of the driving forces of China’s economic development is the goal to achieve a
green and low-carbon economy. With the rapid development of Internet information tech-
nology, digital technology will comprehensively improve the quality and efficiency of fi-
nancial services, and whether digital finance can promote the development of the low-
carbon economy has gradually become the focus of attention. This paper empirically an-
alyzes the relationship between digital finance and carbon emissions on the basis of panel
data of 278 cities in China from 2011 to 2019. The conclusions are as follows: (1) Digital
finance can mitigate regional carbon emissions, and their relationship has different effects
under different mechanisms. (2) Given the digital and green thresholds, the inhibiting ef-
fect of digital finance on carbon emissions gradually decreases and shows a non-linear
characteristic of diminishing margins. (3) The inhibitory effect of digital finance on carbon
emissions in different regions is explored through heterogeneity analysis. (4) From the
perspective of the spatial spillover effect, the effects of digital finance on carbon emissions
are all significantly negative, that is, the development of digital finance in neighboring
regions has a suppressive effect on carbon emissions. (5) This paper tests the inhibitory
effect of digital finance on carbon emissions by introducing the exogenous shock of “smart
city,” a policy supporting the development of digital finance.

7.2. Discussion of Results

The integration of information science and technology with finance has attracted ex-
tensive attention from many researchers around the world, and they have theoretically
analyzed the fundamentals of Internet technology, studied its operation mechanism and
transaction mechanism in the financial area, examined the current green and low-carbon
development objectives, and concluded different research findings [64].

Some researchers agree that in Canada, Denmark, Hong Kong, Japan, New Zealand,
Norway, Sweden, Switzerland, the UK, and the USA, financial development can help the
reduction of carbon emissions [65]. The impact of carbon emissions on the cost of debt
financing in Europe is studied and it is found that carbon emission reductions contribute
to lower debt financing costs [66]. Further, there is a study that examined the impact of
climate finance on pollutant emissions (CO2, CHs, and N20) in 19 sub-Saharan African
(SSA) countries between 2006 and 2017, and it confirms an inverted U-shaped relationship
between climate finance and pollutant emissions [67]. The above research indicates that
the world has entered the era of digital economy and the development of digital finance
has been a major trend [68]. Therefore, it is necessary to accelerate the construction of a
global digital economy system, promote the effective development of digital finance
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globally, and exert the promotion effect of digital finance on regional carbon emission
reduction capacity.

7.3. Research Limitations and Future Perspectives

The shortcomings of this paper are the small sample size of the data and the use of
mainstream methods for data processing. Although this paper has used city-level panel
data for analysis, which has increased the sample size compared with provincial-level
panel data, it can still continue to dig deeper into county-level data and use richer data
samples for reliability certification, but deeper data are not available for now, so more in-
depth research has not been done. While processing the data, based on the mainstream
empirical methods of existing research, we can further combine machine learning and
graph networks methods to further explore the non-linear relationships between data and
the association between multiple variables, and obtain more accurate conclusions by ad-
vanced scientific methods, which can be improved in the follow-up of this paper.

In the future, the scope of application of digital finance can be gradually expanded,
and its advantages can be continuously developed into more green development fields
such as energy, consumption, and agriculture, forming many digital scenarios to improve
the low-carbon effect of digital finance in social economic development as follows:

Firstly, in the area of energy, we will deeply integrate technologies such as big data,
blockchain, and artificial intelligence with digital finance and carry out comprehensive
applications to realize the integration of the two elements of “energy” and “finance”, and
apply them to new energy trading, power trading, commercial insurance, and other fields
to promote market-oriented energy transactions. For energy insurance business, online
network contracts can be signed to speed up contract processing speed and efficiency. In
addition, we need to accelerate the digitization of energy, improve the quality of digital
financial services, encourage financial incentives for technological innovation, and guide
the development of energy in the direction of energy conservation and environmental
protection.

Secondly, in the area of consumption, digital finance promoting green consumption
can be carried out in the following two aspects: on the one hand, digital finance can ex-
pand the supply of green financial products, provide targeted green financial services for
consumers, reduce transaction costs, improve the efficiency of green resource allocation,
and promote the development of China’s green consumption steadily. On the other hand,
digital finance can reduce the financial industry’s own energy consumption through dig-
ital technology, help financial institutions to effectively track green financing projects and
clarify the effect of energy saving and emissions reduction, which can make the industry
chain greener and also realize the development of green consumption.

Thirdly, in the area of agriculture, the scale effect of digital platforms should be grad-
ually expanded and the development of digital finance in agriculture should be steadily
promoted. Oriented by market demand, policy guidance should be strengthened, and the
organic integration of digital finance and agricultural green development should be pro-
moted. The practical model of integrating digital finance and agricultural economy can
not only promote green and low-carbon cooperation among various regions and reduce
the risks faced by agricultural development, but also enrich and improve the new agricul-
tural economic service system, allowing each region to develop its comparative ad-
vantages through resource integration and promote the development of agricultural mod-
ernization.

7.4. Policy Recommendations

In addition to expanding the theoretical and empirical basis for digital finance and
carbon emissions, the conclusions of this study have the following policy implications.
First, the digital transformation of production processes in various industries must be ac-
celerated, and the huge potential of digital technology should be explored further to ena-
ble carbon emission reduction. The development of digital technology in China has played
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an important role in promoting economic transformation and low-carbon development.
On the one hand, digital finance can deeply integrate with key carbon emission areas,
such as electricity, industry, construction, and transportation, reduce energy and resource
consumption, promote energy optimization in traditional industries, and achieve energy
saving and cost reduction as well as quality and efficiency improvement. On the other
hand, with the opportunity that the new technological revolution provides, digital finance
can also accelerate the deep integration with the new generation of information technol-
ogy, which can not only strengthen energy technology and modern information but also
enable the exploration of energy production and new consumption patterns, promoting
the enhancement of low-carbon technology and green industrial development. Mean-
while, a diversified digital platform system should be sounded to rapidly expand the po-
tential of a low-carbon economy and further promote the green effect of digital technol-
ogy.

Second, financial support for construction of the national carbon market must be
strengthened to guide development of China’s economic and social green transformation.
To give full play to the role of financial services in the construction of the carbon market,
the underlying logic of carbon trading is the transfer of emission rights, which includes
the allocation of quotas and registration transactions and other links. The prerequisite of
efficient market operation is appropriate cost price. Therefore, more financial institutions
and financial products, including carbon derivatives, should be introduced to help reduce
transaction costs. Then, the total amount of carbon emissions in the development process
of each industry should be set as early as possible. Under the total amount constraint, the
market supply and demand will determine the quota trading, build a standardized carbon
emission accounting system, and form a clear price signal, thus promoting low-carbon
investment. Finally, we should improve the law and the policies to give full play to the
role of the market mechanism, improve the carbon pricing mechanism, and strengthen
the coordination of carbon emissions trading and electricity trading. The green and low-
carbon development of the energy industry and the commercial sustainability of green
finance must also be promoted to guarantee the promotion of the green development of
China.

Finally, the green effect brought by digital finance must be expanded, and a green
and low-carbon industrial structure should be formed. In the past, the development mode
of high pollution, high energy consumption, low productivity, and low efficiency has se-
riously affected the ecological environment and is not conducive to China’s economic de-
velopment. To prompt the government to increase support for green low-carbon indus-
tries and technology research and development, the development of areas, such as clean
energy, energy conservation, and environmental protection, can be supported by estab-
lishing attractive monetary policy instruments for carbon emissions reduction. Mean-
while, green bond issuance must be supported, high technology must be adopted to pro-
mote the level of traditional industries, the production of green and low-carbon products
should be increased, and support must be given for China to successfully achieve the car-
bon peaking and neutrality goals.
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