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of International Finance, Guangzhou University, Guangzhou, China; cSchool of Economics, Hebei 
University, Baoding, China 

ABSTRACT 
In the context of modern scientific and technological revolution 
and industrial transformation, the development of digital finance 
is conducive to improving the ecological environment and the 
energy total factor productivity (TFP). In this paper, DEA cross-effi
ciency model is used to measure the energy TFP, and moment 
estimation method is used to empirically test the influence and 
heterogeneity of digital finance on energy TFP, and then the 
intermediary model is constructed to study and analyze the influ
ence mechanism based on the sample data of 30 provinces in 
the Chinese Mainland from 2011 to 2018. The following research 
findings are obtained. First, the development of digital finance 
has played a significant role in improving energy TFP. Second, 
spatial heterogeneity exists in the process of digital finance affect
ing energy TFP improvement, that is, digital finance has a more 
obvious improvement effect on the energy TFP in central and 
western China than in eastern China. Third, digital finance can 
affect energy TFP through technological innovation; that is, the 
improvement of regional technological innovation is an important 
transmission mechanism for digital finance to affect energy TFP.
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1. Introduction

1.1. Motivation

With the rapid economic growth, the extensive growth mode with high investment, 
high energy consumption and high pollution gradually shows its drawbacks, which 
not only wastes resources and causes energy shortage but also damages the ecological 
environment and affects human health. At this stage, the process of urbanization and 
industrialization in China is still advancing continuously, and the rapidly increasing 
and rigid energy demand leads to the increasingly fierce contradiction between energy 
supply and demand, restricting economic growth to a certain extent. An important 
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way to achieve sustainable economic growth and ecological environment stability is 
energy conservation and emission reduction, which puts forward higher requirements 
for energy development and utilization. Under the existing constraints of energy 
resources, it is an important way to improve the energy TFP to meet the needs of the 
coordinated development of ecological environment and economic growth.

1.2. Literature review and contribution

At present, green development is still the core of the coordinated economic develop
ment environment, and a large number of studies have emerged on the influencing 
factors of energy TFP. Economic development is the goal and foundation, in this 
development process to environmental protection put forward higher requirements, 
so the coordination of economic environment development is another important goal 
of development. Environmental pollution accompanied by economic development is 
often inevitable, but financial factors can promote the improvement of technical effi
ciency and the optimization and upgrading of industrial structure, so as to reduce 
carbon emissions by improving the technological level (Huang et al., 2022; S. Liu 
et al., 2021; Yao et al., 2021). At the same time, energy price, energy structure and 
regional energy endowment also affect the improvement of energy TFP to a certain 
extent (Li et al., 2018; Sha et al., 2022). Other studies consider the impact of govern
ment intervention on energy TFP from the perspective of government intervention 
(Chiou et al., 2011; Fu, 2018). Technological innovation and innovation activity 
aimed at saving production costs are the key to improving energy TFP (Cagno et al., 
2015; Ramirez-Portilla et al., 2014). Although many studies have studied and analyzed 
the energy TFP, with the advent of the digital era, the research of energy TFP still 
needs to be further expanded.

With the development of The Times, the academic circle has carried out research 
on digital finance and energy TFP. Financial development is not a barbaric develop
ment mode at the cost of environment, but through promoting technological innov
ation to optimize industrial structure and ultimately promote economic growth (Hsu 
et al., 2014; Jalil & Feridun, 2011). Through transnational studies, it has been proved 
that there is a direct relationship between financial development and energy con
sumption (Cheng & Qu, 2020). Energy consumption growth is positively affected by 
financial development and there is a long-term equilibrium relationship between the 
two. Under the background of digitalization, financial deepening and capital deepen
ing work together. Digital finance provides financial support for the development and 
utilization of new technologies of enterprises through financial means such as credit 
support, and improves energy TFP by effectively reducing energy consumption (Islam 
et al., 2013; Sadorsky, 2011). Cagno et al. (2015) and Ramirez-Portilla et al. (2014) 
believe that digital finance promotes technology spillover in energy production, trans
portation, storage, consumption and other processes through the technical association 
and interaction between the network and operation departments, which is conducive 
to promoting the diffusion of energy utilization efficiency. Herrerias et al. (2016) fur
ther found that digital finance promotes capital accumulation and collaborative R&D 
cooperation of innovation subjects, and forms technology spillover through the flow 
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of resources, talents, capital and other factors. Digital finance not only provides a 
channel for innovation, but also further uses the effect of technology upgrading to 
promote R&D innovation and efficient use of energy in the corporate sector, which is 
conducive to reducing costs and promoting low-carbon development of regional 
economies (Lv et al., 2021; Tsou & Chen, 2023).

Through literature review, it is found that existing studies mainly focus on the 
influencing factors of energy TFP, which provides inspiration for the exploration of 
the path of energy TFP improvement in this paper. However, the research on the 
impact of digital finance on energy TFP is insufficient. The existing literature focuses 
on the marginal benefits brought by technological innovation factors, and under the 
background of digitalization, the digital technology characteristics of digital finance 
may have a greater enhancement effect on energy TFP. This paper studies the impact 
of digital finance on energy TFP, focuses on the environmental effects of digital 
finance in the context of low-carbon economic development, and focuses on the 
impact degree and mechanism of digital finance on energy TFP. Its marginal contri
bution is mainly as follows: First, it studies whether digital finance will play a role in 
energy TFP. By combining dynamic and static methods, the direction and degree of 
the effect of digital finance development on energy TFP are fully investigated. 
Second, from the perspective of spatial heterogeneity, this paper studies whether the 
increase of energy TFP under location factors reflects the impact of heterogeneity. 
Thirdly, from the perspective of the intermediary effect of technological innovation, 
this paper studies the influence of technological innovation mechanism on the 
improvement of energy TFP.

The rest of this paper is arranged as follows: The second part is theoretical analysis 
and research hypothesis, including the impact and mechanism analysis of digital 
finance on energy TFP, and put forward the research hypothesis. The third part is 
the research method design, including static and dynamic panel data model and 
mediation effect model construction, and the measure of energy TFP. The fourth part 
is variable selection and data sources, explaining the reasons and sources of variable 
selection. The fifth part is the empirical results and analysis. The sixth part is the 
basic conclusion.

2. Theoretical analysis and research hypothesis

2.1. The promoting effect of digital finance on energy TFP

The development of the financial effect of digital finance promotes the improvement 
of the overall factor of energy. To improve the stability of ecological environment 
and energy TFP requires not only the formulation of reasonable policies for supervi
sion, but also the rational allocation of financial resources by playing the role of 
finance. Sustained and stable financial support promotes innovative activities to fur
ther improve energy TFP and achieve high-quality economic growth. Under the 
development of traditional finance, funds tend to flow into high-polluting enterprises 
with high assets (Islam et al., 2013). Digital finance promotes the financing efficiency 
of enterprises by expanding financing channels, satisfies the supply of capital elements 
in the innovation process of enterprises, and has a significant positive impact on the 
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digital transformation and innovation development of enterprises (T. Li et al., 2022; 
X. J. Liu et al., 2021). The financial system plays its function of optimizing resource 
allocation, enabling high-tech industries and a series of industries with the output tar
get of green economy to have a better financing environment, and improving the util
ization efficiency of capital and other production factors.

The technological effects of digital finance promote the improvement of energy 
TFP. As far as the development of digital finance itself is concerned, the financial 
means of obtaining information by using the characteristics of the Internet can effect
ively avoid the misallocation of financial resources. Digital finance with innovative 
financial models organically combines traditional finance with technological innov
ation and big data, diversifies financial products, service objects and financing meth
ods, and gradually improves financial scale and efficiency, which is conducive to 
improving the mismatch of financial resources and solving financing constraints. 
Digital finance promotes the progress of financial models through digital technology, 
broadens the malleability of innovation, and technological innovation can gain advan
tages in production methods. It can promote the greening of resource exploitation 
and energy utilization, and achieve low carbon waste emissions.

The network effects of digital finance can improve energy TFP. The network charac
teristics of digital finance determine that it has more perfect information in the process 
of providing financial services, improving the symmetry of information and the effi
ciency of financial capital allocation. The network effect of digital finance enables infor
mation sharing, and the disclosure of green products and environmental protection 
information enhances the sense of corporate responsibility (Su et al., 2021), breaks the 
original barriers of information asymmetry, and enables labor, capital, technology and 
other production factors to achieve cross-regional joint effect, promoting the improve
ment of energy TFP. Therefore, the first hypothesis is proposed.

Hypothesis 1: Digital finance can promote the improvement of energy TFP.

2.2. Heterogeneous analysis of the impact of digital finance on energy TFP

There are differences in regional financial development, including the differences in 
the development of financial sectors among regions, differences in financial systems, 
and differences in economic development (di Pietro et al., 2019; Palacin-Sanchez & 
Di Pietro, 2016). Differences in regional financial development exist in the geographic 
space and the economic space. Financial distribution, structure, and development are 
often closely related to regional economic growth. Although there is a knowledge 
spillover effect between regions, due to the differences in the thinking and profes
sional training of financial practitioners in various regions, the development degree of 
financial system in each region is different, and finally, the regional financial hetero
geneity is formed.

The spatial distribution of financial resources is highly heterogeneous in the 
Chinese Mainland, and financial resources are mainly concentrated in the eastern 
coastal region. Regional economic growth is closely related, and the uneven distribu
tion of financial resources makes regional development different (T. Li et al., 2021; Li 
& Ma, 2021; Liu et al., 2020). Although the network characteristics of digital finance 
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promote information sharing, factors such as regional loss and regional differences 
may cause information loss in the process of spatial transmission. There is a consid
erable gap between the development pace of China’s eastern, central and western 
regions. On the one hand, the central and western regions have fewer factors of pro
duction, such as capital and labor, while the eastern regions have advantages in terms 
of geographical location and transportation conditions. On the other hand, there is 
also a gap in the original accumulation of financial resources and scientific and 
technological resources between the central and western regions and the eastern 
regions. Therefore, the second hypothesis is proposed.

Hypothesis 2: Spatial heterogeneity exists in the process of digital finance affecting 
energy TFP improvement; that is, digital finance has a more obvious improvement effect 
on the energy TFP in central and western China than in eastern China.

2.3. The mediating effect of digital finance on energy TFP

Digital finance promotes technological innovation and development (M. X. Wang 
et al., 2021), and the technological progress brought by innovation is an essential 
driving force to improve energy TFP. Traditional financial development often falls 
into financial risks due to information asymmetry and high operating costs. With the 
progress of digital financial technology and information technology, digital payment 
means, lending and other diversified financial products are provided to the public, 
reducing transaction costs and transaction risks. Digital finance provides financial 
support for technological innovation of enterprises and relieves financing constraints 
of enterprises, which also provides opportunities for technological progress of enter
prises. In addition, the data processing capability of digital finance, fintech and finan
cial supervision are conducive to the innovation and efficiency of enterprises, so as to 
effectively utilize the financial resources of the market (Cheng & Qu, 2020; Gomber 
et al., 2018; Huang et al., 2019; Z. Li et al., 2022). Financial development promotes 
the rational allocation of financial resources, significantly promotes the transform
ation efficiency of savings and investment, and promotes the technological progress 
of enterprises through the effective allocation of funds.

R&D investment can effectively stimulate enterprise technological innovation, 
which is a key factor to improve energy TFP (Chiou et al., 2011; W. C. Li et al., 
2021; Zhu et al., 2021). First of all, the improvement of technological level reduces 
the difficulty of energy exploitation and production cost, thereby improving the 
energy supply capacity. Meanwhile, the application of new technologies is conducive 
to promoting the research and development of new energy, developing and utilizing 
more abundant renewable energy and clean energy, maintaining high utilization effi
ciency and low pollution emission in the process of energy use, promoting the 
improvement of productivity and the development of green economy. Secondly, 
technological innovation means the optimization and upgrading of industrial struc
ture, which is conducive to improving the utilization efficiency of energy (X. Y. 
Wang et al., 2021). With the adjustment of industrial structure, high-intensity energy- 
consuming industries naturally reduce their proportion. Based on the above analysis, 
technological innovation mainly relies on the expansion of energy supply and the 
reduction of energy consumption to provide support for the improvement of energy 
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TFP, and ultimately promote economic growth through high output level. Therefore, 
the third hypothesis is proposed.

Hypothesis 3: Technological innovation plays an intermediary role in the process of 
digital finance promoting energy TFP, and digital finance promotes the improvement of 
energy TFP by improving the level of technological innovation.

3. Research methods

3.1. Static panel data model

In order to empirically analyze the impact of digital finance on energy TFP, this 
paper sets up a static panel data model, and the specific expression is as follows:

EEi, t ¼ b1DIFi, t þ bXi, t þ li þ ei, t (1) 

In Formula (1), EE is the explained variable energy TFP; DIF is the explanatory 
variable digital finance; X represents a series of control variables selected in this 
study; i stands for the sample province; t is the time; l is the individual effect, and e 
is the random disturbance term.

3.2. Dynamic panel data model

The static panel data model considers the impact of digital finance development in 
different regions on energy TFP in the current period, but it does not investigate the 
dynamic impact, that is, the impact of previous energy TFP on current energy TFP. 
Energy TFP is a dynamic and gradual process with development inertia. It is not in 
line with the actual situation of energy TFP if we only consider the influence of cur
rent digital finance. In this paper, a one-period lag of energy TFP is added to the 
static panel data model as the explanatory variable to obtain the dynamic panel data 
model. The expression of the dynamic panel data model is as follows:

EEi, t ¼ aEEi, t−1 þ b1DIFi, t þ bXi, t þ li þ ei, t (2) 

In Formula (2), EEi, t−1 refers to the energy TFP of province i in period t − 1, and 
the meanings of other variables are the same as those in Formula (1).

3.3. Mediating effect test model

This paper adopts the mediating effect test method to explore the direct effect of 
digital finance on energy TFP, and whether digital finance will produce a mediating 
effect through the mediating variable: technological innovation. Meanwhile, the 
degree of the mediating effect is also measured. The expression for constructing the 
mediating effect model is as follows:

EEi, t ¼ h1 þ aDIFi, t þ
X3

k¼1
b1kCONTRikt þ e1 (3) 
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INNit ¼ h2 þ dGTIit þ
X3

k¼1
b2kCONTRikt þ e2 (4) 

EEit ¼ h3 þ a0GTIit þ cINNit þ
X3

k¼1
b3kCONTRikt þ e3 (5) 

In Formulas (3), (4) and (5), EEi, t represents the energy TFP; DIFi, t represents 
digital finance; INNit stands for technological innovation, which is the mediating vari
able; CONTRikt represents a series of control variables, the subscripts i, t and k repre
sent sample province, time and control variables, respectively, where i¼1, 2, … , 31, 
t¼1, 2, … , 9, k¼1, 2, 3; e is the random error term.

3.4. Measurement of energy TFP

The measurement of energy TFP is roughly divided into two categories. The first is 
to use a single indicator to characterize energy utilization efficiency, including energy 
intensity, energy productivity, and energy technological efficiency (Adom & Kwakwa, 
2014). The second is the efficiency TFP considering multiple inputs and multiple out
puts (Filippini & Hunt, 2015; Zhou et al., 2012). Compared with simple and intuitive 
single-factor energy efficiency indicators, total-factor energy efficiency considers the 
combination of energy, labor, capital and other endogenous growth factors to explain 
the impact of energy endowment on energy efficiency (Hu & Wang, 2006). With the 
increasingly exposed contradiction between ecological environment and economic 
growth, some studies incorporate environmental factors as input factors into the 
energy TFP measurement framework.

The Data Envelopment Analysis (DEA) method can examine the dynamic changes 
of the energy TFP. The traditional DEA method is only based on self-assessment, 
which cannot effectively realize the full ranking of decision-making units, resulting in 
a lack of comparability between decision-making units. Based on the extension of the 
traditional DEA, the DEA cross-efficiency model can help explore the changes of 
energy TFP by considering the self- and other evaluation, so that the evaluation 
results of the decision-making units are fair and comparable. The basic form of the 
DEA cross-efficiency model is as follows:

Set s as the number of provinces selected in this paper. the vectors of energy input 
indicator m and energy output indicator n of DMUi are expressed 
as:Xi ¼ ðx1i, x2i, � � � � � �, xmiÞ

T
> 0, Yi ¼ ðy1i, y2i, � � � � � �, yniÞ

T
> 0, 1 � i � s:

ĥdi ¼ Max
Xn

r¼1
urdyrd (6) 

Xm

j¼1
ljdxji −

Xm

j¼1
ujdyji � 0 (7) 

Xm

j¼1
ljdxjd ¼ 1 (8) 
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Xm

j¼1
ljdxjd − hd

Xm

j¼1
ujdyjd ¼ 0 (9) 

ljd � 0, j ¼ 1, 2, � � � � � �, m (10) 

ujd � 0, j ¼ 1, 2, � � � � � �, n (11) 

In Formula (6), ĥdi represents the cross-efficiency value of DMUi 1 � i � s based 
on DMUd; the final energy TFP value of DMUi is represented by the average value 
of the cross-efficiency values obtained by DMUd from DMU1 to DMUs:

4. Variable selection and data source

This paper takes energy TFP as the explained variable, which is measured in 
sub-Section 3.4. In the calculation of energy TFP, the input and output of means of 
production are mainly considered. This paper also focuses on the expected and unex
pected outputs. For Input indicators, this paper mainly selects labor, capital stock and 
energy consumption. This paper takes urban employment to represent the labor input. 
Capital stock is estimated by the perpetual inventory method used in previous literature 
(Zhang, 2008). The basic equation is Ki, T ¼ Ki, T−1 1 − di, Tð Þ þ Ii, T where i and T repre
sent province i and period T, respectively; d is the economic depreciation rate; I is the 
total fixed capital formation. The initial capital stock is obtained by dividing the fixed 
capital in the initial year by 10%, and the economic depreciation rate d is set to 9.6%. 
Energy consumption is represented by the total energy consumption of each province. 
Expected output and undesired output are GDP and carbon dioxide emissions, respect
ively, and the GDP of each province is deflated to the actual gross regional product 
with 2000 as the base period. Referring to previous research (Li et al., 2019), this paper 
estimates the carbon dioxide emissions with the formula CO2i ¼ rcVc þ roVo þ rqVq, 
where Vc, Vo, and Vq represents the energy consumption of coal, oil and natural gas 
required for production in province i, respectively; rc, ro, and rq represents the car
bon emission coefficient of coal, oil and natural gas, respectively. The description of the 
input-output variables of energy TFP measurement is shown in Table 1.

The explanatory variable of this research is digital finance, which is characterized 
by the digital financial inclusion index compiled by the Institute of Digital Finance, 
Peking University. According to the existing literature, the Digital Financial Inclusion 
Index includes three dimensions, including the coverage of digital finance, the depth 

Table 1. Energy TFP measurement indicators.
Variable Measurement Source Unit

Input variable Labor input Urban employment Statistical yearbooks of 
all provinces

Thousands of people

Capital input Perpetual inventory 
method

Wind database 100 million

Energy input Total energy 
consumed

EPS database Ten thousand tons 
of coal

Output variable Expected output Regional GDP State Statistical Bureau 100 million yuan
Undesired output Carbon dioxide 

emissions
EPS database Ton

Source: Author collated.
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of use of digital finance and the digitization degree of inclusive finance, reflecting the 
penetration of digital and mobile financial services into remote areas. It mainly fol
lows three principles: taking both breadth and depth into account; considering both 
vertical and horizontal comparability; reflecting the multilevel and diversity of finan
cial services. Therefore, the Digital Financial Inclusion Index is comparable and can 
well reflect the development of digital finance.

Technological innovation is selected as the intermediary variable, and the number 
of patent applications accepted in each province is used to measure the regional 
technological innovation level in this paper.

Referring to relevant literature, this paper selects foreign direct investment (FDI), 
industrial structure optimization and government financial investment as control varia
bles. First, the impact of foreign direct investment on the energy TFP is twofold. On the 
one hand, the influx of foreign investment injects vitality into the development of enter
prises, while the excessive pursuit of development speed and the neglect of development 
quality aggravate the local environmental pressure. On the other hand, the concentration 
of talents and industries brought by foreign enterprises can effectively improve energy 
efficiency. This paper selects the proportion of FDI in GDP converted by the average 
exchange rate of the corresponding year as the measurement variable. Second, the 
upgrading of industrial structure mainly influences the energy TFP by optimizing the 
industrial structure. When the industrial structure is optimized and upgraded, regional 
industries will be led to change from the inefficient and energy-intensive industrial struc
ture to the high-output and energy-intensive industrial structure. This paper selects the 
ratio of the added value of the tertiary industry to the added value of the secondary 
industry to measure the optimization efficiency of the regional industrial structure. 
Third, government financial investment plays a certain role in the allocation of market 
resources, thus affecting energy TFP. This paper selects the proportion of government 
financial expenditure in regional GDP to measure the intensity of government financial 
investment. The main variables selected in this paper are described in Table 2.

In view of the lack of relevant data in Hong Kong, Macao, Taiwan and Tibet, these 
provinces are not included in this analysis. According to the statistical yearbooks and 
other data records of various provinces, the capital investment data used to measure the 
energy TFP is temporarily updated to 2018. The digital financial inclusion index pub
lished by the Institute of Digital Finance, Peking University, started in 2011, because 

Table 2. Core variables and control variables.
Variable Symbol Unit Measurement

Explained variable energy TFP EE / The DEA cross-efficiency model
Explanatory variable digital finance DIF / Peking University Digital 

Financial Inclusion Index
Mediating variable technical innovation INN Ten thousand  

pieces
Number of patent applications 

accepted
Control variable foreign direct 

investment
FI % The proportion of foreign direct 

investment in regional GDP
industrial structure 

optimization
IS % The ratio of the added value of 

the tertiary industry to that 
of the secondary industry

government financial 
investment

GOV % the proportion fiscal 
expenditure in regional GDP

Source: Author collated.
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before 2011, the statistical indicators required to construct the digital financial inclusion 
index are not comprehensive. In addition, the statistics of capital input factors required 
to calculate the energy TFP have a time lag. This paper finally selects 30 provincial panel 
data in the Chinese Mainland from 2011 to 2018 as the sample of empirical research, 
with 240 observed values for each variable. The data related to digital finance comes 
from the Digital Financial Inclusion Index published by the Institute of Digital Finance, 
Peking University. The original data for measuring energy TFP and other variables come 
from the EPS database, the Wind database, the National Bureau of Statistics, China 
Statistical Yearbooks, Statistical Yearbooks and Statistical Bulletins of various provinces.

5. Results and discussion

Before ordinary panel regression, a multicollinearity test was conducted on the varia
bles, and the results were shown in Table 3.

The variance inflation factors of all variables are less than 10, indicating no multi
collinearity problem. So the following regression analysis can be performed.

5.1. Benchmark regression results

First, Hausman test was conducted, and the test result (pvalue less than 0.1) indicated 
that the fixed-effect model was more accurate for regression results. This paper uses 
the ordinary least squares estimation (OLS) and the fixed effect model (FE) to test the 
impact of digital finance on energy TFP. The estimated results are shown in Table 4.

Table 3. Variance inflation factor regression results.
Variable VIF 1/VIF

DIF 1.21 0.83
INN 1.26 0.79
FI 1.31 0.76
IS 1.15 0.87
GOV 1.02 0.98
Mean VIF 1.19

Source: Author-created through Stata software.

Table 4. Benchmark regression.
EE

OLS FE

DIF 0. 5467��� 0. 2433���

(0.0870) (0.0719)
IS −0.0205 0.191���

(0.0163) (0.0366)
FDI 1.278� 0.0204

(0.653) (0.799)
GOV −0.0131 −0.0260

(0.0131) (0.0701)
_cons 0.921��� 0.793���

(0.0306) (0.0463)
Individual effect Control Control
N 240 240
R2 0.151 0.385

Standard errors in parentheses. � p< 0.1, �� p< 0.05, ��� p< 0.01.
Source: Author-created through Stata software.
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The development of digital finance has significantly boosted the energy TFP. 
According to the OLS and the FE estimation of the static panel data model, the 
regression coefficients of digital finance are 0.5467 and 0.2433, respectively, which are 
significant at the 1% level, indicating that digital finance has a significant positive 
impact on energy TFP. Hypothesis 1 is verified. Firstly, digital technologies repre
sented by artificial intelligence penetrate all walks of life, promoting the process of 
industrial digitization and industrial structure optimization and upgrading. Through 
changes in production efficiency, the dependence of economic output on energy use 
is alleviated; thus, the energy TFP is improved. Secondly, the financial system is con
tinuously improved through digital technology, and it can provide R&D funding sup
port for social scientific and technological innovation activities, thereby improving 
the pollution discharge efficiency.

Among the control variables, the impacts of industrial structure optimization and 
foreign direct investment on energy TFP are significantly positive. By optimizing and 
upgrading industrial structure and the technology spillover caused by talent agglomer
ation brought by foreign-funded enterprises, regional energy utilization efficiency is 
improved. The impact of government financial investment on energy TFP is not sig
nificant. There may be government intervention behavior that local governments tend 
to choose high-yield industries, which hinders the effect of market resource allocation.

To further study from a dynamic perspective, this paper uses a dynamic panel data 
model to conduct an empirical analysis of the relationship between digital finance 
and energy TFP. The first differenced GMM estimation (DIF-GMM) and the system 
GMM estimation (SYS-GMM) are used to estimate the model to eliminate the endo
geneity problem, and the robustness of the estimation results was verified. The pvalue 
of the AR(1) test of each model is less than 0.1 and the pvalue of the AR(2) test 
is greater than 0.1, indicating that there is no second-order positive correlation. 
The pvalue of the Hansen test is greater than 0.1, indicating that there is no over- 
identification problem. The model setting is reasonable and effective. See Table 5 for 
the results.

Table 5. GMM estimation results.
Energy TFP

DIF-GMM SYS-GMM

L.EE 0.834��� 1.049���

(0.0554) (0.0392)
DIF 0. 147��� 0. 216���

(0. 0428) (0.0301)
IS 0.103��� −0.0019

(0.0328) (0.0097)
FDI 0.230 −0.0276

(0.668) (0.366)
GOV −0.0138 −0.0196

(0.0092) (0.0333)
AR1-p 0.006 0.006
AR2-p 0.282 0.319
Hansen-p 1.000 1.000
N 180 210

Standard errors in parentheses. � p< 0.1, �� p< 0.05, ��� p< 0.01. Individual fixed effects are controlled for in all 
regressions.
Source: Author-created through Stata software.
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Digital finance has a significant and sustained positive impact on energy TFP. 
Through the two estimation methods of DIF-GMM and SYS-GMM, Digital finance 
can significantly improve energy TFP. Including the one-stage lag variable of energy 
TFP, the GMM estimation results show that the one-stage lag coefficient of energy 
TFP is significantly positive, indicating that there is significant time continuity in the 
process of improving energy TFP, which means that the development of energy TFP 
in the early stage is likely to guide its subsequent development direction. At the same 
time, under the concept of ‘ecological priority and green development’, more funds 
should be poured into the field of technological innovation in economic development, 
thereby promoting the improvement of energy TFP through technological innovation.

5.2. Spatial heterogeneity analysis

Due to the differences in digital finance development and economic development 
level in various regions, there are significant regional differences in the development 
direction and promotion of energy TFP in different regions. China’s wide land area 
leads to a sizeable East-West span. The eastern coastal region has surpassed the cen
tral and western regions in many indicators such as industrial structure, technological 
level and economic development due to its convenient transportation conditions and 
the industrial foundation since the reform and opening up. In order to investigate the 
heterogeneous impact of digital finance on energy TFP in different regions, based on 
the difference of regional resource endowment, the 30 sample provinces of the study 
are divided into the eastern and the central and western regions, which are estimated 
by the DIF-GMM and the SYS-GMM. See Table 6 for the results. Among them, 
according to the division of the National Bureau of Statistics, the eastern region 
includes 11 provinces and municipalities, namely, Beijing, Tianjin, Hebei, Liaoning, 
Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong and Hainan. The central 
and western region includes 19 provinces and autonomous regions, i.e., Shanxi, Jilin, 
Heilongjiang, Anhui, Jiangxi, Henan, Hubei, Hunan, Inner Mongolia, Guangxi, 

Table 6. Spatial heterogeneity regression results.
The eastern region The central and western region

DIF-GMM SYS-GMM DIF-GMM SYS-GMM

L.EE 0.912��� 1.059��� 0.906��� 1.085���

(0.0550) (0.0741) (0.0583) (0.0997)
DIF 0.1115 0.088� 0.201��� 0.217���

(0.0747) (0.0530) (0.0490) (0.0517)
IS 0.00207 0.0723 0.0907��� 0.0401

(0.0196) (0.0616) (0.0345) (0.0386)
FDI −0.743 1.563 −0.586 0.496

(0.628) (1.325) (1.235) (0.855)
GOV 0.316 −0.536 −0.0120� −0.0428

(0.413) (0.567) (0.00637) (0.101)
AR1-p 0.039 0.046 0.023 0.023
AR2-p 0.101 0.120 0.743 0.534
Hansen-p 1.000 0.984 1.000 1.000
N 66 77 114 133

Standard errors in parentheses. � p< 0.1, �� p< 0.05, ��� p< 0.01.
Source: Author-created through Stata software.
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Chongqing, Sichuan, Guizhou, Yunnan, Shaanxi, Gansu, Ningxia, Qinghai, and 
Xinjiang.

There is spatial heterogeneity in the impact of digital finance on energy TFP, that 
is, digital finance has a more significant effect on energy TFP in the central and west
ern regions than in the eastern regions. As can be seen from Table 6, digital finance 
in different regions has room for development, and has a significant positive effect 
on energy TFP, but the difference lies in the spatial difference in the intensity of 
improvement. Empirical results show that the improvement effect in the central and 
western regions is significantly stronger than that in the eastern region, so hypothesis 
2 is verified. The reason may lie in the difference in economic and development level 
between the eastern region and the central and western regions. The eastern region 
has superior location factors and technical conditions, and has a good development 
space and economic strength foundation, while the development of the central and 
western regions mainly relies on labor-intensive industries, and the lagging develop
ment pace leads to a gap in the feedback of digital finance among regions. In the 
eastern region, whether it is the level of technology or financial support, the innov
ation and development linked by capital has almost reached saturation state, while 
the technological progress in the central and western regions is still the key goal of 
development. Therefore, the innovation benefits and influence space of digital finance 
to the central and western regions are larger.

5.3. Mediating effect estimation results

Based on the panel model test results, which show a significant positive correlation 
between digital finance and energy TFP, this paper further studies the impact mech
anism. The stepwise regression coefficient test method is adopted to explore the 
impact mechanism of digital finance on energy TFP with technological innovation as 
the mediating variable. See Table 7 for the results.

Table 7. Test results of the mediating effect of technological innovation.
(1) (2) (3)
EE INN EE

DIF 0.243��� 2.573��� 0.218���

(0.0719) (0.221) (0.0748)
IS 0.191��� 0.372��� 0.0792���

(0.0366) (0.112) (0.0272)
FDI 0.0204 3.235 −0.696

(0.799) (2.453) (0.733)
GOV −0.0260 0.0141 −0.0057

(0.0701) (0.215) (0.0295)
INN 0.0563���

(0.0142)
_cons 0.793��� 9.403��� 0.338��

(0.0463) (0.142) (0.139)
Individual effect Control Control Control
N 240 240 240
R2 0.385 0.657 0.425

Standard errors in parentheses. � p< 0.1, �� p< 0.05, ��� p< 0.01.
Source: Author-created through Stata software.
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Digital finance impacts energy TFP through technological innovation. Column (1) 
shows that the influence coefficient of digital finance on energy TFP is 0.243 and 
passes the test at the significance level of 1%, which means that the intermediary effect 
is possible. (2) reflects that the influence coefficient of digital finance on technological 
innovation is 2.573, which passes the test at the significance level of 1%, indicating that 
digital finance has a significant positive impact on technological innovation. In column 
(3), the influence coefficients of digital finance and technological innovation on energy 
TFP are 0.218 and 0.0563 respectively, and both pass the significance test. The esti
mated results show that digital finance and technological innovation have a positive 
impact on the improvement of energy TFP, and the influence coefficient of digital 
finance decreases after the addition of technological innovation variables. It shows that 
technological innovation plays an incomplete intermediary effect in the influence of 
digital finance on energy TFP, and hypothesis 3 is verified. Digital finance can indir
ectly promote energy TFP by promoting technological innovation.

The transmission mechanism between digital finance and energy TFP through 
technological innovation is obvious. On the one hand, the development of digital 
finance improves the financial system, broadens the scope of financial services, sup
ports the development of innovative activities, uses digital technology to realize the 
effective allocation of financial resources, alleviates the financing constraints of 
technologically innovative enterprises, and thus promotes the progress of techno
logical innovation of enterprises. On the other hand, the technological progress of 
enterprises can improve the production structure, which is conducive to reducing the 
production cost by reducing energy consumption, and alleviating the pollution emis
sion pressure faced in the production process by using technological advantages, so 
as to achieve the purpose of improving energy TFP. In general, digital finance can 
significantly promote technological innovation and promote the improvement of 
energy TFP through technological innovation.

5.4. Robustness test

According to the estimation results of dynamic and static models, the direction and 
significance of the estimation coefficients of digital finance on energy TFP are basic
ally the same, which explains the robustness of the estimation results to a certain 
extent. This paper tests robustness by replacing core explanatory variables, and inves
tigates the impact of digital finance on energy TFP from three sub-dimensions of 
digital finance inclusion index, including digital finance coverage breadth index (CS), 
digital finance usage depth index (SD) and digital finance inclusion degree index 
(DM). All data are from the Peking University Digital Financial Inclusion Index.

According to the robustness test results in Table 8, the lagging coefficient of 
energy TFP shown in columns (1), (2) and (3) is significantly positive, and the digital 
finance coverage breadth index (CS), digital finance usage depth index (SD) and 
digitalization degree index of inclusive finance (DM) have a significantly positive 
impact on energy TFP. The direction and significance of the estimated coefficients of 
the three indexes are consistent with the baseline regression, indicating that the esti
mated results are still robust.
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6. Conclusions and policy implications

In the increasingly mature stage of digital technology and informatization, the devel
opment of green economy driven by innovation is of great practical significance. 
Using the panel data of 30 provinces and cities in mainland China from 2011 to 
2018, this paper empironally tests the impact of digital finance on energy TFP and its 
mechanism, and mainly draws the following conclusions.

First, digital finance significantly promotes the improvement of energy TFP. 
Through the full sample analysis, the panel model was used to verify the positive 
impact of digital finance on energy TFP from static and dynamic perspectives. 
Second, digital finance has a spatially heterogeneous impact on the improvement of 
energy TFP, that is, compared with the eastern region, digital finance has greater 
marginal benefits on the improvement of energy TFP in the central and western 
regions. Third, digital finance affects energy TFP through technological innovation, 
that is, by improving the level of regional technological innovation, digital finance 
exerts an important transmission mechanism to affect the improvement of energy 
TFP. As an intermediary factor, technological innovation promotes the improvement 
of energy efficiency. Improving energy utilization efficiency is the key to achieve 
energy saving, emission reduction and ecological environment protection, so it is 
necessary to formulate emission reduction policies reasonably and scientifically.

Based on the above conclusions, this paper obtains the following policy implica
tions: (1) Pay attention to the promotion effect of financial development. Financial 
development plays a positive guiding role in economic development, industrial struc
ture optimization, energy consumption and pollution discharge. Therefore, while 
expanding the financial scale, the government should guide the flow of capital, vigor
ously play the role of financial supervision, and provide financial support for tech
nical innovation projects and companies with development potential. (2) Making 

Table 8. Results of robustness test.
energy TFP

SYS-GMM SYS-GMM SYS-GMM

L.EE 1.043��� 1.071��� 1.048���

(0.0334) (0.0386) (0.0359)
SC 0.349���

(0.0650)
SD 0.230���

(0.0766)
DM 0.341���

(0.0690)
IS −0.020�� −0.010�� −0.013�

(0.0078) (0.0042) (0.0067)
FDI 0.252 −0.220 −0.397

(0.541) (0.524) (0.496)
GOV −0.002 −0.008 −0.005

(0.0034) (0.0060) (0.0036)
AR1-p 0.004 0.006 0.005
AR2-p 0.140 0.600 0. 280
Hansen-p 1.000 1.000 1.000
N 210 210 210

Standard errors in parentheses. � p< 0.1, �� p< 0.05, ��� p< 0.01.
Source: Author-created through Stata software.
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development more inclusive. Due to the unbalanced financial development and differ
ences in regional resource endowments, energy TFP has strong regional characteris
tics. It is urgent to strengthen the financial system and financial input in the central 
and western regions, actively promote the transfer of advanced energy-saving technol
ogies to these two regions, and promote the development of clean energy industry. In 
addition, the central and western regions combined with regional resource advantages 
to strengthen the construction of technology and innovation, so as to promote the 
balanced development of regional economy. (3) Promoting major breakthroughs in 
innovative technologies. Promote the innovation, application and promotion of tech
nology from the actual point of view, improve the production efficiency of enterprises 
and reduce energy consumption. Use digital technology to avoid information asym
metry, strive for financing opportunities for technology-based potential enterprises, 
and further provide financial support for innovative entities.

Although this paper expands the research idea of the impact of digital finance on 
energy TFP, given that the development of energy TFP and digital finance is a con
tinuous process, they are constantly endowed with new connotations along with the 
changes of The Times, so the measurement methods and indicators of digital finance 
and energy TFP need to be constantly updated and optimized. In addition, the mech
anism analysis part of this paper mainly studies the mechanism role played by the 
digital technology features of digital finance, while the influence mechanism of more 
energy TFP improvement paths are worth exploring, such as the network features 
mechanism of digital finance. Therefore, these aspects will also be one of the contents 
of the follow-up research in this paper.
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