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Abstract: Using data of 265 Chinese cities from 2010 to 2017, we studied the impact of access to digital
financial services on green technology advances in the context of regional competition. We found that
access to digital financial services significantly promotes green technology advances within the region
but inhibits those in other regions. We also found that modest regional competition can promote
green technology advances, whereas excessive competition impairs the positive relationship between
access to digital financial services and green technology advances. We identified a significantly
positive spatial spillover effect for green technology advances.

Keywords: access to financial services; use of green technology; regional competition

1. Introduction

Over the past decade, China has realized that its extensive economic growth mode
with high inputs, pollution, and energy consumption is unsustainable, and now seeks
green economic growth. In this context, advancing green technology has become a new
development goal. Two types of policy instruments are conducive to promoting green
technologies: environmental regulation, which forces corporations to innovate [1]; and
financial instruments, which can induce green innovations. In this paper, access to digital
financial services refers to digital access to and use of formal financial services by excluded
and underserved populations. We use green total factor productivity to measure green
technology advances.

Chinese regional governments are continually in competition for resources, espe-
cially capital, to stimulate local economic development and improve political performance.
Although such inter-regional competition is considered an effective method to promote
technological change and optimize economic structure, it also increases the resource imbal-
ance between regions. Access to digital financial services has been introduced to reduce
financial constraints on small businesses and promote regional economic growth. Since
a complete credit system is not yet formed in China, it is challenging for middle- and
low-income groups to obtain loans from financial institutions. Using modern technologies
such as big data and cloud computing to collect personal credit information, access to
digital financial services significantly reduces transaction costs and expands the coverage
of financing services. In this study, we aimed to answer the following research questions:
(1) Does access to digital financial services affect green technology advances and, if so,
how? (2) Does regional competition impact the effect of access to digital financial services,
since the latter increases capital flows across regional borders?

Using the data of 265 Chinese cities from 2011 to 2017, we studied the impact of
access to digital financial services on green technology advances in the context of regional
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competition. First, we measured the green technology advances with a GML index-based
super SBM model. Then, we explored the impact of access to digital financial services
on green technology advances. Finally, we used the spatial Durbin model to analyze the
spatial effect of access to digital financial services on green technology advances under
regional competition, the direct and indirect effect of which was separated using the partial
differential method.

This study differs from other studies in three ways: Firstly, we not only analyzed
the effects of access to digital financial services on green technology advances, but also
considered regional competition since access to digital financial services increases the
liquidity of the capital for which regional governments compete. Most related studies
have focused on innovation induced by environmental regulations [1,2], whereas few have
highlighted the shocks incurred by new financial instruments such as those induced by
access to digital financial services. Among the studies considering access to digital financial
services, most examined its effects on the economy [3], consumption [4], and financing
constraints [5]; however, the relationship between access to digital financial services and
green technology advances has rarely been included in the scope of these studies. We
aimed to address these gaps.

Secondly, we did not merely identify the impact of access to digital financial service
but further isolate the spillover of access to digital financial services on neighboring regions
because technologies spread quickly and adjacent areas respond quickly to local techno-
logical changes. Among the studies considering access to digital financial services [3–5],
most examined its benefit in a region but did not consider the spatial spillover. We also
examined the direct and indirect effect of access to digital financial services to explore what
is actually promoting green technology.

Finally, we employed a GML index-based super SBM model to measure green tech-
nology advances. The GML index is typically employed to estimate the efficiency between
inputs and outputs, such as the total factor productivity [6]. The conventional model
for induced-effect analysis is an ML index based on the SBM model [7], which cannot
offer feasible solutions to linear programming and circularity. To compensate for such
shortcomings, we adopted the GML index-based super SBM model, which treats pollution
as an unexpected output, to obtain prefectural green technology advances. Since technolo-
gies spill over to neighboring areas, we employed a spatial Durbin model to confirm its
spillover effect. We further used a partial differential equation to separate both the effect of
access to digital financial services and its interaction with regional competition into direct
effects and indirect effects. In addition, we used a series of indexes regarding access to
digital financial services collected by Guo et al. [8], including coverage, use, and digital
indexes. This dataset enabled us to analyze access to digital financial services, an area that
has seldom been analyzed in the existing literature, and frees us from data limitations.

The remainder of this paper is organized as follows: Section 2 reviews the related liter-
ature and hypotheses. Section 3 provides the data and method, including the measurement
model for green technology advances, the basic model, the spatial model, and the data
source and definition. Section 4 presents the results of the basic model, spatial spillovers,
and direct and indirect effects. The discussion is provided in Section 5, and the conclusions
are outlined in Section 6.

2. Literature Review and Hypothesis
2.1. Green Technology Advances and Spatial Spillovers

Jaffe et al. [9] proposed three stages of technological changes: invention, innovation,
and diffusion. Diffusion of technology implies technologies spreading across space. Most
of the early studies on technology diffusion considered the time dimension. For example,
Mansfield [10] analyzed the diffusion of industrial innovations and found an S curve. With
more extensive research, however, greater attention has been paid to spatial diffusion.
Hagestrand [11] simulated the diffusion of agricultural technological innovations over
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spatial distance, which provided the theoretical foundation for the spatial diffusion of
green technology.

Technology diffusion plays an important role in boosting innovation. Some scholars
discovered that technological diffusion attenuates with distance, whereas others focused
on the path of spatial technological spillovers and realized that differences in innovative
capabilities, intellectual property protection, and absorption capabilities are important for
technological diffusion [12,13].

Keller [14] found a significant correlation between technological spillovers and geo-
graphical distance in OECD countries. Green technology can be seen as biased technological
change. Based on the data from 266 cities in China, Pan [15] discovered that green technolo-
gies spread from developed to less-developed economies. In China, research foundations,
R&D investment, and talent pools vary from city to city, making spatial technological
spillovers possible. Therefore, we propose our first hypothesis:

Hypothesis 1 (H1). With all else unchanged, green technology advances have a spatial spillover effect.

2.2. Access to Digital Financial Services and Green Technology Advances

Scholars have not yet agreed on the relationship between financial development
and technological advances. Aghion et al. [16] found that credit constraints increase
the possibility of liquidity difficulties for commercial enterprises, which are then forced
to invest more in short-term production instead of innovation. Maskus et al. [17] and
Meierrieks [18] confirmed a positive relationship between financial development and
innovation from both micro- and macroperspectives. Another view is that a nonlinear
relationship exists between financial market development and technological advances,
such as that proposed by Zhu et al. [19], who empirically tested the nonlinear effect of
financial development on regional innovation.

For historical reasons, prices are distorted in China’s financial markets, and technolog-
ical innovation has been significantly inhibited. In recent years, the Chinese government
introduced a strategy to develop access to digital financial services, aiming at optimizing
the allocation of financial resources and thus promoting technological change [20]. Access
to digital financial services can stimulate innovative activities by reducing the financing
cost of corporate debt [21], improving the allocation of credit resources in the region, and
increasing household consumption [22].

Technological advances simultaneously address polluters and solutions to pollu-
tion [23]. Green technology is important for increasing sustainability [24]. However,
studies on green technology advances and financial development are relatively rare. The lit-
erature shows that an active financial market can boost green total factor productivity [25].
Therefore, we present our second hypothesis:

Hypothesis 2 (H2). With all else unchanged, access to digital financial services promotes green
technology advances.

2.3. Regional Competition, Access to Digital Financial Services, and Green Technology Advances

The efforts and achievements of local governments in promoting local economic
and social development resulted in China’s rapid development for more than 40 years.
The incentives of local governments can be explained mainly from two perspectives:
competition for promotion [26] and competition for investment or fiscal revenue [27,28].
To obtain more economic benefits and improve political performance with limited funds,
local governments directly or indirectly use their administrative power to intervene in and
even manipulate their local financial system and financial institutions [29,30]. Regional
competition has thus become a financial contest.

Access to digital financial services has played a positive role in relaxing corporate
credit constraints [5], increasing household consumption [4], inducing technological in-
novation [31], and promoting economic growth [3]. It is therefore reasonable for local
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governments to take advantage of this new financial instrument. However, local govern-
ments may lose control of their local financial systems and financial institutions in this
financial contest, which can lead to a competitive disadvantage in less-developed regions
and negatively impact green technology advances for the whole of society. We therefore
present our third hypothesis:

Hypothesis 3 (H3). Access to digital financial services induces green technologies under moderate
regional competition, but excessive competition inhibits green technology advances.

3. Method and Data
3.1. Data
3.1.1. Measurement of Green Technology Advances

Green total factor productivity is the productivity that considers factor inputs, re-
source consumption, and environmental costs, and input–output variables are shown in
Table 1. In this paper, labor and capital are selected as input factors. Labor inputs are
expressed in terms of the total population, and capital inputs are calculated using the
method of sustainable inventory [32]. Outputs include desired output and undesired
outputs. Desired output is real GDP based on 2002 and reduced by regional consumer
price indices. The undesired outputs are industrial effluents, industrial sulfur dioxide, and
industrial fumes [33].

Table 1. Green technology advances.

Indicator Factor Symbol Index Unit

Input Labor L Employment 10,000
Capital K Capital stock 100 million

Output

Desired output Economic output O GDP 100 million

Undesired output Pollution UO
Industrial effluents 10,000 tons

Industrial sulfur dioxide 10,000 tons
Industrial fumes 10,000 tons

3.1.2. Variables

With regard to regional competition (rc), researchers have constructed different indica-
tors based on different perspectives. Fu and Ma [34] established an evaluation system using
human capital, fixed assets, and economic intervention capabilities. Luo and Peng [35]
built a comprehensive indicator with administrative participation, land competition, infras-
tructure competition, and promotion competition. The above methods well-reflect regional
competitions, but possibly lead to collinearity problems. Regional competition is actually
capital contest, which can be represented by foreign capital. Thus, we followed Li and
He [36] and employed the actual use of foreign capital amount (USD billion).

Control variables included regional financial development, population density, eco-
nomic structure, innovative ability, and environmental regulation, and their definitions are
shown in Table 2. Regional financial development measures savings of financial institutions,
which is an important alternative to access to digital financial service to finance innovations.
Population density, economic structure and technologically innovative ability are factors
impacting innovations. Environmental regulation will naturally trigger green technology.

We used the prefectural data of 265 Chinses cities from 2011 to 2017. The data were
retrieved from the China City Statistical Yearbook, the China Statistical Yearbook, and
China City and Industrial Innovation Report. The statistical summary is in Table S1.

3.2. Empirical Strategy
3.2.1. Measurement Method of Green Technology Advances

Technology advances are usually measured using three method. The first is the input
method, which is indicated by the input, such as R&D expenditure and the number of
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researchers involved in R&D activities [37]. This method may overestimate the productivity
of R&D, however, ignores the possible Solow Paradox. The second is the output method,
which uses the number of patents and the turnover of technology contracts as indicators of
technological change. This method not only ignores the quality of patents, but also fails to
explain the considerable contribution of pending technologies. The third method is total
factor productivity [7]. Färe et al. [38] stated that technology advances are the main driver
of total factor productivity, and the latter is a reasonable indicator of its coverage of factors
other than capital and labor. In this paper, we use green total factor productivity to indicate
green technology advances, which incorporates resource and environmental factors into
the model and treats pollution as an undesired output.

Table 2. Variable name and definition.

Variable Name Symbol Definition Source/Reference

Access to digital financial services f Digital financial inclusive
index/100 Guo et al., 2020 [8]

Regional competition rc Foreign investment actually
used in that year China City Statistical Yearbook

Regional financial development fin
Savings deposit in all financial

institutions at the end of
year/GDP

China City Statistical Yearbook

Population density pd Population per square
kilometers China Statistical Yearbook

Economic structure ec Ratio of secondary industry to
service sector China Statistical Yearbook

Technologically innovative ability tech City innovative index/100 2017 China City and Industrial
Innovation Report

Environmental regulation er Reduction of Industrial SO2
emissions/ real GDP China Statistical Yearbook

Total factor productivity is mainly measured by the Solow residual value, data en-
velopment analysis, and stochastic frontier analysis methods. Among them, the data
envelopment method is widely used because it requires few subjective assumptions and
is not affected by the number of inputs and outputs or the dimensions of the data. It also
incorporates resource and environmental factors into the calculation model and treats them
as undesired outputs. The slacks-based measure (SBM) model can avoid the deviation and
influence caused by differences in radial and angular selection and has good discrimination
ability when dealing with undesired outputs [39]. However, the SBM fails to compare
effective units with the same efficiency value. The super SBM model proposed by Tone [7]
compensated for this defect. However, the ML index-based super SBM does not have
circularity and offers no feasible solution in linear programming. The global Malmquist–
Luenberger (GML) proposed by Oh [6] offers feasible solutions in linear programming
and avoids the deviation and influence caused by differences in radial and angular selec-
tion [39]. Thus, in this paper, we measure green total factor productivity using the GML
index-based super SBM model.

First, take each prefecture-level city as a decision making unit (DMU) and assume that
each DMU has as inputs x = (x1, . . . , xa) ∈ Ra

+ and produces b expected y = (y1, . . . , yb) ∈
Rb
+ and c undesired outputs u = (u1, . . . , uc) ∈ Rc

+. The input and output of the jth city
at time t can be expressed as u = (u1, . . . , uc) ∈ Rc

+, then a production possibility set for
green technology advances is constructed:

Pt(xt) = {(yt, ut)|xt
ja ≥

J

∑
j=1

λt
jx

t
ja, yt

jb ≤
J

∑
j=1

λt
jy

t
jb, ut

jc ≥
J

∑
j=1

λt
ju

t
jc, λt

j ≥ 0, ∀a, b, c

}
(1)
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Following Tone (2002), we built a super SBM model:

ρ∗ = min
1
a ∑a

i=1
xi
xi0

1
b+c

(
∑b

m=1
ym
ym0

+∑c
n=1

un
un0

)

s.t. =


x ≥ ∑J

j=1, 6=0 λjxj,

y ≥ ∑J
j=1, 6=0 λjyj,

u ≥ ∑J
j=1, 6=0 λjuj,

x ≥ x0, y ≥ y0, u ≥ u0, y ≥ 0, λj ≥ 0

(2)

where x, y, and u are the slack variables of input, output, and unexpected output, respec-
tively; λj is the weight vector; and ρ∗ is the target function, a larger value of which means
greater efficiency.

Following Oh [33], we constructed the global production possible sets Pg(xt) =
P1(x1) ∪ P2(x2) · · · ∪ PT(xT); that is, during the whole time T, Pg(xt) is:

Pg(xt) = {(yt, ut)|xt
ja ≥

T

∑
t=1

J

∑
j=1

λt
jx

t
ja, yt

jb ≤
T

∑
t=1

J

∑
j=1

λt
jy

t
jb, ut

jc ≥
T

∑
t=1

J

∑
j=1

λt
ju

t
jc, λt

j ≥ 0

}
(3)

Assuming the directional vector is g =
(

gy, gu
)
, g ∈ Rb

+ × Rc
+, then the global

directional distance function is DG(x, y, u; gy, gu
)
= max

{
β
∣∣(y + βgy, u− βgu

)
∈ PG(x)

}
.

The GML index based on the super SBM model is:

GMLt+1
t

(
xt, yt, ut, xt+1, yt+1, ut+1

)
=

1 +
→
D

G(
xt, yt, ut; gt

y, gt
u

)
1 +

→
D

G(
xt+1, yt+1, ut+1; gt+1

y , gt+1
u

) (4)

3.2.2. Spatial Weight Matrix

Geographical distance and economy are important factors in the spatial diffusion of
technology [40–43]. Thus, we use a nested spatial weight matrix [44,45] as follows:

wij = wdwewhere wd =

{
1

dij
i 6= j

0 i = j
we =

{
1

Yi − Yj i 6= j
0 i = j

(5)

where wd is the geographic weight matrix, dij is the distance between two prefecture-level
cities calculated by latitude and longitude, and we is the economic distance weight matrix.
The local economy is presented as GDP per capita, which is assigned a greater weight for a
smaller economic gap between two regions.

3.2.3. Baseline Model

To examine the impact of the access to digital financial services on green technology
advances under local competition, the following baseline model was constructed:

gtpit = α + α1 fit + α2rcit + α3Xit + σi + ut + εit (6)

where i represents the ith city; t is the tth year; the explained variable gtpit is green
technology advances; the explanatory variable f is access to digital financial services; rc
is the proxy variable for regional competition; Xit is a set of control variables, including
regional financial development ( f in), population density (pd), economic structure (es),
technological innovation ability (tech), and environmental regulation (er); σi is the regional
fixed effect; ut is the time fixed effect; and εit is the error term.
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To further study the role of local competition and the access to digital financial services
on green technology advances, the interaction term between local competition and the
access to digital financial services (rc× f ) was added to Equation (6) as follows:

gtpit = α + α1 fit + α2rcit + α3Xit + α4rcit × fit + σi + ut + εit (7)

3.2.4. Spatial Durbin Model

Both local promotion and the regional interaction of access to digital financial services
impact green technology advances. Thus, spatial correlation was introduced. We use the
spatial Durbin model, which not only captures the spatial correlation of the explanatory
variables but also the spatial correlation of explanatory variables and error terms. We set
the model as follows:

gtpit = pw× gtpit + β1 fit + β2rcit + β3Xit + θ1w× fit + θ2w× rcit + θ3w× Xit + σi + ut + εit (8)

where ρ is the parameter of the interactions of green technology advances between neigh-
boring regions, β and θ are the k× 1 dimension vector of the estimated parameter, w is an
N × N dimension non-negative spatial weight matrix, σi is the spatial effect, ut is the time
effect, and εit is the error term.

To further study the role of local competition and the access to digital financial services
on green technology advances, we built a new spatial Durbin model as follows:

gtpit = pw× gtpit + β1 fit + β2rcit + β3Xit + β4rcit + fit + θ1w× fit + θ2w× rcit + θ3w× Xit + θ4w× rcit × fit + σi + ut + εit (9)

3.2.5. Indirect and Direct Effects

The spatial Durbin model contains both the explanatory variables and spatial lag
terms of the explanatory variables; however, changes in the explanatory variables in one
city affect not only the local green technology advances but also the explanatory variables
in other regions. Therefore, the effect of an explanatory variable on green technology
advances cannot simply be reflected by the estimation coefficient. In this paper, we follow
LeSage and Pace [46] and divide the total effect into direct and indirect effects using the
partial differential method.

4. Results
4.1. Baseline Model

The results of the baseline model are shown in Table 3. The results of the Hausman
test showed that a fixed-effect model should be used. Column (1) of Table 1 indicates that
access to digital financial services had a significantly positive effect on green technology
advances. As the index used was the digital financial inclusive index [8] divided by 100,
the effect of access to digital financial services is important even though the coefficient
is not large. Regional competition also significantly contributed to the access to digital
financial services, which supports Hypothesis 2.

The interaction term of regional competition and access to digital financial services
(rc× f ) is added in columns (3) and (4) in Table 4. The interaction between local competition
and the promotion of access to digital financial services is significantly negative. The
influence function of access to digital financial services on green technology advances is
0.0262–0.0038rc, indicating that interactions occurred between access to digital financial
services and regional competition, i.e., the impact of access to digital financial services on
green technology advances was subject to regional competition, as follows: as regional
government competition intensifies, the positive effect of access to digital financial services
on green technology advances will diminish, and when regional competition exceeds the
turning point of 2.125, the impact of access to digital financial services becomes negative.
The above empirical results support Hypothesis 3.
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Table 3. Baseline model.

(1) (2) (3) (4)

f 0.0244 *** 0.0183 *** 0.0262 *** 0.0222 ***
(0.004) (0.004) (0.004) (0.004)

rc 0.0075 *** 0.0127 *** 0.0135 *** 0.0240 ***
(0.003) (0.003) (0.005) (0.005)

fin −0.0346 *** −0.0212 ** −0.0363 *** −0.0249 ***
(0.010) (0.009) (0.010) (0.009)

pd −0.0115 * 0.0013 −0.0137 ** −0.0002
(0.006) (0.003) (0.006) (0.003)

es 0.2081 *** 0.1800 *** 0.2052 *** 0.1752 ***
(0.055) (0.051) (0.055) (0.051)

tech
−0.0053 0.0072 0.0099 0.0330 ***
(0.010) (0.009) (0.014) (0.013)

er 0.0823 *** 0.0756 *** 0.0815 *** 0.0740 ***
(0.013) (0.013) (0.013) (0.013)

rc × f −0.0038 * −0.0073 ***
(0.003) (0.002)

cons 0.0929 ** 0.0358 0.1023 ** 0.0420
(0.043) (0.035) (0.043) (0.035)

N 1855 1855 1855 1855

Hausman test 78.42 *** 72.08 ***

Model FE RE FE RE
Note: ***, **, and * denote significance at the 0.01, 0.05, and 0.1 levels, respectively. T-values are in parentheses.

Table 4. Spatial correlation test.

Test
(1) (2)

Coefficient p-Value Coefficient p-Value

LM test no spatial lag 2.770 0.096 2.958 0.085
Robust LM test no spatial lag 8.908 0.003 9.857 0.002

LM test no spatial error 5.543 0.019 5.997 0.014
Robust LM test no spatial error 11.681 0.001 12.896 0.000

4.2. Spatial Spillover

We performed an LM test as well as a robust LM test to verify the spatial correlation.
Columns (1) and (2) in Table 4 present results of models (6) and (7), showing that a spatial
correlation existed. We further conducted a Wald test and an LR test to explore which of
the following models should be used: the spatial Durbin model, spatial autoregression
model, or the spatial errors model. Combined with the results of the Hausman test, Table 5
indicates that the spatial Durbin fixed-effects model was best for our purposes.

Table 5. Model selection and Hausman test.

Test (1) (2)

Coefficient p-Value Coefficient p-Value

Wald spatial lag test 83.315 0.000 99.892 0.000
LR spatial lag test 94.729 0.000 112.870 0.000

Wald spatial error test 77.103 0.000 93.216 0.000
LR spatial error test 90.833 0.000 108.588 0.000

Hausman test 106.172 0.000 144.190 0.000
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Table 6 reports the results of the spatial Durbin model (SDM). According to Table 6 (a),
the coefficient of the spatial lag item ρ for green technology advances is significant at the
1% level, indicating a significantly positive spatial correlation between green technology
advances in neighboring regions, i.e., green technology advances in adjacent regions
contribute to those locally, which supports Hypothesis 1.

Table 6. Spatial Durbin model.

Variable (1) (2)

(a) (b) (c) (d) (a) (b) (c) (d)

Coefficient Direct Effect Indirect Effect Total Effect Coefficient Direct
Effect Indirect Effect Total

Effect

f 0.0501 **
(2.1644)

0.0501 **
(2.1094)

−0.0256
(−1.0274)

0.0245 ***
(3.2)

0.0512 **
(2.2155)

0.0521 **
(2.253)

−0.0380 *
(−1.5722)

0.0141 *
(1.6599)

rc 0.0072 **
(2.563)

0.0075 ***
(2.6804) 0.0116 (0.7376) 0.0191

(1.1849)
0.0142 ***

(2.848)
0.0133 ***
(2.7089)

−0.0706 ***
(−2.6653)

−0.0573 **
(−2.1415)

fin −0.0348 ***
(−3.457)

−0.0355 ***
(−3.5068)

−0.0387
(−1.2438)

−0.0742 **
(−2.4704)

−0.0368 ***
(−3.6629)

−0.0372 ***
(−3.8592)

−0.0191
(−0.5838)

−0.0562 *
(−1.7985)

pd −0.0126 **
(−2.1921)

−0.0132 **
(−2.3131)

−0.0401 ***
(−2.6743)

−0.0533 ***
(−3.2808)

−0.0123 **
(−2.0738)

−0.0126 **
(−2.1601)

−0.0356 **
(−2.2761)

−0.0483 ***
(−2.8305)

es 0.2251 ***
(4.0044)

0.2203 ***
(4.0207)

−0.4305 ***
(−3.2637)

−0.2102
(−1.5737)

0.2387 ***
(4.2626)

0.2330 ***
(4.2609)

−0.4025 ***
(−2.7963)

−0.1695
(−1.1986)

tech 0.0255 **
(2.4111)

0.0225 **
(2.1796)

−0.2141 ***
(−6.8873)

−0.1916 ***
(−6.475)

0.0365 **
(2.5612)

0.0312 **
(2.1568)

−0.3939 ***
(−6.9306)

−0.3627 ***
(−6.2507)

er 0.1244 ***
(7.0482)

0.1240 ***
(7.0615)

−0.0881 ***
(−3.5677)

0.0359 *
(1.7885)

0.1265 ***
(7.2056)

0.1264 ***
(7.0982)

−0.0741 ***
(−2.8293)

0.0523 **
(2.418)

rc × f −0.0043 *
(−1.6724)

−0.0038
(−1.4543)

0.0394 ***
(3.9685)

0.0356 ***
(3.564)

W × f −0.0284
(−1.187)

−0.0386
(−1.612)

W × fin −0.0301
(−1.0589)

−0.0142
(−0.4972)

W × pd −0.0340 **
(−2.4711)

−0.0301 **
(−2.1853)

W × es −0.4085 ***
(−3.1792)

−0.3915 ***
(−3.0596)

W × rc 0.0099
(0.6838)

−0.0649 ***
(−2.8003)

W × tech −0.1943 ***
(−6.8679)

−0.3527 ***
(−7.305)

W × er −0.0929 ***
(−3.8817)

−0.0799 ***
(−3.3212)

W × rc × f 0.0353 ***
(4.1514)

ρ
0.1190 ***
(2.5905)

0.1280 ***
(2.7983)

R2 0.9082 0.9093

Log-L 2731.4987 2741.9474

σ2 0.0035 0.0035

Note: ***, **, and * denote significance at the 0.01, 0.05, and 0.1 levels, respectively. T-values are in parentheses.

Column (1) of Table 6 (1) indicates that access to digital financial services contributed
to green technology advances, which further validates Hypothesis 2. In addition, we found
that green technological progress was not only affected by factors including promotion
of access to digital financial services, regional financial development, population density,
economic structure, regional competition, technological innovation, and environmental
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regulation in the region, but also by similar factors in neighboring areas. Under other
conditions, economic structure, regional competition, technological innovation, and en-
vironmental regulation in the region could significantly improve the progress of green
technology, whereas local financial development and population density significantly in-
hibited its progress. Population density, economic structure, technological innovation, and
environmental regulation in adjacent regions all had a significant negative impact on local
green technology advances.

To examine the impact of regional competition, we added an interaction term between
regional competition and access to digital financial services, and the results are shown
in column (2) of Table 6. The interaction term is significantly negative, implying that
moderate regional competition was beneficial to green technology advances, whereas fierce
regional competition weakened the positive effect of access to digital financial services on
green technology. Apart from the interaction term, the results in column (2) share similar
characteristics to those in column (1), further validating Hypothesis 3.

4.3. Direct and Indirect Effects

Due to local competition, strategic interactions between governments are common.
For example, an action taken by one local government can trigger adjustments by another
neighboring government. We therefore divided the effects of access to digital financial
services on green technology into direct and indirect effects.

First, regarding the direct effects of access to digital financial services, Table 6 shows
that the latter significantly contributed to green technology advances. The coefficients of
access to digital financial services in the spatial model are higher than those in the panel
fixed-effects model in Table 3, suggesting that the impact of access to digital financial
services on green technology will be underestimated if the spatial effect is ignored. The
coefficients of access to digital financial services in column (1) are higher than those in
column (2), indicating that the impact of access to digital financial services on green
technology can be partially attributed to the combined effect of regional competition and
access to digital financial services.

Second, regarding the indirect effects of access to digital financial services, the coef-
ficient in Table 6 (1) is insignificant and that in Table 6 (2) is significant at the 10% level,
indicating that, with the combined effect of access to digital financial services and regional
competition removed, the promotion of access to digital financial services will harm green
technology nearby.

Third, regarding the direct and indirect effects of regional competition, with or without
the interaction term, regional competition was significantly positively related to green
technology. However, the indirect effects of these conditions were different. In other words,
whereas regional competition boosted green technology advances in a given region, in
the context of regional competition, the promotion of access to digital financial services
inhibited green technology in neighboring regions.

Fourth, concerning the direct and indirect effects of the interaction term between
regional competition and access to digital financial services, Table 6 (2) shows that the
direct effect is negative but not significant, the indirect effect is significantly positive,
and the total effect is significantly negative. The results showed that the combination of
regional competition and access to digital financial services indirectly inhibited local green
technology while promoting green technology in neighboring regions. Overall, however, a
significant inhibition effect still existed.

5. Discussion

Compared with existing studies, this study is unique in terms of its objectives, meth-
ods, and results. In terms of objectives, green technology advances have gained consid-
erable attention from many scholars. Most related studies have focused on innovation
induced by environmental regulations [1,2], but few have highlighted the shocks incurred
by new financial instruments such as those induced by access to digital financial services.
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Among the studies considering access to digital financial services, most examined its
effects on the economy [3], consumption [4] and financing constraints [5]; however, the
relationship between access to digital financial services and green technology advances
has rarely been included within the scope of these studies. To fill this gap, the objective
of this study was to analyze the effects of access to digital financial services on green
technology advances. We also considered regional competition, since access to digital
financial services increases the liquidity of the capital for which regional governments
compete. Moreover, the spillover effect of access to digital financial services on neighboring
regions was isolated because technologies spread fast and adjacent areas respond quickly
to local technological changes.

In terms of methodology, we employed a GML index-based super SBM model to
measure green technology advances. The GML index is typically employed to estimate
efficiency between inputs and outputs, such as total factor productivity [6]. The conven-
tional model for induced-effect analysis is an ML index based on the SBM model [7], which
cannot offer feasible solutions to linear programming and circularity. To compensate for
such shortcomings, we adopted the GML index-based super SBM model, which treats
pollution as an unexpected output, to determine prefectural green technology advances.
Since technologies spill over to neighboring areas, we used a spatial Durbin model to
confirm its spillover effect. We further used a partial differential equation to separate both
the effect of access to digital financial services and its interaction with regional competition
into direct effects (effects on local green technology advances) and indirect effects (effects
on neighbors’ green technology advances). In terms of data, development of access to
digital financial services has rarely been empirically discussed in the literature because of
data limitations. Guo at al. [8] constructed a series of indexes regarding access to digital
financial services, including coverage, use, and digital indexes. We selected the digital
financial inclusive index, since it is a composite that provides a full picture of prefectural
development of access to digital financial services. Therefore, the results we obtained with
this combination of methods have higher practical value.

Our results showed that green technology advances had significant spatial diffusion.
Some scholars have reported similar findings [8,13]; for example, Keller [14] found that
the impact of technology spillover in OECD countries is greater locally, but over time,
technological knowledge becomes considerably more global. International diffusion of
technological knowledge is enhanced by physical and technological proximity or by shar-
ing a common language [11,47]. Our results also indicated that access to digital financial
services significantly promotes local green technologies while inhibiting those in neigh-
boring regions. This result is in line with other studies related to the effects of financial
instruments on technology advances: access to digital financial services is beneficial for
R&D activities by offering a new route to finance [19] and by decreasing financing costs [20].
We conclude that while regional competition is conditionally favorable for green technolo-
gies, excessive competition harms the positive effect of access to digital financial services
on green technology. Related studies provide partial evidence that regional competition
is in actuality a contest for capital [48], and that governments of less-developed regions
will lose intervention or control of financial institutions in the presence of access to digital
financial services [29,46], which will negatively impact local R&D activities.

6. Conclusions and Implications

In this study, we investigated the effect of access to digital financial services on green
technology advances in the context of Chinese regional competition. We used the GML
index-based super SBM model to measure green technology advances with prefectural
data from 2010 to 2017. We then constructed a spatial Durbin model to explore the spatial
effect of access to digital financial services, the direct and indirect effects of which were
analyzed separately.

We found that: (1) the influence of access to digital financial services on green tech-
nology advances shows significant spatial correlations that play an important role in
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promoting green technology advances in a given region, but can inhibit those in other
regions; (2) regional competition can promote local green technology advances, whereas
excessive competition will impair the positive effect of access to digital financial services;
(3) interactions between regional competition and access to digital financial services have
negative impacts on green technology advances; and (4) green technology advances have a
significantly positive spillover effect.

Our results imply that it is necessary to (1) improve competition mechanisms and
maintain moderate local competition and (2) optimize financial markets and reduce the
distortion of capital prices to promote green technologies.

Digital financial services are accessed using Grameen Bank’s method in Bangladesh,
which was the first bank providing financial service for the poor. The method has been
successfully replicated in over 41 countries. With booming innovations, China has many
small businesses. The access to digital financial services has promoted green technology
advances in China, as it likely has in the other 40 counties. However, due to space limita-
tions, the generalization of the findings of China to other developing countries was not
empirically investigated in this study. Future works should investigate the effect of the
access to digital financial service on poverty alleviation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su13094927/s1, Statistics summary of data are provided in Table S1.

Author Contributions: Conceptualization: Z.L. and Y.S.; methodology: X.Z.; software: X.Z.; in-
vestigation: Z.L.; writing—original draft preparation: L.Y.; writing—review and editing: L.Y. and
Y.S.; project administration: Z.L.; funding acquisition: Z.L. All authors have read and agreed to the
published version of the manuscript.

Funding: The authors acknowledge support from the National Natural Science Fund of China
(71863020), Jiangxi Provincial Department of Education Humanities and Social Sciences Research
Planning Fund (GL18125), the Key Program of Teaching Reforms of Colleges and Universities in
Jiangxi Province (JXJG-19-2-18), and the Fundamental Research Funds for the Central Universities
(program No. 2722019PY028).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data can retrieve from China City Statistical Yearbook, China Statistical
Yearbook, 2017 China City and Industrial Innovation Report and Guo et al., 2020 [8].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, Z.; Yang, L.; Fan, L. Induced Effect of Environmental Regulation on Green Innovation: Evidence from the Increasing-Block

Pricing Scheme. Int. J. Environ. Res. Public Health 2021, 18, 2620. [CrossRef]
2. Hu, J.; Pan, X.; Huang, Q. Quantity or quality? The impacts of environmental regulation on firms’ innovation—Quasi-natural

experiment based on China’s carbon emissions trading pilot. Technol. Forecast. Soc. Chang. 2020, 158, 120122. [CrossRef]
3. Qian, H.; Tao, Y.; Cao, S.; Cao, Y. The Theory and Empirical Study of China’s Digital Finance Development and Economic Growth.

Quant. Tech. Econ. 2020, 37, 26–46.
4. Yi, X.; Zhou, L. Does the development of digital inclusive finance significantly affect household consumption—Micro-evidence

from Chinese households. JFR 2018, 11, 47–67.
5. Liang, B.; Zhang, J. Can China’s Inclusive Financial Innovation Ease SME Financing Constraints. Forum. Sci. Technol. Chin. 2018,

11, 94–105.
6. Oh, D. A global Malmquist-Luenberger productivity index. J. Prod. Anal. 2010, 34, 183–197. [CrossRef]
7. Tone, K.A. Slacks-based Measure of Super-Efficiency in Data Envelopment Analysis. Eur. J. Oper. Res. 2002, 143, 32–41. [CrossRef]
8. Guo, F.; Wang, J.; Wang, F.; Kong, T.; Zhang, X.; Cheng, Z. Measuring the Development of Digital Inclusive Finance in China:

Indexing and Spatial Characteristics. Chin. Econ. Q. 2020, 19, 1401–1418.
9. Jaffe, A.B.; Newell, R.G.; Stavins, R.N. Technological change and the environment. In Handbook of Environmental Economics;

Elsevier: Amsterdam, The Netherlands, 2003; Volume 1, pp. 461–516.
10. Mansfield, E. Technical Change and the Rate of Imitation. Econometrica 1961, 29, 741–766. [CrossRef]
11. Hägerstrand, T. Innovation Diffusion as a Spatial Process; University of Chicago Press: Chicago, IL, USA, 1967.

https://www.mdpi.com/article/10.3390/su13094927/s1
https://www.mdpi.com/article/10.3390/su13094927/s1
http://doi.org/10.3390/ijerph18052620
http://doi.org/10.1016/j.techfore.2020.120122
http://doi.org/10.1007/s11123-010-0178-y
http://doi.org/10.1016/S0377-2217(01)00324-1
http://doi.org/10.2307/1911817


Sustainability 2021, 13, 4927 13 of 14

12. Bigliardi, B.; Dormio, A.I. An empirical investigation of innovation determinants in food machinery enterprises. Eur. J. Innov.
Manag. 2009, 12, 223–242. [CrossRef]

13. Neuhäusler, P. The use of patents and informal appropriation mechanisms—Differences between sectors and among companies.
Technovation 2012, 32, 681–693. [CrossRef]

14. Keller, W. Geographic localization of international technology diffusion. Am. Econ. Rev. 2002, 92, 120–142. [CrossRef]
15. Pan, W.; Wu, T.; Hu, X. The Space Diffusion Effect China’s Technological Progress. Chin. Ind. Econ. 2017, 4, 17–33.
16. Aghion, P.; Askenazy, P.; Berman, N.; Cette, G.; Eymard, L. Credit constraints and the cyclicality of R&D investment: Evidence

from France. J. Eur. Econ. Assoc. 2012, 10, 1001–1024.
17. Maskus, K.E.; Neumann, R.; Seidel, T. How national and international financial development affect industrial R&D. Eur Econ. Rev.

2012, 56, 72–83.
18. Meierrieks, D. Financial development and innovation: Is there evidence of a Schumpeterian finance-innovation nexus? AEF 2014,

15, 343–363.
19. Zhu, X.; Asimakopoulos, S.; Kim, J. Financial development and innovation-led growth: Is too much finance better? J. Int. Money

Financ. 2020, 100, 102083. [CrossRef]
20. Wan, J.; Zhou, Q.; Xiao, Y. Digital finance, financing constraints and enterprise innovation. J. Econ. Rev. 2020, 1, 71–83.
21. Liang, B.; Zhang, J. Can the development of digital inclusive finance stimulate innovation?—Evidence from Chinese cities and

SMEs. Mod. Econ. Sci. 2019, 5, 74–86.
22. Xu, Z.; Zhang, L.; Liu, Y. Does Digital Inclusive Finance Enhance Regional Innovation? Financ. Econ. 2020, 11, 17–28.
23. Braun, E.; Wield, D. Regulation as a means for the social control of technology. Technol. Anal. Strateg. 1994, 6, 259–272. [CrossRef]
24. Liu, Z.; Song, D.; Gong, Y. Study on Spatial-temporal Differentiation and Convergence of China’s Green Innovation Ability. J.

Chin. J. Manag. 2017, 14, 1475–1483.
25. Zhang, F. A Theoretical and Empirical Study on the Impact of Financial Development on Green Total Factor Productivity. Chin.

Soft Sci. 2017, 9, 154–167.
26. Zhou, L. Encouragement and cooperation of government officials in Promotion Game—On the Long-term Causes of Local

Protectionism and Duplicate Construction in China. Econ. Res. J. 2004, 6, 33–40.
27. Qian, Y.; Roland, G. Federalism and the soft budget constraint. Am. Econ. Rev. 1998, 5, 1143–1162. [CrossRef]
28. Maskin, E.; Qian, Y.; Xu, C. Incentives, information, and organizational form. Rev. Econ. Stud. 2000, 67, 359–378. [CrossRef]
29. Zhang, J.; Shen, K. Empirical Study on Local Government Intervention, Regional Financial Development and Transformation of

China’s Economic Growth Mode—Based on the Background of Fiscal Decentralization. Nankai Econ. Stud. 2008, 6, 122–141.
30. Yuan, Y.; Jia, K.; Xu, X. Financial competition, relative capital deepening and regional economic efficiency. Stat. Res. 2012, 3, 45–53.
31. Xie, X.; Zhu, X. Digital Finance and SME Technological Innovation—Evidence from New OTC Market. Stud. Inter. Fin. 2021,

1, 87–96.
32. Zhang, J.; Wu, G.; Zhang, J. Estimation of Interprovincial Material Capital Stock in China: 1952–2000. Econ. Res. J. 2004, 10, 35–44.
33. Kaneko, S.; Managi, S. Environmental productivity in China. Econ. Bull. 2004, 17, 1–10.
34. Fu, Q.; Ma, Q.; Sodnomdargia, B. Local Government Competition and Environmental Regulation: Heterogeneity Based on

Regional Openness. Chin. J. Pop Resour. Environ. 2016, 26, 69–75.
35. Luo, N.; Peng, Y. Spatial and Spatial Differences of Urban Industrial Land Use Efficiency in China and the Influence of Local

Government Competition. Chin. Land. Sci. 2016, 30, 62–70, 97.
36. Li, X.; He, N. Research on the Influence of Environmental Tax on Green Technological Innovation of Enterprises under Regional

Competition. Chin. J. Pop Resour. Environ. 2018, 28, 73–81.
37. Fan, D.; Zhou, H. Study on the Factor Analysis Method of Regional Technology Innovation Ability Evaluation. J. Ind. Tech. Econ.

2006, 25, 61–63.
38. Färe, R.; Grosskopf, S.; Norris, M.; Zhang, Z. Productivity growth, technical progress, and efficiency change in industrialized

countries. Am. Econ. Rev. 1994, 84, 66–83.
39. Lozano, S.; Gutiérrez, E. Slacks-based measure of efficiency of airports with airplanes delays as undesirable outputs. Comput.

Oper. Res. 2011, 38, 131–139. [CrossRef]
40. Thompson, P.; Fox-Kean, M. Patent citations and the geography of knowledge spillovers: A reassessment. Am. Econ. Rev. 2005,

95, 450–460. [CrossRef]
41. Peri, G. Determinants of knowledge flows and their effect on innovation. Rev. Econ. Stat. 2005, 87, 308–322. [CrossRef]
42. Singh, J.; Marx, M. Geographic constraints on knowledge spillovers: Political borders vs. spatial proximity. Manag. Sci 2013, 59,

2056–2078. [CrossRef]
43. Li, Y.A. Borders and distance in knowledge spillovers: Dying over time or dying with age?—Evidence from patent citations. Eur.

Econ. Rev. 2014, 71, 152–172. [CrossRef]
44. Lin, G.; Long, Z.; Wu, M. An Empirical Analysis Regional Economic Convergence in China: 1978–2002. Chin. Econ. Q. 2005,

1, 67–82.
45. Deng, R.; Liu, Y. Industrial agglomeration, spatial spillover and regional economic growth—Research based on space panel

Durbin model. Inq. Econ. Issues 2016, 1, 66–76.
46. LeSage, J.; Pace, R.K. Introduction to Spatial Econometrics; Taylor & Francis Group, CRC: Boca Raton, FL, USA, 2009.

http://doi.org/10.1108/14601060910953988
http://doi.org/10.1016/j.technovation.2012.07.004
http://doi.org/10.1257/000282802760015630
http://doi.org/10.1016/j.jimonfin.2019.102083
http://doi.org/10.1080/09537329408524171
http://doi.org/10.2139/ssrn.149988
http://doi.org/10.1111/1467-937X.00135
http://doi.org/10.1016/j.cor.2010.04.007
http://doi.org/10.1257/0002828053828509
http://doi.org/10.1162/0034653053970258
http://doi.org/10.1287/mnsc.1120.1700
http://doi.org/10.1016/j.euroecorev.2014.07.005


Sustainability 2021, 13, 4927 14 of 14

47. Walker, T. Inclusive talent management in the public sector: Theory and practice. Transnatl. Corp. Rev. 2020, 12, 140–148.
48. Wang, J. Existence of Regional Financial Competition and Evolution of Local Government’s Behavior. West. Forum. 2018,

28, 68–76.


	Introduction 
	Literature Review and Hypothesis 
	Green Technology Advances and Spatial Spillovers 
	Access to Digital Financial Services and Green Technology Advances 
	Regional Competition, Access to Digital Financial Services, and Green Technology Advances 

	Method and Data 
	Data 
	Measurement of Green Technology Advances 
	Variables 

	Empirical Strategy 
	Measurement Method of Green Technology Advances 
	Spatial Weight Matrix 
	Baseline Model 
	Spatial Durbin Model 
	Indirect and Direct Effects 


	Results 
	Baseline Model 
	Spatial Spillover 
	Direct and Indirect Effects 

	Discussion 
	Conclusions and Implications 
	References

