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Improving the supply efficiency of ecological products (EPSE) is of great
significance to protect the ecological environment, promote the
development of green industry and the sustainable growth of the
economy. This paper focuses on constructing an evaluation index system
for EPSE and exploring the relationship between the development level of the
digital economy (DE) and EPSE in China. To measure the EPSE, the study
employs the Undesirable Slacks-Based Measurement (SBM) Model across 30
provinces, cities and districts in China from 2011 to 2022. Furthermore, the
research utilizes spatial econometric models, panel threshold effect models,
and other methodologies to investigate the impact mechanism and non-
linear relationship between DE and EPSE. The research shows that: (1) The
overall level of EPSE in the study area is relatively low, with significant
development differences observed; (2) The DE has a nota-ble spatial
spillover effect on EPSE, with a significantly negative impact in neighboring
areas; (3) The development of the DE promotes EPSE through the upgrading of
human capital structure, industrial structure, and increases in local
government fiscal revenue and corporate operating profits; (4)
Heterogeneity analysis shows that the impact of DE on EPSE varies
significantly across eastern, central, and western China, with positive
effects pronounced in the eastern and western regions; (5) Regression
results of the threshold effect indicate a significant single threshold effect
on the impact of DE development level on EPSE. Specifically, when the
threshold value is less than 0.1232, DE significantly contributes to the
improvement of EPSE. This paper contributes new literature evidence and
factual references to the understanding of the causal relationship between DE
and EPSE. The findings highlight the importance of considering spatial
spillover effects, impact mechanisms, and regional heterogeneity in
analyzing the relationship between DE and EPSE. The research also
suggests that promoting the development of the digital economy could be
a viable strategy to enhance EPSE, especially in regions where the threshold
value is below 0.1232
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1 Introduction

In the 21st century, with the continuous development of the
global economy and the continuous growth of the population, the
dependence and consumption of human society on natural
resources has reached an unprecedented height Ariken et al.,
2021; Yin et al., 2021. However, this process is also accompanied
by severe challenges such as environmental degradation and
ecological imbalance Carpenter et al., 2009; Lin et al., 2020;
Ruckelshaus et al., 2020, forcing us to re-examine the
relationship between economic development and ecological
protection. Ecological products EP DU et al., 2022b; Wang et al.,
2023, as an important resource endowed by nature to human beings,
not only carry multiple ecological service functions such as
regulating climate, purifying environment and maintaining
biodiversity, but also are the cornerstone of sustainable
development of human society Gao et al., 2022. Therefore,
improving the efficiency of EP supply, realizing the efficient
utilization of resources and the effective protection of the
ecological environment have become an important issue to be
solved urgently.

The supply efficiency of ecological products EPSE, in short,
refers to the ability to produce EP that meet human needs with the
least resource input and environmental cost in a certain period of
time Jing and Hao, 2018. It is directly related to the rational
allocation of ecological resources, the health of the ecological
environment and the wellbeing of human society Pascual et al.,
2022. However, in the traditional development model, due to
information asymmetry, backward technology, poor management
and other reasons, the supply of EP often has problems such as low
efficiency and low quality, which is difficult to meet the growing
ecological needs Ariken et al., 2021. In the face of this challenge, we
need to explore effective ways to improve the EPSE from multiple
dimensions. The vigorous development of the digital economyDE Li
et al., 2023a provides new ideas and solutions for solving this
problem. The DE takes data as the core resource Guaita
Martínez et al., 2022 and relies on advanced technologies such as
the Internet, big data, cloud computing, and artificial intelligence to
build an efficient, intelligent, and open economic ecosystem Luo
et al., 2023. This system has a profound impact on all aspects of the
supply of EP by optimizing resource allocation, promoting
information circulation, and improving decision-making
efficiency Chen et al., 2023; Lu and Haoming, 2023; Rusch et al.,
2022, thus forming a unique impact mechanism. Therefore, it is
particularly urgent to clarify how the DE can empower the EPSE.

The concept of EP in China appeared in the “National Main
Functional Area Plan” issued by the State Council in 2010, which
proposed to enhance the production capacity of EP as an important
task of land space development Gao et al., 2022. “EP” as a
characteristic expression of China, refers to natural elements to
maintain ecological security, ensure ecological regulation function,
and provide a good living environment, including fresh air, clean
water, and pleasant climateWang et al., 2023; Y et al., 2022. On such
a basis, EP evolve into final products or services provided by the
ecosystem through joint action of biological production and human
social production and are used as well as consumed by human
society Du et al., 2022a. The closest study is about ecosystem services
in the world Bouwma et al., 2018; Costanza et al., 1997; Fisher et al.,

2009; Stevenson et al., 2021. EP or ecosystem services, especially
ecological regulation products, have significant externalities and
indivisibility Dimitrov et al., 2023; Perrings et al., 2010. The
realization of their value is complex and depends on quality. At
the same time, they integrate the dual attributes of natural
reproduction and social reproduction Wang et al., 2023, and are
often manifested as compound products, which are the
comprehensive embodiment of ecological, economic, social and
cultural values Du et al., 2022a. At present, the research on the
EPSE mainly focuses on the measurement of the EPSE, the types of
regional and EP and the influencing factors. Firstly, the research on
the measurement of supply efficiency mainly involves the difference
of measurement methods and evaluation index systems. In the
measurement method, scholars mostly use data envelopment
analysis to evaluate the EPSE Hong-rui and Jie-hua, 2017; Hua
and Shunbo, 2021; Hui and Hai-quan, 2021; Ya-mei and Yu-xin,
2020; Ying Z. et al., 2018. On this basis, scholars pay more attention
to the improved DEA model, that is, the SBM model Rong, 2023;
Yixiong et al., 2022, to measure the supply efficiency, and the
construction of the index system is more practical, considering
the part of the undesired output. Secondly, scholars have
explored the supply efficiency of different regions or certain types
of EP. The research on the supply efficiency of different regions
mainly includes the Yangtze River Basin Chunlin and Yuting, 2023,
Northeast China Hong-rui and Jie-hua, 2017; Hui and Hai-quan,
2021, Zhejiang Zhoushan Yixiong et al., 2022 and other coastal areas
Yi-xiong et al., 2022. In addition, more attention is paid to the
exploration of the supply efficiency of specific types of EP, including
marine EP Yi-xiong et al., 2022, rural ecological public products Hua
and Shunbo, 2021, water EP Yixiong et al., 2022, forest EP Hui and
Hai-quan, 2021; Ying et al., 2018b, etc. Thirdly, the research on the
influencing factors of supply efficiency is mainly analyzed from the
perspectives of supply mode, management strategy, economy,
science and technology, and industrial structure. The efficient
collaboration of EP suppliers is the key to improve the EPSE.
Therefore, it is particularly important to explore the EP supply
model suitable for China’s national conditions, such as the PPP
model Fan-rong and Ai-ping, 2016; Ying et al., 2018a, multi-agent
collaborative governance Li, 2016, etc. However, because of the
public nature of EP, the government pays more attention to how to
balance the input and output efficiency of EP Pascual et al., 2022 and
how climate change affects the EPSE in management decisions
Susaeta et al., 2016. At the same time, some scholars have
analyzed the influence of economy, science and technology, and
industrial structure on the EPSE Jing and Hao, 2018; Yi-xiong et al.,
2022, and put forward the concept of overall governance such as
changing the mode of economic development. In addition, China’s
DE has begun to shift to a new stage of deepening application,
standardized development and inclusive sharing Liu et al., 2022. The
development of DE is promoting the transformation of green
production mode and the improvement of production efficiency
Tao et al., 2020a. The theoretical research on DE and EP has also
been carried out, such as the relationship between DE and the
realization of EP value Fuchen et al., 2023; Lu and Haoming, 2023;
Zhouying et al., 2024, the relationship between DE and the value
conversion efficiency of EP or green ecological efficiency Fanbin
et al., 2023a; Xiao et al., 2023; Yang and Liang, 2023, and the
relationship between DE and the supply of EP Chen et al., 2023;
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Rusch et al., 2022; Xue and Xue-tao, 2023; Yang et al., 2024. These
studies provide a theoretical and methodological reference for
further exploring the mechanism of DE development to promote
the value realization of EP. However, in the research of DE
development and EP, there is still a lack of quantitative
exploration of the impact of DE development on the EPSE in China.

In summary, compared with the existing literature, this paper is
mainly different in three aspects: Firstly, about the index system of
EPSE, the existing research input indicators mostly select the factor
input of all industries such as labor input of all industries, lack of
pertinence, or their undesired output indicators are not perfect such
as only considering noise pollution, ignoring the relevant elements
of ecological regulation services. On this basis, this paper optimizes
and improves the index system of EPSE, and systematically analyzes
the China’s EPSE as a whole. Secondly, the existing research mainly
emphasizes the direct impact of the DE on a certain type of EP, and
lacks in-depth discussion on the impact mechanism of the DE on the
EPSE. This paper focuses on clarifying how the DE can empower the
EPSE. Finally, based on the conclusions of empirical analysis, policy
recommendations are put forward from the aspects of digital
development and transformation, institutional mechanism
innovation and human capital structure reform.

The organizational structure of the rest of this article is as follows.
Section 2 is the theoretical mechanism and research hypothesis, while
Section 3 is the research design, including the introduction of research
methods and variable descriptions, Section 4 is empirical analysis,
including the current characteristics, empirical results, robustness
and endogenous test of EPSE and DE, Section 5 is a further
discussion of the research content, exploring the impact mechanism,
heterogeneity analysis and non-linear impact of the DE on the EPSE,
and finally Section 6 summarizes the research and puts forward
countermeasures and suggestions.

2 Theoretical mechanism and research
hypothesis

During economic development, the input of ecological resources
plays a significant role in influencing the economic growth of
wealthy regions. In the neoclassical economic growth theory,
Cobb-Douglas function, as a commonly used production function
model, can illustrate the contribution of various factors to the
output. On this basis, this paper constructs the production
function of EP, which is essentially a technical formula for
transforming labor, capital and ecological resources into a certain
commodity or service. On this basis, this paper constructs the
production function of EP, which is essentially a technical
formula for transforming labor, capital and ecological resources
into a certain commodity or service Wang et al., 2021. The
production function model and logarithmic form of EP are as
formulas 1, 2.

Qi,t � Ai,t
γEi,t

θKi,t
αLi,t

βNi,t
δλi,t (1)

ln Qi,t � γ ln Ai,t + θ ln Ei,t + α lnKi,t + β ln Li,t + δ lnNi,t + ln λi,t
(2)

Where: Q represents the total output of EP and takes two forms:
physical quantity and monetary value, while γ, θ, α, β and δ are the

output elasticity coefficients, and λ is a constant term; E is
irreplaceable in the production of EP, refers to all kinds of
natural resources that provide ecological services and ecological
carrying capacity Wang et al., 2022, includes not only biological
resources such as natural resources, but also natural ecosystems, and
ecological and cultural resources that have been integrated into
natural ecosystems and coordinated with each other for a long time
Ma et al., 2020; K is capital, which is the key factor to improve the
value of EP and market transformation; L is labor input, and human
impact on the ecosystem is ubiquitous as human labor protection,
restoration and construction are essential to ensure the production
capacity of the ecosystem Subramanian, 2019; N is the amount of
land input and refers to the narrow concept of land occupied by the
management and development of EP Yang et al., 2022, in which
traditional production function pays more attention to the
substitution whereas EP production function to the
complementarity between the factors Subramanian, 2019; Yao
et al., 2022; A is other inputs such as technology that mainly
improves the ecological production capacity of the ecosystem by
restoring the balance of the ecosystem, indirectly increases the
output, and directly enhances the premium capacity by
improving the development and operation, of EP. To some
extent, capital and land follow the law of diminishing marginal
returns, and there is a certain substitutability between them. But this
substitutability of ecological resources is limited, and even
impossible in some cases. Based on the production function, the
EPSE is usually the maximum ecological output of the given input or
the minimum cost of the given output. Based on this, this paper
holds that the EPSE refers to the maximization of the supply of EP
with the minimum resource input and environmental pollution
under the premise of ensuring the safety of the ecological
environment. This includes not only the fresh air and clean
water directly provided by the natural ecosystem but also the
ecological value indirectly realized through the ecological
utilization industry. Therefore, improving the EPSE will not only
help protect the ecological environment, but also promote the
development of green industries and promote sustainable
economic growth.

The DE affects the supply mode of EP by acting on the
production factors of EP and then affects the EPSE. Combined
with the production function, data, as an input factor, is combined
with labor force, material capital, land resources, ecological
technology and ecological resources to adjust and optimize the
allocation of resources, form the scale advantage of ecological
factor allocation, promote the transformation of ecological
production factors into EP, and then improve the EPSE.
Specifically, firstly, digital technology is combined with
production factors such as labor capital, material capital and
ecological resources to further optimize resource allocation and
form scale advantages Fanbin et al., 2023a; Liu et al., 2022.
Secondly, through advanced ecological technology, the effective
integration of the DE and the development of EP-related
industries reduces the degree of ecological damage caused by
high-polluting industries, thus alleviating the environmental
pressure caused by high-polluting operations Zhang et al., 2021b,
thereby improving the EPSE. Thirdly, the development of the DE
has alleviated the problem of information asymmetry in the supply
of EP to a certain extent Tao et al., 2020a. At the same time, through
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precision marketing, reducing marketing costs, enhancing brand
influence, promoting supply chain coordination and optimization,
and promoting green consumption, the DE helps to improve the
supply efficiency and market competitiveness of EP Łęgowik-
Małolepsza et al., 2024.

In addition, the development of the DE has alleviated the
problem of information asymmetry in the supply of EP to a
certain extent Tao et al., 2020b, thereby reducing supply costs
and improving supply efficiency. The DE itself has the
characteristics of openness and sharing. By compressing the
space-time transmission distance of information transmission, it
effectively breaks the state of regional dispersion and isolation, and
strengthens the breadth and depth of inter-regional economic
activities. Moreover, knowledge and information itself have the
characteristics of strong mobility and easy dissemination.
Through the inter-regional cooperation and sharing mechanism
Herman and Oliver, 2023, it guides the deep integration of the DE
and the EP industry. The popularity of the Internet can optimize the
efficiency of inter-regional resource allocation, increase the
opportunities for inter-regional enterprise cooperation and
development, promote regional economic growth, and promote
the development of digital finance. Domestic and foreign scholars
generally believe that the Internet has spatial spillover effects Li G.
et al., 2023. In theory, the impact of the DE based on Internet
technology on the EPSE should also have spatial spillover effects.
Therefore, the following research hypotheses are proposed.

Hypothesis 1: DE can promote the EPSE and has a spatial
spillover effect.

The growth of DE will lead to some changes in human capital
structure. The proportion of advanced human capital required for
the growth of DE will increase, and the proportion of primary
human capital will decrease Zhang and Lian, 2023, that is, the
advancement of human capital will lead to the innovation of the
human capital market Wu and Yang, 2022. The theory of new
structural economics shows that in the process of human capital
upgrading, with the dynamic transformation of the proportion of
primary and intermediate human capital and senior human capital,
the optimal demand of human capital required by the social and
economic structure is met, and senior talents are transported for the
sustainable growth of the economy Guaita Martínez et al., 2022, to
improve the production capacity of human labor protection,
restoration and construction of ecosystem, and improve the
supply efficiency. Therefore, the following research hypotheses
are induced stepwise.

Hypothesis 2a: DE improves the EPSE by promoting the
upgrading of the human capital structure.

The new economic geography theory shows that the diffusion
effect of information technology makes the interconnection between
economies closer Tao et al., 2020a. With continuous diffusion, DE
will foster the transformation and upgrading of industrial structure.
The growth of DE provides more developmental opportunities for
technological innovation. The advancement of digital technology
has led to the emergence of high-tech industries and the changes in
industrial structure. The composition of labor, capital, and
technology-intensive industries has shifted, with a decline in the
proportion of the former and an increase in the latter two, which has

led to a more advanced industrial structure. The tertiary industry in
the DE accounts for a significant proportion and causes relatively
little ecological damage. The energy consumption per unit of GDP in
the tertiary industry is significantly lower than that of the secondary
industry. When the industry with relatively low ecological impact
assumes a leading position Chen et al., 2022, the carbon emission
intensity can be reduced and the supply of EP can be enhanced and
improve the supply efficiency. Therefore, the following research
hypotheses are further induced.

Hypothesis 2b: The growth of DE improves the EPSE by
promoting the upgrading of the industrial structure.

As digital infrastructure improves and the integration between
the digital industry and the EP industry deepens, the process of
digital construction of the EP industry will be promoted. In the
process of digitalization of EP, the digitalization construction of
the main body of EP supply is a process of mutual integration
between the main body of EP supply, economy and society Luo
et al., 2023. Digitization can better coordinate the relationship
between the government, market and social development, reduce
the cost of governmental regulation and enterprise management,
improve the efficiency of government and enterprise management,
and thus increase governmental budget revenue and enterprise
operating profit by enabling the government agencies and
enterprises to obtain network EP information, intelligent
ecological industry management, and digitize social-ecological
services. Although the government is the representative of the
public interest, but from the perspective of economic rationality,
when the burden of governmental regulation becomes excessive,
the government’s motivation to offer environmentally-friendly
products can be diminished Kemkes et al., 2010. So the
government’s financial strength is very important to improve
the EPSE. The enterprises generally provide EP because of the
need to maximize profits or assume social responsibilities. With
the empowerment of digitalization to enterprises, the cost of
producing EP is reduced and the profit is relatively increased,
thus improving the enthusiasm of enterprises to supply EP and
promoting supply efficiency Sheng et al., 2020. Therefore, the
following hypotheses are induced.

Hypothesis 2c: DE improves the EPSE by increasing
governmental revenue.

Hypothesis 2d:DE improves the EPSE by increasing the operating
profit of enterprises.

The development of DE has made the high-quality online
product trading market more prosperous and weakened the
production boundary of different departments, further improving
the efficiency of social operation Tao et al., 2020b. Based on this,
with the digital development of EP-related industries, the internal
structure and operation efficiency of various industries have been
optimized and improved, thus improving the EPSE. However,
according to Metcalfe’s Law, the positive spillover effect of DE
development will also face a critical scale Rohlfs, 1974, that is to
say, this spillover effect may have nonlinear characteristics.
Therefore, the impact of DE on the EPSE may also change Han
et al., 2022, with non-linear characteristics. Therefore, the following
research hypothesis is finally induced:
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Hypothesis 3: The DE has a threshold effect on the EPSE.
The theoretical mechanism of DE on the EPSE is shown

in Figure 1.

3 Research design

3.1 Research methods and model
construction

3.1.1 Entropy TOPSIS
This paper uses the entropy weight TOPSIS method which can

fully consider the importance of each attribute, to evaluate DE and
the EPSE. In addition to avoiding the influence of subjectivity and
uncertainty on the decision results, this method can also deal with
situations where there is a correlation between the attributes,
effectively exerting the advantages of the two and improving the
accuracy and reliability of decision-making Li G. et al., 2023; Li X.
et al., 2023. In addition, the entropy method is used to measure the
expected output and undesired output. Because this method are
relatively mature, the specific details refer to the research of Tan
and Qi 2023.

3.1.2 Undesirable SBM
In the DEA efficiency evaluation model, the measurement of

efficiency allows all inputs to be reduced in proportion or requires all
outputs to be increased in proportion. However, when there is non-
zero relaxation of input or output, the part of relaxation
improvement is not reflected in the measurement of efficiency
value Wang et al., 2024. Therefore, the use of the CCR model or
BCC model tends to overestimate the efficiency of decision-making
units. In practical applications, there are sometimes so-called
“undesirable outputs”, that is, undesirable output results. In this
case, the traditional DEA model is unable to meet the requirements
of the monotonic linear relationship. Based on this, Tone 2001

proposed the SBM Slack Based Measure model. It successfully solves
the problem of neglecting slack variables and failing to meet the
monotonic linear relationship in the process of efficiency evaluation.
The undesirable SBM model is a derivative form of the DEA model.
Compared with the traditional DEA model, the undesirable SBM
model can not only avoid the deviation caused by radial and angle
measurement but also fully consider the influence of undesirable
output factors in the production process, to more truly reflect the
essence of efficiency evaluation. Therefore, this paper uses the SBM
model considering undesired output and non-oriented considering
both input and output to measure the EPSE. Suppose it has n
decision-making units. For the oth decision-making unit, the
calculation formulas are shown in formulas 3, 4.

3.1.2.1 Objective function

θ � min
1 − 1

m∑m
i�1

si−
xio

1 + 1
q+h ∑q

r�1
sr+
yro

+∑h
k�1

sk−
bko

( )
(3)

3.1.2.2 Constraint conditions

xio � ∑n
j�1ωjxij + si

- i � 1, 2, 3 . . . . . . .m;

yro � ∑n
j�1ωjyrj- sr

+ r � 1, 2, 3 . . . . . . .q;
bko � ∑n

j�1ωjbkj + sk
+ k � 1, 2, 3 . . . . . . .h;

ωj ≥ 0, si- ≥ 0, sr+ ≥ 0, sk+ ≥ 0

(4)

Where: X ∈ Rm×n is the input matrix, sr+ ∈ Rq×n is the expected
output matrix, sk+ ∈ Rh×n is the undesired output matrix, si− ∈ Rm,
sr+ ∈ Rq, sk+ ∈ Rh represents the corresponding slack variable. The i,
r and k represent the number of input variables, expected output and
undesirable output, respectively, with values of one to q, one to m
and one to h. xio, yro and bko denote the corresponding output
respectively. ω is the weight vector and θ is the objective function.

FIGURE 1
Theoretical mechanism of DE on the EPSE.
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∑n
j�1ωjxij、∑n

j�1ωjyrj and∑n
j�1ωjbkj represent the virtual effective

decision-making unit, that is, ωx、 ωy and ωb as the optimal
reference system. When the slack variables are equal to 0, the
objective function has an optimal solution, that is, the objective
function is equal to 1, which indicates that the decision-making unit
is effective; if the objective function is greater than zero and less than
1, it shows that the decision-making unit has efficiency loss.

3.1.3 Construction of spatial econometric model
The previous theoretical analysis shows that the growth of DE

and EPSE have certain spatial spillover effect. Therefore, this
paper uses the spatial panel model to verify the impact of DE on
the EPSE, and the spatial correlation is first verified. If there is a
spatial correlation, the spatial econometric model Li et al., 2023a
is screened. Otherwise, the ordinary panel model is used. If
there is no spatial correlation, the ordinary panel will be used
for regression analysis. The Moran’s index I is shown in
formula 5:

I � ∑n
i�1∑n

j�1wij xi − �x( ) xj − �x( )
s2∑n

i�1∑n
j�1wij

(5)

Where: s2 � ∑n

j�1(yi−�y)
n is the sample variance, wij is the i, j

element of the spatial weight matrix. If the spatial weight matrix is
row standardized, then ∑n

i�1∑n
j�1wij � n. The Moran’s index has a

typical range between −1 and 1.
After the spatial correlation test, the spatial econometric model

was screened by the LM test, Hausman test, LR and Wald test. The
general models of the ordinary panel and spatial panel are shown in
formulas 6 –96 –96 –9:

EPSEit � α + βDEit + θZit + μi + ]t + εit (6)
EPSEit � α + βDEit + ρW × EPSEit + θZit + μi + ]t + εit (7)

EPSEit � α + βDEit + θZit + μi + ]t + εit, εit � ρW × εit + σ it (8)
EPSEit�α+βDEit+ρW×EPSEit+γW×DEit+θZit+θ1W×Zit

+μi+]t+εit
(9)

Among them, formula 6 stands for the ordinary panel model,
while formula 7 for the SAR, formula 8 for the SEM, and formula 9
for the SDM. The control variable is Z. The spatial lag terms of the
EPSE, DE and Z are W × SEEPit, WDEit and WZit, respectively, μi
and ]t refer to the fixed effect of the province year respectively, and
εit to the random disturbance term.

3.1.4 Construction of panel threshold model
To further explain the nonlinear impact of the DE on the EPSE,

this paper constructs the following panel threshold model Yu et al.,
2023 to further test the theoretical hypothesis. The general model of
the panel threshold is shown in formula 10:

EPSEit �a0 +a1DEit × I T≤λ1( )+a2DEit × I λ1≤T≤λ2( )+ . . .
+anDEit × I λn−1≤T≤λn( )+an+1DEit × I T>λn( )
+ τZit + εit

(10)

Where: The threshold variable is T, the threshold value is λ, I•
represents the indicative function of the threshold model. If it is true
in brackets, the I will be one; otherwise, I is 0.

3.2 Variable declaration

3.2.1 Explained variable
Based on the source of the main body of EP production, the form

of expression, the perspective of function and the division of supply
subjects, and drawing on the existing research, this paper selects the
input indicators for the measurement of the EPSE as material capital
input, land input, labor input and energy input related to EP. The
output indicators are divided into expected output and unexpected
output. Referring to the “green development index system”,
“ecological civilization construction assessment target system”

and “EP total value accounting standard” formulated by the
National Development and Reform Commission, combined with
the connotation and characteristics of EP, this paper mainly
provides services in the natural ecosystem and provides the final
product output under the support conditions as the basis for the
selection of output indicators. The expected output is EP such as
ecological agriculture, forestry, animal husbandry and fishery
products, ecological regulation products, and ecological tourism,
etc. Undesired output is soil erosion area, wastewater, waste gas,
inhalable particle concentration, PM2.5 concentration and noise
level. The SBM model generally requires that the number of
decision-making units is 3–5 times the number of indicators.
Therefore, this paper calculates the relevant EP and non-EP
respectively, and uses their comprehensive index as the expected
output and non-expected output, and then calculates the EPSE. The
specific index system is shown in Table 1.

3.2.2 Core explanatory variables
The DE is measured by the composite index. Currently, there is

no unified standard for measuring the development level of DE in
academia. Drawing on the existing academic achievements Han
et al., 2022; Ren et al., 2023; Zhang et al., 2021b, this paper assesses
the comprehensive index of DE development across three domains:
information technology development, internet infrastructure
development, and digital transaction activity development, as
outlined in Table 2. Informatization development is the basis of
DE development, which promotes the transformation and
upgrading of traditional industries and improves the structure of
economic development. The development of the internet is the
embodiment of the growth of digital technology, improves the
industrial structure, etc., and further promotes the growth of the
ecological economy. The growth of digital transactions provides
insight into the market size and development pattern of DE. To
enhance accuracy and reliability, this study employs entropy weight
TOPSIS to calculate the comprehensive index of DE development.

3.2.3 Mechanism variables
Combined with theoretical analysis, this paper discusses the

optimization of human capital, the optimization of industrial
structure and the enthusiasm of EP suppliers from the
government and enterprises as mechanism variables, which are
measured by the proportion of advanced education Hc, the
proportion of tertiary industry Ti, local government fiscal
revenue Gr and enterprise operating profit Tp. To eliminate
heteroscedasticity, the absolute quantities Gr and Tp are
logarithmically processed.
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3.2.4 Control variables
The control variables mainly construct the analysis framework

of the influencing factors of the EPSE from the aspects of education
level, science and technology level, information level, economic
development, urbanization level, population density and
environmental regulation Jiun et al., 2022; Sun and Wu, 2020.
Education level Edu selects the proportion of regional colleges
and universities in the national totality as the measurement
index; the level of science and technology Tec is gauged by the
proportion of regional patent applications to the national total. The
urbanization rate Urb is determined by the proportion of the urban
population to the national total. Population density Pop is calculated
as the number of people per square kilometer, and the intensity of

environmental regulation Env is assessed using the ratio of industrial
pollution control investment to industrial added value Song et al.,
2021. The control variable indexes all select the relative number to
represent the development level, which can abstract the absolute
difference of the phenomenon and make the comparison between
the regions more meaningful.

3.3 Data sources

China first proposed the concept of EP in 2010, so this paper
selects data from 30 provinces autonomous regions and
municipalities also called provinces except Hong Kong, Macao,

TABLE 1 Index system of EPSE.

Selection of input/
output

Indicators Data sources

Material capital investment Investment in fixed assets of agriculture, forestry, animal husbandry and
fishery billion yuan

China Rural Statistical Yearbook and National Economic Statistical
Bulletin and Statistical Yearbook

Labor input Number of employees in primary industry and ecotourism million people China Population and Employment Statistical Yearbook and China
Tourism Statistical Yearbook

Land input Various types of ecological land area 103 hm2 Natural Resources Bulletin and Soil andWater Conservation Bulletin

Energy input Energy terminal consumption of agriculture, forestry, animal husbandry
and fishery industry and accommodation and catering 10,000 tons of coal
standard

China Energy Statistical Yearbook

Expected output A comprehensive index of ecological agriculture, forestry, animal
husbandry and fishery products, ecotourism, air compliance rate and
water quality excellent rate

China Statistical Yearbook, Soil and Water Conservation Bulletin,
Ecological Environment Bulletin, Natural Resources Bulletin,
Statistical Yearbook and Statistical Bulletin

Undesired output A comprehensive index of soil erosion area, wastewater, waste gas,
inhalable particulate matter concentration, PM2.5 concentration and
noise level in each province

Soil and Water Conservation Bulletin, Ecological Environment
Bulletin and Statistical Bulletin

TABLE 2 Index system of DE development level.

First-level indicators Second-level indicators Third-level indicators Unit Attributes

DE development level Information development Long-distance optical cable line length 104 Kilometers +

Length of cable line Kilometer +

Total amount of telecommunication service Billion yuan +

Number of automatic weather stations Pieces +

Proportion of computer service and software practitioners % +

Number of mobile phones per 100 people Pieces +

Surveying and mapping benchmark results Pieces +

Internet development Internet broadband access port 104 Pieces +

Number of computers per 100 people Pieces +

Number of Internet broadband access users 104 Households +

Digital trading development Technology market turnover Billion yuan +

E-commerce sales Billion yuan +

Express quantity 104 Pieces +

Software business income Million yuan +
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Taiwan and Tibet in China from 2011 to 2022 as research samples.
The original data is derived from the China Rural Statistical
Yearbook, China Population and Employment Statistical
Yearbook, China Tourism Statistical Yearbook, China Statistical
Yearbook, China Energy Statistical Yearbook, Soil and Water
Conservation Bulletin, Ecological Environment Bulletin, Natural
Resources Bulletin, the statistical yearbooks and statistical
bulletins of the provinces and municipalities over the years. Some
missing data are estimated by the average growth rate of the past
5 years. Table 3 shows the variable description and
measurement methods.

4 Empirical test

4.1 Variation characteristics of EPSE and DE
development

The comprehensive index of EPSE and DE development of
30 provinces municipalities and autonomous regions in China from
2011 to 2022 is calculated. Firstly, the EPSE in various provinces and
cities is obviously different, and the national average level is 0.579.
Among them, the EPSE in Hebei, Jilin, Heilongjiang, Jiangsu,
Guangxi, Yunnan and Gansu is higher than the national average
level. The EPSE in Beijing, Shanxi, Hunan and Shaanxi is relatively
low, far below the national average. Secondly, the average level of the
DE development in all provinces and cities is generally not high, and
the national DE development level is only 0.071. Among them, the
development level of the DE in Beijing, Shanghai, Jiangsu, Zhejiang
and Guangdong is much higher than the national average, while the
development level of DE in Shanxi, Jilin, Hainan, Qinghai and
Ningxia is much lower than the national average. The related change
trend is shown in Figure 2.

4.2 Analysis of model regression results

4.2.1 Descriptive statistics
It can be seen from Table 4 that the maximum value of EPSE is 1,

the minimum value is 0.057, and the mean and variance are
0.579 and 0.381, respectively, indicating that the EPSE between
the study areas is quite different. The maximum value of DE is
0.627 and the minimum value is 0.012, indicating that the
development level of DE in different years is also different. The
statistical results of other variables are also within the normal range.

4.2.2 Parametric test
Panel unit root tests include the LLC test, IPS test and HT test

Wu et al., 2024, in which the LLC test is suitable for the long panel
while the IPS and HT tests are for the short panel. Combined with
the panel data in this paper, IPS and HT are selected to test the data
stability. The test results show that all unit roots are stable and reject
the null hypothesis. The results of the KAO cointegration test show
that the p-value of ADF is significant at the level of 5%, rejecting the
original hypothesis that all variables have a cointegration
relationship, indicating that there is a long-term stable
relationship between variables, and the regression residual of the
equation is stable. Therefore, the original equation can be regressed
directly on this basis, and the regression result is more accurate. The
VIF test results show that the values are less than 10. It is generally
believed that if the VIF is not greater than 10, there is no serious
multicollinearity, but strictly speaking, the VIF value is not greater
than 5. Therefore, variables with VIF values greater than five are
eliminated to avoid spurious regression caused by multicollinearity.

4.2.3 Selection of weight matrix
Spatial econometric analysis is the introduction of spatial effects

in traditional econometric analysis. The introduction method is

TABLE 3 Variables description and measurement methods.

Variable
category

Variable name Variable
symbol

Measurement method

Explained variable Supply efficiency of ecological
products

EPSE Undesirable Slacks-Based Measurement SBM Model

Core explanatory
variable

Digital economy DE Entropy-weighted TOPSIS model

Control variables Level of education Edu Proportion of colleges and universities in the region accounts for the proportion of
national colleges and universities

Science and technology level Tec Proportion of regional patent application authorization in the number of domestic patent
application authorization

Urbanization rate Urb Proportion of urban population in the total population

Population density Pop Number of persons per square kilometer

Environmental regulation Env Ratio of industrial pollution control investment completion to industrial added value

Mechanism variables Advancement of Human Capital Hc Proportion of people in higher education

Upgrading of industrial
structure

Ti Proportion of tertiary industry

Enthusiasm of government
supply

Gr Local government fiscal revenue

Enthusiasm of enterprise supply Tp Enterprise operating profit
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realized by spatial weight matrix. Therefore, before spatial
econometric analysis, it is necessary to select the appropriate
spatial weight matrix. Common spatial weight matrices include
adjacency, inverse distance and economic geographic spatial
weight matrix, etc. Zhang and Yu, 2018. The adjacency spatial
weight matrix represents the adjacency relationship between
geographical units by 0 and 1, which is easy to understand and
construct. However, some assumptions do not conform to the
objective facts. For example, it is assumed that the correlation
between spatial individuals is only determined by whether the
spatial individuals are adjacent. The inverse distance space weight
matrix assigns weights by the reciprocal of the distance, so that there
is a stronger interaction between geographical units at close range.
Although spatial correlation originates from spatial adjacency or
proximity, geographical location is not the only factor that produces
spatial correlation. When studying regional economics, scholars

have found that many factors such as regional economic
development level, social environment and cultural background
may make spatial individuals interact with each other.

The economic geospatial weight matrix organically combines
geospatial elements and economic variables. This method not only
considers the spatial distance and adjacency relationship between
geographical units, but also integrates economic factors such as
economic development level and economic connection, so as to
reflect the interaction and influence between geographical units
more comprehensively. By comprehensively considering economic
and geographical factors, the analysis deviation caused by
insufficient consideration of a single factor can be reduced, and
the accuracy and reliability of the analysis results can be improved.
Therefore, in order to describe the interaction between spatial
objects more accurately, this paper considers the influence of
spatial distance and adjacency relationship, and selects the
economic geographic spatial weight matrix as the premise of
spatial econometric analysis.

4.2.4 Spatial correlation test
Based on the spatial weight matrix of economic geography,

Moran’s I and Geary’s C are used to measure the spatial correlation
between the EPSE and the development level of DE in this paper.
The results show that the spatial correlation of the EPSE and the

FIGURE 2
Average levels and ranks of related EPSE and DE in 30 provinces of China.

TABLE 4 Descriptive statistics of related variables.

Variables Obs Mean Std. Dev Min Max

EPSE 360 0.579 0.381 0.057 1.000

DE 360 0.071 0.057 0.012 0.627

Edu 360 0.033 0.015 0.004 0.064

Tec 360 0.033 0.045 0.000 0.232

Urb 360 0.601 0.121 0.350 0.893

Pop 360 0.047 0.070 0.001 0.393

Env 360 0.003 0.003 0.000 0.031

Hc 360 0.144 0.075 0.049 0.479

Ti 360 0.497 0.089 0.327 0.839

lnGr 360 7.650 0.844 5.023 9.554

lnTp 360 6.747 1.122 3.259 8.595

TABLE 5 Results of spatial correlation test.

Variables I EI SdI z p-value

Moran’s I EPSE −0.112 −0.003 0.050 −2.174 0.015

DE 0.245 −0.003 0.048 5.113 0.000

Variables C EC SdC z p-value

Geary’s C EPSE 1.098 1.000 0.053 1.862 0.031

DE 0.297 1.000 0.183 −3.838 0.002
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growth level of DE is significant at the level of 1%. Table 5 shows the
specific indicators.

4.2.5 Analysis of empirical results
Before the model regression, it is necessary to filter the spatial

econometric model SAR, SEM or SDM. When the model is set, the
LM test will be first performed. Compared with mixed OLS, the test
needs to be judged by spatial error and spatial lag. If both are not
significant, it is directly returned to OLS; if only spatial error test
results are significant, SEM will be used; if only test results of spatial
lag are significant, the SAR will be selected. If both are significant, a
robust LM test will be further performed. If the spatial lag
significance is higher than the spatial error significance, SAR will
be selected, otherwise, SEM will be selected. If the robust LM test is
significant, LR and Wald tests will be performed. If the tests are
significant, the SDMwill be selected. Furthermore, the Hausman test
is used to choose the random utility model or the fixed effect model.
If p-value of the test result is significant, the null hypothesis will be
rejected and the fixed effect model will be adopted. Based on
formulas 9–11, the correlation test is shown in Table 6, which
shows that the spatial lag model is suitable for this study.

Based on the above analysis, the regression results are shown in
Table 7. Columns 1 - 6 are successively added to the control variable

SAR fixed effect model. From the estimation results of R2,
considering the influence of control variables as much as
possible, this paper takes the regression results of Table 6 6 as
the standard. The results show that the Spatial rho coefficient is
significant, indicating that the EPSE in this region is affected by the
EPSE in adjacent regions, that is, the EPSE has a significant spatial
correlation between regions. The regression coefficient of the DE is
significantly positive, indicating that with the development of the
DE, the EPSE is further improved, which is consistent with the
research results of Kong Fan bin et al. Fanbin et al., 2023b. Through
precise monitoring, intelligent decision-making, automated
production, optimization of resource allocation and supply chain
management, demand forecasting and personalized customization,
digitization can significantly improve the EPSE, reduce production
costs, speed up market response, and promote eco-friendly and
sustainable development. The production model comprehensively
optimizes the production and supply system of EP Gerasimova et al.,
2023. Therefore, hypothesis 1 is verified. It also shows that the
vigorous development of the current regional DE can promote the
improvement of the supply efficiency of local EP. From the
regression results of control variables, the development of science
and technology has a significant positive impact on the EPSE in the
region. The level of education and urbanization have a significant
negative impact on the EPSE in the region. Population density and
environmental regulation have a negative impact, but not
significant.

Based on the spatial autoregressive results, the spatial spillover
effect is further analyzed. Through the partial differential method,
the results of the spatial lag equation are further unbiased, and the
spatial effect is decomposed into direct and indirect spillover effects.
The results are shown in Table 8. The direct effect and total effect of
the DE are positive and significant, and the indirect effect is negative
and significant. It shows that the development of the local DE can
promote the improvement of the EPSE in the region and inhibit the
improvement of the EPSE in neighboring areas. The promotion

TABLE 6 Results of relevant tests of model screening.

Test Statistic chi2 p-value

Spatial error Lagrange multiplier 43.907 Spatial
error

Robust Lagrange multiplier 0.003 0.000

Spatial lag Lagrange multiplier 67.734 Spatial lag

Robust Lagrange multiplier 20.831 0.000

Hausman 69.16 0.000

TABLE 7 Panel spatial effect regression results.

Variables (1) (2) (3) (4) (5) (6)

main

DE 1.730*** 0.389 2.206*** 0.435 0.925** 0.446 1.097** 0.442 1.096** 0.446 1.126** 0.446

edu −3.417** 1.440 −8.915*** 1.563 −10.36*** 1.591 −10.36*** 1.595 −10.94*** 1.707

tec 3.923*** 0.570 4.730*** 0.606 4.732*** 0.610 4.723*** 0.610

urb −0.610*** 0.177 −0.614** 0.241 −0.620** 0.241

pop 0.00840 0.362 −0.0263 0.364

env −6.186 6.545

Spatial rho −0.152* 0.0811 −0.159** 0.0808 −0.283*** 0.0790 −0.319*** 0.0785 −0.319*** 0.0786 −0.307*** 0.0797

Variance sigma2 0.134*** 0.0101 0.132*** 0.00994 0.115*** 0.00865 0.111*** 0.00837 0.111*** 0.00837 0.111*** 0.00834

Fixed effect Yes Yes Yes Yes Yes Yes

R2 0.1209 0.1906 0.1980 0.2376 0.2376 0.2485

N 360 360 360 360 360 360

Note: Standard errors are in the parentheses, *p < 0.1, **p < 0.05, and ***p < 0.01 the same in the following tables.
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effect is greater than the inhibition effect, so the total effect is
significantly positive. The possible reason is that the development of
the DE is unbalanced among provinces, so the DE in different
regions has different effects on the EPSE. In the early stage of DE
development, because the agglomeration effect will lead to the return
of production factors, the region with the high level of DE
development has a negative spatial spillover effect on the EPSE
in adjacent regions with the low level of DE development, so the DE
has a limited effect on the supply capacity of EP in the whole region.
At the same time, the integration of DE development and EP supply
is still in the exploratory stage. The role of digital technology
innovation and related digital infrastructure in improving the
EPSE is not yet mature, and it is difficult to enable the overall
improvement of the EPSE.

From the decomposition of the spatial effect of the control
variables, the direct effect of education level is significantly negative,
and the indirect effect is significantly positive, indicating that the
improvement of education level in the region has a certain crowding
out effect on the EPSE, but the development of education level in the
region will significantly promote the improvement of the EPSE in
the adjacent economic regions, that is, in the early stage, the benefits
of investment in education in the region to the EPSE are more
obvious in the neighboring regions. Because the crowding-out effect
is greater than the promotion effect, the total effect is significantly
negative. The direct effect of science and technology development
level is positive, and the indirect effect is negative. Regions with
higher levels of scientific and technological development tend to
have higher levels of economic development, stronger people’s
ecological awareness and higher demand for EP, further
promoting the EPSE, while regions with lower levels of scientific
and technological development are on the contrary, and may even
undertake related non-EP enterprises. Therefore, in the early stage of
development, the improvement of the level of science and
technology in the region will give priority to promoting the
improvement of the EPSE in the region and inhibiting the
improvement of the EPSE in adjacent economic regions.
However, with the further development of science and
technology, the diffusion effect of science and technology will
gradually emerge. The direct effect of urbanization level is
significantly negative, and the indirect effect is significantly
positive. Although the development of urbanization can narrow
the gap between urban and rural areas to a certain extent, if the
development of urbanization is faster than that of population

urbanization, it may lead to extensive and inefficient construction
of land, insufficient protection of natural historical and cultural
heritage, and even environmental pollution and ecological damage.
The improvement of the urbanization level inhibits the
improvement of the EPSE in the region. To meet people’s
demand for EP, the adjacent economic regions pay more
attention to the supply of EP. In other words, the improvement
of the urbanization level in the region will promote the improvement
of the EPSE in the adjacent economic regions.

4.3 Robustness test

4.3.1 Transforming weight matrix
In addition to constructing the economic geographic spatial

weight matrix, this paper also constructs the inverse distance, the
adjacency and the nested spatial weight matrix, which are
respectively substituted into the set benchmark model equations.
Through sequential regression, it is found that no matter which
matrix is based on, the positive impact of DE on the EPSE is
significant, and the characteristics are basically the same. It can
be seen that the results of SAR regression using economic geospatial
weight matrix are robust. Table 9 a to c show the regression results of
different spatial weight matrix.

4.3.2 Substitution variable
The explained variables are replaced by the super-efficiency

SBM measurement results of undesired output and the supply
capacity of EP and then regressed. The regression result of DE is
still significant as shown in Table 10 1 and 2. The core explanatory
variable uses the total amount of post and telecommunications
business in 1984 as a replacement variable for the development
level of the DE. The basic idea is that the technical factors involved in
the historical communication infrastructure will affect the
subsequent development of the DE, while the traditional
telecommunications tools will gradually withdraw from the
supply level of EP with the further innovation of science and
technology. However, the volume of post and
telecommunications business is cross-sectional data in 1984. This
paper introduces a time series variable to construct a substitution
variable of a core explanatory variable. The specific method is to use
the product of the number of Internet users in the previous year and
the volume of post and telecommunications business in 1984 as the

TABLE 8 Spatial effect decomposition of panel regression results.

Variables Direct effect Indirect effect Total effect

Coefficient SE Coefficient SE Coefficient SE

DE 1.155** 0.460 −0.295** 0.143 0.860** 0.337

edu −11.37*** 1.509 2.862*** 0.796 −8.510*** 1.133

tec 4.902*** 0.622 −1.236*** 0.353 3.667*** 0.451

urb −0.628** 0.272 0.159* 0.0828 −0.469** 0.203

pop −0.0952 0.423 0.0238 0.106 −0.0714 0.319

env −6.362 6.141 1.571 1.628 −4.791 4.604
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substitution variable of the development level of the DE. The
regression result of the instrumental variables of DE is still
significant, as shown in Table 10 3. It further shows that the
original regression results are robust.

4.3.3 Excluding interference of outliers
To eliminate the interference of outliers on the benchmark

regression results, the comprehensive index of EPSE, DE and
control variables are tailed by 1%, and the model can be
regressed again. Table 11 1 shows the results. After cleaning the
data, it is found that all regression results remain unchanged,
making known that the above conclusions are robust.

4.3.4 Endogeneity test
To test the endogenous distress of the model results, the

generalized method of moments estimation GMM method is
usually used. The reason why GMM can be used as an
endogeneity test is that it does not depend on the specific
distribution of the model, but based on the consistency of the
sample moment and the theoretical moment to estimate the
parameters. When there are endogenous variables in the model,
that is, the explanatory variables are related to the random error
term, the traditional least squares method may produce biased and
inconsistent estimates. By constructing instrumental variables,
GMM transforms endogenous variables into exogenous
observable moment conditions, so as to effectively solve the
endogenous problem and obtain consistent, unbiased and
effective parameter estimation.

On this basis, this paper further considers the spatial correlation,
and reflects the interaction between spatial units through the spatial
weight matrix. Using spatial dynamic GMM can capture the
characteristics and trends of spatial data more accurately.
Therefore, the spatial dynamic GMM two-step method is used to
re-regression the model, and the regression results are tested. The

results are shown in Table 11 2. Among them, the impact of DE on
the EPSE is still significant, and there is little difference with the
benchmark regression results, indicating that the original regression
results are basically not affected by endogeneity. The lag term and
spatial lag term of the explained variables are significant, indicating
that the previous EPSE has a positive impact on the current EPSE. In
addition, the saran over identification LM test is equal to 23.418, and
the p-value is 1. There is no over-identification problem, indicating
that the regression results of spatial dynamic GMM are credible,
which further verifies the robustness of the regression results.

5 Further discussion

5.1 Mechanism test

Based on theoretical analysis, the development level of DE has a
certain mechanism effect on promoting the EPSE. To verify
Hypothesis 2, this paper constructs the model through model
screening shown in formulas 11–14.

Hcit � α + βDEit + ρW × Hcit + θZit + μi + ]t + εit (11)
Tiit � α + βDEit + ρW × Tiit + θZit + μi + ]t + εit (12)

ln Gr( )it � α + βDEit + ρW × ln Gr( )it + θZit + μi + ]t + εit (13)
Ln TP( )it � α + βDEit + ρW × Ln TP( )it + θZit + μi + ]t + εit (14)

Based on the above measurement models, the empirical results
are presented in Table 12. Among them, Column 1 tests the impact
of DE on the EPSE. The impact of DE development on the
advancement of human capital structure is listed in column 2. It
shows that the improvement of the development level of DE will
increase the demand for advanced human capital He et al., 2023 and
make the human capital structure tend to be advanced. Advanced
human capital cognitive ability and ecological protection awareness

TABLE 9 Regression results of different weights.

Variables (a) (b) (c)

Coefficient SE Coefficient SE Coefficient SE

main

DE 1.175** 0.457 1.213*** 0.460 1.192*** 0.456

edu −10.06*** 1.766 −10.09*** 1.846 −9.863*** 1.764

tec 4.097*** 0.615 4.111*** 0.634 4.051*** 0.613

urb −0.432 0.263 −0.485* 0.275 −0.380 0.262

pop −0.211 0.397 −0.108 0.399 −0.295 0.396

env −9.098 6.675 −9.475 6.773 −8.292 6.677

Spatial rho 0.125 0.0928 0.0478 0.0813 0.193* 0.0990

Variance sigma2 0.116*** 0.00869 0.117*** 0.00873 0.116*** 0.00867

Fixed effect Yes Yes Yes

R2 0.2708 0.2737 0.2779

N 360 360 360

Note: The regressions a to c are regression results based on inverse distance spatial weight matrix, adjacency spatial weight matrix and nested spatial weight matrix.
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TABLE 10 Regression results of replace related variables.

Variables (1) (2) (3)

Coefficient SE Coefficient SE Coefficient SE

Main

DE 1.223** 0.570 0.400*** 0.123

zdig 0.112*** 0.0246

edu −19.55*** 2.199 −0.381 0.472 −19.15*** 2.567

tec 7.024*** 0.782 0.339** 0.164 5.336*** 0.560

urb −1.176*** 0.308 −0.127* 0.0665 −0.834*** 0.240

pop 0.618 0.464 −0.421*** 0.100 −0.235 0.361

env −4.104 8.414 1.350 1.796 2.373 6.598

Direct

DE 1.294** 0.605 0.411*** 0.128

zdig 0.115*** 0.0258

edu −20.84*** 2.076 −0.440 0.410 −19.87*** 2.548

tec 7.496*** 0.840 0.366** 0.164 5.555*** 0.613

urb −1.231*** 0.360 −0.129* 0.0748 −0.851*** 0.273

pop 0.561 0.556 −0.450*** 0.117 −0.309 0.422

env −4.323 8.168 1.361 1.679 2.423 6.473

Indirect

DE −0.463** 0.231 −0.107** 0.0456

zdig −0.0316*** 0.0107

edu 7.394*** 1.333 0.114 0.110 5.423*** 1.459

tec −2.661*** 0.513 −0.0950* 0.0511 −1.515*** 0.399

urb 0.437*** 0.148 0.0329 0.0214 0.233** 0.0957

pop −0.198 0.199 0.115*** 0.0390 0.0844 0.115

env 1.492 2.942 −0.348 0.458 −0.712 1.823

Total

DE 0.831** 0.384 0.304*** 0.0920

zdig 0.0837*** 0.0177

edu −13.45*** 1.263 −0.326 0.308 −14.45*** 1.713

tec 4.835*** 0.503 0.272** 0.121 4.040*** 0.407

urb −0.794*** 0.229 −0.0956* 0.0562 −0.618*** 0.196

pop 0.363 0.362 −0.335*** 0.0911 −0.225 0.310

env −2.831 5.261 1.013 1.241 1.711 4.691

Spatial rho −0.470*** 0.0715 −0.321*** 0.0839 −0.337*** 0.0786

Variance sigma2_e 0.181*** 0.0138 0.00847*** 0.000639 0.107*** 0.00803

Fixed effect Yes Yes Yes

R2 0.2583 0.1847 0.2616

N 360 360 360
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are stronger Wu and Yang, 2022, which is more conducive to the
development and mastery of advanced digital technology, to
enhance the ability of environmental monitoring and protection,
promote the innovation of green technology, form the production
mode of green low carbon cycle Rusch et al., 2022, and ultimately
promote the improvement of EPSE. Hypothesis 2a has been verified.
Column 3 is the impact of DE development on the upgrading of the
industrial structure. The development of DE promotes the deep
integration of digital industry and ecological industry Shi et al., 2022.
Through the development of emerging industries such as ecological
agriculture, smart forestry and ecological tourism, the added value
and market competitiveness of EP are enhanced. By promoting the
“Internet + Ecology” model, using e-commerce platforms, social

media and other channels, the sales channels of EP have been
broadened, and market awareness and market share have been
improved. At the same time, it also promotes the transformation
and upgrading of traditional industries, makes the industrial
structure more advanced, reduces energy consumption and
emissions Chen et al., 2022, and improves production efficiency.
Hypothesis 2b has been verified. Columns 4 and 5 are the impact of
DE development on the enthusiasm of EP suppliers. The regression
coefficients are 1.925 and 1.457, respectively. It shows that the
development of DE reduces the management cost through
technological innovation and intelligent management mode, so as
to improve the local fiscal revenue of the government and the
operating profit of enterprises, so that local governments and
enterprises have more financial resources to encourage the supply
of EP and actively develop the EP industry. Therefore, the
government can actively formulate support policies and improve
infrastructure, reduce the cost of enterprise transformation,
strengthen supervision and evaluation, and ensure the quality of
EP. For example, ecological compensation, green finance, etc.,
further stimulate the enthusiasm of enterprises and individuals to
participate in the supply of EP Sheng et al., 2020, thereby improving
the EPSE. Hypothesis 2c and 2d have been verified. In summary, the
DE ultimately promotes the improvement of the EPSE by promoting
the upgrading of human capital structure, the upgrade of industrial
structure, the improvement of government local fiscal revenue and
corporate operating profits.

5.2 Heterogeneity analysis

The above analysis shows that the DE has a significant spatial
spillover effect on the EPSE. To test whether there is heterogeneity in
the EPSE in eastern, central and western China, this paper constructs
the economic geographic spatial weight matrix and conducts spatial
econometric regression on them respectivelyDian et al., 2024. The
empirical results are shown in Table 13 as follows. The results show
that in the context of the vigorous development of the DE, its impact
on the EPSE in different regions shows significant differences. Due
to the superior basic conditions, the eastern region has a high degree
of integration of DE and EP, which has significantly promoted the
improvement of EPSE; although the central region has shown a

TABLE 11 Variable tail processing and spatial dynamic GMM regression
results.

Variables (1) (2)

Coefficient SE Coefficient SE

main

DE 1.126** 0.446 0.828* 0.246

edu −10.94*** 1.707 4.484 5.374

tec 4.723*** 0.610 4.433*** 1.079

urb −0.620** 0.241 −0.705 *** 0.113

pop −0.0263 0.364 −1.233*** 0.320

env −6.186 6.545 −0.013 2.078

EPSE L1 0.693*** 0.020

w1y_SEEP 0.015* 0.008

Spatial rho −0.307*** 0.0797 0.0151* 3.232
(Chi2 test

Variance
sigma2

0.111*** 0.00834

Fixed effect Yes Yes

R2 0.2485 0.9868

N 360 330

TABLE 12 Mechanism test regression results.

Variables (1) (2) (3) (4) (5)

EPSE Hc Ti lnGr lnTp

DE 1.126** 0.446 0.279*** 0.0470 0.414*** 0.0654 1.925*** 0.357 1.457* 0.826

Spatial rho −0.307*** 0.0797 −0.179** 0.0770 −0.350*** 0.0866 0.392*** 0.0432 0.150* 0.0804

Variance sigma2 0.111*** 0.00834 0.00123*** 0.0000922 0.00238*** 0.000181 0.0711*** 0.00551 0.374*** 0.0280

Control variables Yes Yes Yes Yes Yes

Fixed effect Yes Yes Yes Yes Yes

R2 0.2485 0.8182 0.7008 0.9023 0.8125

N 360 360 360 360 360

Note: Through model screening, column 1–4 is applies to SAR, while column 5 to SDM.
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certain negative impact, it is not significant, and its strategic
adjustment needs to focus more on the relationship between
balanced development and protection; the western region is
facing unique challenges and opportunities. It is necessary to
optimize EPSE through government guidance and characteristic
development path.

Specifically, the eastern region, as the forefront of the
development of the DE, has the advantages of mature technology
and perfect infrastructure Zhao et al., 2020. Therefore, the region
should further deepen the integration of DE and EP, and use
advanced technologies such as big data and cloud computing to
optimize the production, distribution and supply process of EP, so as
to achieve accurate management and efficient operation. At the
same time, the eastern region should increase R&D investment in
green technology, clean energy and other fields, and promote the
transformation of traditional industries to green and intelligent, so
as to improve the supply quality and efficiency of EP. In addition,
strengthening inter-regional coordination and cooperation to form a
joint force for green development is also an important way to
enhance EPSE in the eastern region.

The central region is in a transitional zone in the development of
DE, facing the dual pressures of economic development and
ecological protection Zhang D. et al., 2021. Therefore, the central
region should pay attention to the relationship between balanced
development and protection when formulating strategies to avoid
ecological damage caused by over-exploitation. The key to achieving
this goal is to optimize the allocation of resources through DEmeans
and guide the industry to develop in a green and low-carbon
direction. At the same time, the central region should seize the
opportunity of DE development, promote the transformation and
upgrading of traditional industries, improve the efficiency of
resource utilization, reduce environmental pollution, and
indirectly improve the EPSE. In addition, strengthening the
coordinated development among the provinces in the region and
forming a more balanced development trend are also effective
strategies for the central region to enhance EPSE.

Due to the relatively backward development, the western region
faces many challenges in the process of green development
transformation. However, the western region also has rich
natural resources and unique ecological environment advantages
Niu et al., 2022, which provides favorable conditions for the

development of characteristic EP. Therefore, the western region
should make full use of these advantageous resources, broaden the
sales channels through DE means, improve product awareness, and
increase the supply and EPSE. At the same time, the western region
also needs to strengthen environmental governance and supervision,
establish a sound e-waste recycling system, and reduce
environmental pollution. The government should play a guiding
role in promoting the supply of EP and the formation of green
development model through policy support and capital investment
Rong, 2023. In short, the impact of the development level of the DE
on the EPSE has significant heterogeneity in the Eastern, Central and
Western regions.

5.3 Threshold effect

Based on Model 10, the panel threshold effect is tested. The
threshold variable is the core explanatory variable and the
explanatory variable is the EPSE. The threshold effect test results
are shown in Table 14. The results show that the model has a
significant single threshold effect, and the threshold value is 0.1232.
Therefore, hypothesis 3 is verified.

Table 15 shows the regression results of the panel threshold
effect model. When the DE is less than the threshold value of 0.1232,
it has a significant positive impact on the EPSE, that is, with the
improvement of the DE, the EPSE is further improved. When the
development level of DE is greater than the threshold value of
0.1232, the DE has no statistically significant effect on the EPSE. This
shows that the DE has a non-linear effect on the EPSE, and will not
promote the improvement of the EPSE from beginning to end, that
is to say, the DE has a limited enabling effect on the EPSE. In the
early stage of development, the DE has promoted the significant
improvement of regional resource allocation efficiency by reducing
the technical threshold. The application of advanced technologies
such as big data and cloud computing has made the information
flow more rapid and symmetrical, effectively reducing the
information asymmetry in the market, reducing transaction costs,
and accelerating inter-regional exchanges and cooperation Xiao
et al., 2023. This efficient resource allocation model not only
promotes the rapid growth of regional economy, but also
promotes the coordinated development of related industries

TABLE 13 Heterogeneity test regression results.

Variables (1) (2) (3)

Eastern region Central region Western region

DE 2.512*** 0.783 −0.585 1.959 0.809* 0.448

Spatial rho 0.303*** 0.104 −0.306*** 0.0927 −0.691*** 0.0658

Variance sigma2 0.113*** 0.0139 0.0225*** 0.00334 0.0614*** 0.00869

Control variables Yes Yes Yes

Fixed effect Yes Yes Yes

R2 0.2817 0.7196 0.1489

N 144 96 120

Note: Through model screening, SAR, applies to the Eastern, Central and Western regions.

Frontiers in Environmental Science frontiersin.org15

Shao 10.3389/fenvs.2024.1435156

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1435156


through diffusion effect and spillover effect, which provides a broad
space for environmental protection technology innovation and
industrial upgrading Chen et al., 2022; Guaita Martínez et al.,
2022, and lays a solid foundation for the improvement of EPSE.

However, with the further development of the DE, its negative
externalities have become increasingly prominent, posing a threat to
the sustainable development of economy and ecology. Firstly, the
imbalance between urban and rural development is becoming more
and more serious Deng et al., 2023; Peng and Dan, 2023. Due to the
lack of infrastructure construction and talent reserve in rural areas, it
is difficult to fully enjoy the dividends brought by the DE, which
leads to the widening of the digital divide between urban and rural
areas and further aggravates the imbalance of regional economic
development. Secondly, the imbalance between the development of
consumer Internet and industrial Internet is also worthy of
attention. The consumer Internet has risen rapidly with its low
threshold and high penetration rate, while the industrial Internet has
lagged behind due to its complex technology and wide application
scenarios Herman and Oliver, 2023. This imbalance not only affects
the optimization and upgrading of the internal structure of the DE,
but also may lead to distortion and waste of resource allocation.
More importantly, the further development of the DE has a non-
negligible impact on the ecological environment. Although the DE
has a significant role in promoting EPSE, its development may also
be accompanied by a series of potential negative effects. For example,
the increase of electronic waste Brindhadevi et al., 2023 is a
prominent problem brought by the rapid development of DE.
With the acceleration of the upgrading of electronic products, a
large number of waste electronic products will cause serious
pollution to the environment if not handled properly. Therefore,

it is very important to establish a perfect e-waste recycling system. In
addition, the operation of the DE is inseparable from a large amount
of energy consumption, especially the energy consumption of
infrastructure such as data centers and cloud computing are
becoming increasingly prominent Lin and Huang, 2023. This not
only increases the energy burden, but also may lead to an increase in
carbon emissions. With the increase of energy consumption and the
increase of electronic waste, the ecological cost of DE is gradually
rising. These negative externalities limit the further improvement of
the EPSE and pose a certain degree of challenge to the sustainable
development of the ecological environment. In short, the DE has
shown significant economic and ecological advantages in the initial
stage. However, with the leap and deepening of the development
threshold, its negative externalities have gradually emerged, which
limits the further improvement of the EPSE. It is worth noting that
the current average level of DE development is 0.071, and the
threshold value is 0.1232, indicating that the DE should be
vigorously developed and the dividend period of the promotion
effect of the DE on the EPSE should be grasped.

Figure 3 shows the likelihood ratio test of the threshold. The red
dotted line represents the 95% confidence interval level, below which
it is the threshold value that passes the test of the confidence interval.

6 Conclusions and implications

6.1 Conclusions

To explore the influence mechanism of the DE on the EPSE, this
paper constructs an index system of the EPSE and uses the SBM

TABLE 14 Threshold effect test results.

Threshold variable Dependent variable Threshold RSS MSE F Statistic p-value Crit10 Crit5 Crit1

DE EPSE Single 9.7312 0.0280 38.76 0.0030 16.6166 20.9342 28.8457

Double 9.4723 0.0272 9.51 0.3570 16.6095 20.4239 29.7946

TABLE 15 Regression results of panel threshold effect.

Item EPSE

Coefficient SE

DEDE<0.1232 3.664** 1.503

DEDE>0.1232 0.405 0.292

edu 20.99* 10.99

tec −2.044 1.875

urb −0.604 0.583

pop 23.62 23.62

env 8.179 6.078

Cons −0.918 1.056

R2 0.1327

N 360

FIGURE 3
Likelihood ratio test diagram of threshold value. The red dotted
line represents the 95% confidence interval level.
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model of undesired output to measure its efficiency value. At the
same time, the entropy weight TOPSIS is used to measure the
comprehensive index of the development level of the DE. On this
basis, with the help of the spatial econometric model and panel
threshold effect model, this paper empirically analyzes the impact of
DE development on the EPSE in 30 provinces cities and districts of
China from 2011 to 2022 and conducts robustness test, endogenous
test, mechanism test, heterogeneity and nonlinear analysis. The
research shows that: Firstly, the EPSE in various provinces and
cities is significantly different. The national average level is 0.579.
The average level of DE development in various provinces and cities
is generally not high, and the national DE development level is only
0.071. Secondly, from the regression results of the spatial
econometric model, the development level of the DE has a
significant spatial spillover effect on the EPSE, and the spatial
spillover effect of the development level of the DE on the EPSE
in neighboring areas is significantly negative. Thirdly, from the
analysis of the impact mechanism, the DE promotes the EPSE by
upgrading the human capital structure, upgrading the industrial
structure, and increasing local government fiscal revenue and
corporate operating profits. Fourthly, from the perspective of
heterogeneity analysis, the impact of the DE development level
on the EPSE has significant heterogeneity in the Eastern, Central
andWestern regions. Among them, the impact on the central region
is not significant. Fifthly, from the regression results of the threshold
effect, there is a significant single threshold effect on the impact of
the DE on the EPSE. When it is less than the threshold value of
0.1232, the DE will significantly promote the improvement
of the EPSE.

6.2 Implications

Drawing upon the research conclusions, the following policy
implications are proposed from various perspectives.

1 Policy makers play a vital role in promoting the EPSE. By
formulating special support policies, such as financial
subsidies, tax incentives and R&D funding support, the
government provides a strong policy guarantee for the
application of advanced technologies such as big data and
the Internet of Things in the EP industry. At the same time, the
construction of digital ecological product standard system not
only ensures the accuracy and traceability of information in the
process of digitalization of EP, but also lays a foundation for
market norms and consumer trust. In addition, the
construction of digital government not only improves the
efficiency of government management, but also provides a
more convenient service channel for enterprises and the public,
and promotes political and business interaction and
information sharing. In terms of regional coordination,
policymakers actively promote the coordinated development
of inter-provincial eco-product industries. By building an
information sharing platform and formulating coordinated
development plans, digital technology has effectively played
a radiation-driven role in the supply of eco-products in
neighboring regions.

2 As the main body of EP supply, the enthusiasm and innovation
of enterprises directly determine the success or failure of
industrial transformation. In the face of new opportunities
in the DE, enterprises have implemented digital
transformation strategies, deeply integrated digital
technology into all aspects of production, management, and
marketing, and achieved a double improvement in operational
efficiency and market response speed. At the same time,
enterprises cooperate with universities and research
institutions to carry out digital skills training, improve
employees’ digital literacy, and build a talent team that
meets the needs of DE development. Moreover, through the
development of e-commerce platform, enterprises have broken
the geographical restrictions, realized the omni-channel
marketing of EP, and further promoted the balance between
supply and demand. In terms of technological innovation,
enterprises increase R&D investment and promote the deep
integration of digital technology and EP development, which
not only enhances product competitiveness, but also drives the
upgrading of the entire industrial chain. In addition, enterprises
also actively participate in regional coordinated development,
use digital technology to promote resource sharing and
complementary advantages, and jointly open up a broader
market space.

3 Environmental institutions also play an indispensable role in
improving the EPSE driven by the DE. By establishing a digital
monitoring system for EP, environmental agencies can grasp
the environmental protection status of the production,
circulation and consumption of EP in real time, and provide
a scientific basis for policy formulation and supervision. At the
same time, the promotion of green certification and labeling
system has enhanced consumers’ trust in EP and promoted the
development of green consumption. In addition,
environmental agencies have also actively carried out digital
environmental protection publicity and education, which has
improved the public’s awareness and participation in
environmental protection. In terms of technical support,
environmental agencies actively participate in the exchange
and cooperation of environmental protection technology,
promote the innovation and application of environmental
protection technology, and provide strong support for the
digital transformation of EP industry.

In short, the DE has shown certain potential and value in
promoting the EPSE. Through the support of policy guidance,
enterprise practice and environmental institutions, the DE not
only promotes the digital transformation and industrial
upgrading of the EP industry, but also realizes the harmonious
coexistence of economic and ecological benefits. In the future,
with the continuous development and application of digital
technology, it is necessary to pay attention to the threshold
effect of its DE. It is particularly important to strengthen the
precise guidance at the policy level and encourage technological
innovation, aiming to promote the widespread adoption of green
energy and the significant improvement of energy utilization
efficiency, so as to cope with the new challenges brought
by the DE.
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6.3 Research prospect

Although this paper systematically discusses the influence
mechanism of DE on the EPSE in China, there are still
some shortcomings. In the next study, we can extend to
two aspects.

Firstly, the data coverage is limited. It is difficult to obtain
complete statistical data at the micro level of EP, which leads to
insufficient research on prefecture-level cities such as counties. The
next step will try to find suitable data alternatives to study the EPSE
in counties or prefecture-level cities.

Secondly, the model hypothesis is not deep enough. In the
context of DE, variables such as data elements, digital platforms,
and digital technology applications have an increasingly significant
impact on the EPSE. However, this paper only analyzes the impact of
the overall development of DE on the EPSE. In the future, more key
variables will be introduced to further refine the research content in
the process of model construction.
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