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Abstract: As a new economic form driven and empowered by digital technology, the devel-
opment of the digital economy has become a crucial pathway for boosting the advancement
of new quality productive forces. This study employs the entropy method to measure the
comprehensive evaluation index system for both the digital economy and new quality
productive forces and further utilizes the unexpected output super-efficiency model to
calculate the green innovation efficiency index. On this basis, panel data of 31 provinces in
China from 2012 to 2022 are selected to conduct a quantitative analysis from a multidimen-
sional perspective innovatively, examining the overall, heterogeneous, and spatial effects of
the digital economy on new quality productive forces, as well as the mediating, moderated
mediating, and threshold effects of green innovation efficiency. The research findings
indicate that (1) the digital economy significantly promotes the development of new quality
productive forces, and this conclusion is robust; (2) the impact of the digital economy on
new quality productive forces exhibits regional heterogeneity; (3) there is a positive spatial
spillover effect of the digital economy on new quality productive forces; (4) the digital econ-
omy can facilitate the development of new quality productive forces by enhancing green
innovation efficiency; (5) industrial structure upgrading moderates the mediating effect of
the digital economy on new quality productive forces, specifically regulating the promoting
effect of green innovation efficiency on new quality productive forces; and (6) the impact of
the digital economy on new quality productive forces exhibits a nonlinear characteristic
of “increasing marginal effect”. Consequently, this study proposes targeted suggestions
from four dimensions: accelerating the construction of digital infrastructure, vigorously
enhancing green innovation efficiency, promoting the deep integration of digitalization and
greenization, and facilitating industrial upgrading and coordinated development. These
suggestions serve as valuable empirical insights into China’s transformation path selection
and sustainable high-quality development in the new era.

Keywords: digital economy; green innovation efficiency; new quality productive forces;
spatial effect; moderated mediating effect

1. Introduction
The Third Plenary Session of the 20th Central Committee of the Communist Party of

China (CPC) explicitly proposed the need to “improve the system for promoting deep inte-
gration between the real economy and the digital economy” and to “enhance institutional
mechanisms for developing new quality productive forces tailored to local conditions” [1].
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Meanwhile, the importance of promoting green and low-carbon economic and social de-
velopment has become increasingly prominent. The Opinions of the State Council on
Accelerating the Comprehensive Green Transformation of Economic and Social Devel-
opment emphasize the necessity to “accelerate the comprehensive green transformation
of economic and social development”, while adhering to innovative transformation and
developing new quality productive forces [2]. New quality productive forces represent
an advanced state of productivity that emerges from enhanced quality and accelerated
growth driven by scientific and technological innovation, as well as the deep integration
of high-end industries. They are marked by scientific and technological innovation and
constitute the core of the emerging productive momentum in China’s development process.
For instance, industries such as artificial intelligence, biotechnology, and renewable energy
technology, driven by technological innovation, are accelerating the advancement of new
quality productive forces to a higher level, promoting the optimization and upgrading
of the Chinese economy, as well as its high-quality development. The digital economy is
characterized by high innovativeness, strong permeability, and broad coverage. It promotes
profound changes in the structure of productivity through a multidimensional driving
mechanism involving the innovative allocation of factors, revolutionary technological
breakthroughs, and deep industrial transformation and upgrading. The digital economy
can facilitate the transition of traditional industries toward high-end and intelligent levels,
thereby contributing to the cultivation and development of new quality productive forces.
The key to innovation-driven development lies in improving green innovation capability
and efficiency. As a new economic driving force leading the Fourth Industrial Revolution,
the digital economy presents new opportunities for improving green innovation efficiency.

Therefore, in the new era of a thriving digital economy and accelerating the compre-
hensive green transformation of economic and social development, exploring the impact
of the digital economy on new quality productive forces and further clarifying the rela-
tionships and effects among the digital economy, green innovation efficiency, and new
quality productive forces contribute to a deeper understanding of the era’s value in the deep
integration of digitization and green transformation. This provides benefits for fostering
new quality productive forces and promoting high-quality economic development in China
with significant theoretical and practical significance.

Numerous domestic and international literatures have explored the direct impact mech-
anisms and effects of the digital economy. Jing Wenjun et al. (2019) [3] analyzed theoretically
how the digital economy influences economic growth and emphasized that the digital economy
can contribute to optimizing and constructing China’s modern economic system, thereby pro-
moting high-quality economic development in China. Yang Huimei et al. (2021) [4] conducted
an empirical analysis and concluded that the development of the digital economy has
a positive impact on total factor productivity. They also found that the digital economy
can significantly promote the enhancement of total factor productivity, providing insights
for assessing the impact of the digital economy and China’s high-quality development.
Zhang Yunping et al. (2023) [5] believed that the rapidly developing digital economy is the
core driving force behind all-round high-quality economic and social development and that
it promotes rural construction, which will be an important direction for rural revitalization.
Tian Pei et al. (2024) [6] pointed out that the digital economy can significantly enhance the
level of common prosperity. An empirical analysis by Ma Xiaoyu et al. (2024) [7] based
on China’s inter-provincial panel data shows that the digital economy can significantly
promote sustainable development. In addition, several other literature have analyzed the
impact of the digital economy in various fields, such as enhancing the competitiveness
of trade in services [8], driving the upgrading of industrial structures [9], promoting the
optimization of employment structure [10], facilitating carbon emission reduction [11], and
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supporting green development [12]. As new quality productive forces represent a frontier
research topic in Chinese academia, Zhou Wen et al. (2023) [13] clarified the relationship
between new quality productive forces and traditional productivity, production relations,
and high-quality development by interpreting the connotative characteristics of these forces.
Wang and Wang Jue et al. (2024) [14] proposed three major components of productivity and
used them to construct a comprehensive evaluation index system for new quality produc-
tive forces. On this basis, Luo Shuang et al. (2024) [15] found that the agglomeration of core
industries in the digital economy has a positive impact on the development of new quality
productive forces. Currently, there is a wealth of research exploring the direct impact of the
digital economy across various domains, with some scholars having already confirmed its
positive effects on economic growth, rural development, and common prosperity. Among
these studies, some literature has constructed indicators for the digital economy from
different dimensions; however, these indicators are characterized by a limited number of
sub-indicators and an incomplete scope of coverage. Furthermore, research concerning the
digital economy and new quality productive forces predominantly consists of theoretical
analyses, with empirical explorations being relatively scarce. Moreover, the primary dimen-
sions for constructing indicators of new quality productive forces focus on laborers, objects
of labor, and means of production, which indicates a certain perspective limitation and
insufficient consideration of the comprehensive impacts, particularly on the environment.

In recent years, a number of domestic and international studies have explored the
spatial effects and regional heterogeneous effects of the digital economy. Firstly, in terms of
the spatial effect of the digital economy, Zhang Yinghao et al. (2022) [16] analyzed that the
impact of the digital economy varies across different regions and types of cities, and it may
create a certain degree of digital isolation in terms of promoting high-quality economic
development in neighboring areas. Sun Aijun et al. (2024) [17] found that the development of a
digital economy in a local region can significantly narrow the urban-rural gap within that region
through the “agglomeration effect”. Meanwhile, due to the existence of the “siphon effect”, the
development of a digital economy in a local region can significantly widen the urban-rural gap
in adjacent regions. A study by Zhang Xing et al. (2023) [18] revealed the spatial spillover
effect of the digital economy on environmental pollution, meaning that when the digital
economy mitigates environmental pollution in one region, it often leads to similar impacts
in neighboring regions. Zou Shaohui et al. (2024) [19] conducted an empirical analysis
and found that the digital economy has a spatial spillover effect on urban total factor
productivity. Secondly, in terms of the regional heterogeneous effect of the digital economy,
Kong Fangxia et al. (2023) [20] pointed out that the impact of the digital economy develop-
ment on industrial green transformation exhibits regional heterogeneity, specifically with
more significant effects in developed eastern regions compared to less developed central
and western regions. Zhang Shibin et al. (2024) [21] found that the promotion effect of the
digital economy on urban-rural integrated development shows the trend of “megacities >
supercities > large, medium, and small cities” and “high administrative level > low admin-
istrative level”. Sui Shumin et al. (2025) [22] focused on the differentiated impacts of digital
economy development on the employment quality of laborers across different regions.
Specifically, they found that the digital economy significantly narrows the employment
quality gap between regions with high human capital and those with low human capital,
but it has no significant impact on the Chengdu-Chongqing Economic Zone or Northeast
China. The existing literature indicates that the digital economy exhibits significant spatial
effects in terms of economic development, urban-rural disparities, environmental pollution,
and urban total factor productivity, with varying impacts on different regions and cities.
However, current research on the spatial spillover effects and regional heterogeneity effects
of the digital economy on new quality productive forces remains relatively scarce.
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Some literature has also explored the indirect impact effects and threshold characteristics
of the digital economy. Firstly, in terms of the indirect impact effects of the digital economy,
Zhao Tao et al. (2023) [23] and Ding Chenhui et al. (2021) [24] empirically tested and found
that the digital economy can promote high-quality economic development by enhancing
entrepreneurship and technological innovation, respectively. Chen Xinxin et al. (2022) [25]
examined the mediating effect of the agglomeration economy and found that the digi-
tal economy can promote the formation of an agglomeration economy, thereby driving
coordinated urban-rural development. Wu Yu et al. (2024) [26] showed that industrial
structure plays a positive mediating role in the process of the digital economy enhanc-
ing regional green innovation efficiency. Yu Wei et al. (2025) [27] found that the digital
economy can promote the development of new quality productive forces through two path-
ways: accelerating the process of market-oriented reforms and advancing the upgrading
of industrial structures. Secondly, in terms of the threshold characteristics of the digital
economy, Du Chuanzhong et al. (2021) [28] found that the digital economy can enhance the
technological complexity of the manufacturing industry’s exports, and this enhancement
effect is influenced by the digital and intelligent upgrading of the manufacturing industry
itself, which demonstrates the threshold characteristics. Peng Wenbin et al. (2024) [29]
argued that the development of the digital economy in the Yangtze River Delta region has
facilitated the improvement of carbon emission efficiency. However, this facilitating effect
exhibits significantly different threshold characteristics for different types of industrial
agglomerations. Zhang Yongqiang et al. (2023) [30] the digital divide can widen urban-rural
consumption, and the impact of the digital economy on the urban−rural consumption gap
exhibits an inverted U-shaped nonlinear relationship. Zhang Yongqiang et al. (2023) [30]
believed that the digital divide exacerbates the urban-rural consumption disparities, but as
the scale effect of the digital economy becomes prominent, the inclusiveness of the digital
economy is further enhanced, which helps to narrow the urban-rural consumption gap.
In other words, the impact exhibits a nonlinear relationship with an inverted U-shape.
Wang Shijin et al. (2024) [31] indicated that with further increases in openness, the digital
economy would better promote the high-quality development of China’s manufacturing
industry, whereas with the continuous intensification of environmental regulation, the
digital economy exhibits nonlinear characteristics of diminishing marginal impact on the
high-quality development of China’s manufacturing industry. The literature on the indirect
impact effects of the digital economy primarily focuses on pathway research on how the
digital economy promotes high-quality economic development, coordinated urban-rural
development, and the development of new quality productive forces. However, from
the perspective of transmission mechanisms, there is a lack of relevant research on the
indirect relationship between the digital economy and new quality productive forces from
the perspective of green innovation efficiency. Additionally, the indicators constructed
for green innovation efficiency consider only a single dimension and are thus not compre-
hensive enough. In terms of threshold characteristics, there is a considerable amount of
existing research on threshold characteristics or nonlinear relationships associated with the
digital economy. However, there is limited literature exploring the threshold characteristics
between the digital economy and new quality productive forces.

By reviewing the aforementioned domestic and international literature, several ob-
servations can be made: Firstly, in recent years, there has been a wealth of research on
the digital economy, primarily focusing on its direct and indirect impact mechanisms and
effects, spatial and regional heterogeneity effects, as well as nonlinear effects. Research
on new quality productive forces has mainly centered on their basic connotations and
the construction of indicator systems. Secondly, current literature exploring the relation-
ship between the digital economy and new quality productive forces primarily focuses
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on the direct impacts and theoretical analyses, with a limited number of publications,
incomplete framework systems, inadequate transmission mechanisms, and incomplete
research hierarchies. Thirdly, there is a lack of research that comprehensively considers the
establishment of integrated indicator systems, multidimensional relationships, mechanisms
of action, transmission mechanisms, and effect measurements for the digital economy,
green innovation efficiency, and new quality productive forces. Fourthly, there is a lack
of empirical evidence and countermeasures regarding how the development of the dig-
ital economy influences new quality productive forces by promoting green innovation
efficiency. Based on this, the marginal contributions of this paper are mainly manifested
in four aspects: Firstly, it integrates the digital economy, green innovation efficiency, and
new quality productive forces into a unified framework for analysis, deeply revealing their
theoretical transmission mechanisms and relationships, thereby broadening the research
perspectives and methodologies on the digital economy. Secondly, by utilizing the entropy
method and the unexpected output super-efficiency model to construct an indicator system,
it offers a more systematic, comprehensive, and rational reflection of the development
levels of the digital economy, green innovation efficiency, and new quality productive
forces across various regions, thereby enriching the hierarchy of variable indicators and
comprehensive evaluation systems. For example, differing from the indicator construction
in existing research, this study measures new quality productive forces from three dimen-
sions: scientific and technological productive forces, digital productive forces, and green
productive forces; evaluates the digital economy from four aspects: infrastructure, develop-
ment environment, digital industrialization, and industrial digitization; and assesses green
innovation efficiency from three perspectives: input indicators, expected output indicators,
and unexpected output indicators. Thirdly, it quantitatively analyzes the multidimensional
effects of the digital economy on new quality productive forces, deeply revealing its fixed
effects, heterogeneity effects, spatial effects, mediation effects, moderated mediation effects,
and threshold effects, encompassing both direct and indirect impact effects, as well as linear
and nonlinear dynamics, thereby expanding the research hierarchy of this topic. Fourthly,
by providing countermeasures and suggestions for accelerating the construction of digi-
tal infrastructure, vigorously enhancing green innovation efficiency, promoting the deep
integration of digitalization and greenization, and facilitating industrial upgrading and
coordinated development, it offers valuable empirical insights for China’s transformation
path selection and sustainable, high-quality development.

2. Theoretical Mechanisms and Research Hypotheses
The progression of digital economic development will spawn innovation, facilitate

industrial upgrading, and foster new modes of production, with the application of digi-
tal technology serving as a precursor and scientific and technological innovation acting
as an engine, thereby driving the high-quality development of new quality productive
forces. Firstly, digital transformation empowers technology-driven innovation and develop-
ment. By leveraging the advantages of data as a factor of production, the digital economy
facilitates the flow and allocation of various production factors, effectively enhancing
traditional production efficiency and innovation capabilities, significantly accelerating
the pace of technological innovation, and fostering the gestation and formation of new
quality productive forces. Secondly, the integration of digital and real economies empowers
industrial convergence and development. The digital economy can optimize industrial
structures through digital technology, promote the digital transformation and upgrading of
industries, improve production and service efficiency upstream and downstream of indus-
trial chains, facilitate comprehensive changes in the quality and efficiency of traditional
productivity, and accelerate the development of new quality productive forces. Thirdly,
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digital transformation empowers societal operations. The integration of digital and real
economies resulting from digital technology has brought profound changes to productivity,
production relations, modes of production, and value distribution, creating new growth
drivers for economic and social development and driving the transformation of traditional
productivity into new quality productive forces. Based on this information, the following
hypothesis is proposed:

Hypothesis 1. The digital economy can facilitate the development of new quality productive forces.

As a large country with vast territories, China’s four major economic regions— East,
Central, West, and Northeast—exhibit uneven distribution in terms of infrastructure, geo-
graphical conditions, natural resources, and economic development levels. The combined
effects of resource endowment differences and institutional disparities result in a regional
layout where the level of digital development is higher in the East and lower in the West.
The more developed regions in the East, with their advantages in the accumulation of
human, financial, and material resources, can facilitate the rapid development of the
digital economy, which is more conducive to promoting the formation of new quality
productive forces. Conversely, in less developed regions, digital infrastructure and techno-
logical proficiency are relatively low, and digital access and application gaps may hinder
the manifestation of the digital economy’s stimulatory effect on new quality productive
forces. Consequently, the effects and functionalities of the digital economy in enhancing
new quality productive forces exhibit significant regional heterogeneity. Based on the
aforementioned information, the following hypothesis is proposed:

Hypothesis 2. The impact of the digital economy on new quality productive forces exhibits
regional heterogeneity.

With increasing economic interconnectedness among regions resulting from the dis-
mantling of geographical segmentation and regional barriers, the interactive effects between
different regions have become more prominent. The development of a digital economy
in one region not only influences the growth of new quality productive forces within that
region, but may also exert spillover effects on neighboring regions. By relying on digital
technology and data elements, as well as their inherent characteristics of permeability, inte-
gration, and synergy, the digital economy has broken the temporal and spatial constraints
of information transmission, enhancing the breadth and depth of economic activity connec-
tions between cities. This not only accelerates the flow of social resources and production
factors between regions but also strengthens cross-regional exchanges and interactions
among enterprises. Therefore, the digital economy not only promotes the development of
new quality productive forces within a region but also generates spatial spillover effects on
the development of new quality productive forces in neighboring regions. Based on the
aforementioned information, the following hypothesis is proposed:

Hypothesis 3. The impact of the digital economy on new quality productive forces exhibits spatial
spillover effects.

Green innovation, which integrates the development concepts of “green” and “inno-
vation”, has emerged as a crucial support for stable economic growth, green development,
and low-carbon transformation in China’s economy. Green innovation serves as the core
driving force behind green development and is an intrinsic requirement for the develop-
ment of new quality productive forces. Digitalization and intelligent technologies provide
robust support for green technological innovation and research and development, effec-
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tively enhancing labor productivity and resource utilization efficiency. This propels regions
toward a smarter, more environmentally friendly, and sustainable direction, facilitating a
transition toward high-end, intelligent, and green development, thereby improving the
quality of regional development and contributing to the growth of new quality productive
forces. Consequently, the development of a digital economy can enhance green innovation
efficiency, which is conducive to achieving green technological transformation and pro-
moting the formation and development of new quality productive forces. Based on the
aforementioned information, the following hypothesis is proposed:

Hypothesis 4. Green innovation efficiency has a mediating effect on the impact of the digital
economy influencing new quality productive force.

Traditional industries constitute the material foundation for the formation of new qual-
ity productive forces, and their transformation and upgrading are pivotal for cultivating
new quality productive forces. Therefore, upgrading industrial structures is of significant
importance for the development of new high-quality productive forces. This upgrading
primarily achieves significant enhancement in green innovation efficiency through three
mechanisms: economic growth, talent aggregation, and digital information enhancement.
The economic growth effect refers to the green value-added achieved by broadening the
industrial chain as a result of industrial structure upgrading. The talent aggregation ef-
fect manifests as intellectual input and service support provided by the tertiary industry
to the secondary industry, reducing enterprises’ search costs for talent and breaking the
constraints of insufficient green innovation input within enterprises, thereby accelerating
the green innovation process. The digital information enhancement effect signifies the im-
provement of the information infrastructure during the digital transformation of industries,
providing innovative information platforms and carriers. This significantly accelerates the
flow and diffusion of green innovation information elements between production and ap-
plication departments, reduces information asymmetry in enterprises’ innovation activities,
and enhances green innovation efficiency. Ultimately, the transformation and upgrading of
traditional industries or the elimination of backward industries at the end of the chain can
not only optimize the rational allocation of industry resources and significantly improve
resource utilization efficiency, but also promote the extension and green upgrading of the
entire industrial chain, further facilitating the nurturing of new quality productive forces.
Based on the aforementioned information, the following hypothesis is proposed:

Hypothesis 5. Industrial structure upgrading moderates the mediating effect of the digital economy
on new quality productive forces, specifically moderating the facilitating role of green innovation
efficiency on new quality productive forces.

The efficiency of green innovation is primarily reflected in the input-output ratio
indicators of environmentally friendly technological innovation. This refers to the process
of enhancing resource utilization efficiency, reducing production costs, and minimizing
environmental burdens through technological and management innovations in production
and consumption processes, thereby promoting the sustainable and healthy development of
the regional economy. In the process of the digital economy driving the development of new
quality productive forces, with an increase in investment in the research and development
of green innovation technologies, green innovation efficiency is enhanced, leading to
the development and application of more environmentally friendly technologies. This
will result in significant changes in business models and production methods, effectively
reducing pollution issues in traditional production processes across regions, improving
production efficiency, reducing resource consumption, and achieving more rational resource
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allocation. Consequently, this propels economies toward development in a smarter, more
environmentally friendly, and more sustainable direction. Therefore, the enabling effect of
the digital economy on new quality productive forces may exhibit a threshold characteristic
of “increasing marginal effects”.

Hypothesis 6. The impact of the digital economy on new quality productive forces exhibits
nonlinear characteristics due to differences in the degree of green innovation efficiency.

3. Research Design
3.1. Data Sources

This study takes 31 provinces in China as the research object, and the time span
is selected from 2012 to 2022, considering the availability of provincial-level panel data
and sample comparability. The main data sources include WIND, CSMAR, CEIC China
Premium Database, the website of the National Bureau of Statistics, the website of China
National Intellectual Property Administration, the Peking University Digital Inclusive
Finance Index, as well as various annual statistical yearbooks, including the “China Sta-
tistical Yearbook”, “China Financial Yearbook”, “China Industrial Statistical Yearbook”,
“China Energy Statistical Yearbook”, “China Environmental Statistical Yearbook”, “China
Information Industry Yearbook”, “China Science and Technology Statistical Yearbook”,
“China High-tech Industry Statistical Yearbook”, and the statistical yearbooks of individual
provinces. To ensure the consistency and completeness of the sample data, the linear
interpolation method is employed to estimate and complete missing data for certain years
or regions.

3.2. Description of Variables
3.2.1. Explained Variable

The explained variable in this study is the new quality productive force, denoted as NQPF.
In the context of industrial transformation and upgrading toward intelligence, informatization,
and green development, this study builds upon the “three-in-one” comprehensive indicator
system established by Lu Jiang et al. (2024) [32] and Cao Dongbo et al. (2024) [33]. Drawing
on the research methods of Cai Xiangjie et al. (2024) [34], Han Wenlong et al. (2024) [35],
and Ren Yuxin et al. (2024) [36], we have optimized and adjusted the third-class and
fourth-class indicators. This indicator system is characterized by high comparability, strong
representativeness, and ease of measurement, and aims to objectively and comprehensively
reveal the development status of new quality productive forces. The indicator system for
the new quality productive forces is shown in Table 1, and the overall index is calculated
using the entropy method.

3.2.2. Explanatory Variable

The explanatory variable is the digital economy, which is denoted by DIGI. Draw-
ing on the “Statistical Classification of Digital Economy and Its Core Industries (2021)”
published by the National Bureau of Statistics, as well as relevant indicator measurement
methods from Pan Xinyue et al. (2024) [37] and Li Zheng et al. (2023) [38], this study
constructs a comprehensive indicator system that encompasses four dimensions: infras-
tructure, development environment, digital industrialization, and industrial digitization,
with a total of 20 indicators, as shown in Table 2. The entropy method is further used to
calculate the overall index of the digital economy.
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Table 1. New quality productive forces indicator system.

First-Class
Indicator

Second-Class
Indicator

Third-Class
Indicator

Fourth-Class
Indicator

Meaning of the Fourth-Class
Indicator

Indicator
Properties

New quality
productive forces

Scientific and
technological
productivity

Technological
productivity

Technical
production Robot mounting density (%) +

Technical
research and
development

Full-time equivalent of R&D personnel in
industrial enterprises above designated size

(hour)
+

Innovative
productivity

Innovative
industries

Business income from high-tech industries
(per thousand yuan) +

Innovative
products

Funding for industrial innovation in industrial
enterprises above the designated size

(per ten thousand yuan)
+

Innovative R&D Number of patents granted in the region +

Creative
entrepreneurship

Number of new start-ups
(per hundred people) +

Digital
productivity

Digital
industry

productivity

Telecommunications
business

communications

Total telecommunication services
(per hundred million yuan) +

Electronic
information

manufacturing

Number of IC production
(per hundred million) +

Broadband China
Strategy

Number of provincial (city) broadband China
pilot cities

Share in the number of provincial (municipal)
prefecture-level cities (%)

+

Industrial
digital

productivity

Software
service

Revenue from software operations (per ten
thousand yuan) +

E-commerce E-commerce sales (per ten thousand yuan) +

Internet
penetration Number of Internet broadband access ports +

Green
productivity

Resource-
efficient

productivity

Energy
intensity Energy consumption as a share of GDP (%) −

Water intensity Industrial water consumption as a share of
GDP (%) −

Environmentally
friendly

productivity

Wastewater
discharge

Industrial wastewater discharges as a share of
GDP (%) −

Exhaust
emission Industrial SO2 emissions as a share of GDP (%) −

Utilization of waste
materials

Comprehensive utilization of industrial solid
waste as a percentage of (%) +

Eco-governance-
based

productivity

Ecological
resource Area forest cover (%) +

Pollution
prevention and

control
potential

Treatment capacity of waste gas treatment
facilities (number of machines) +

Pollution
prevention and

control of quality

Chemical Oxygen Demand (COD) emissions
as a percentage of GDP (%) −

Note: + represents a positive indicator and − represents a negative indicator.
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Table 2. Digital economy indicator system.

First-Class
Indicator

Second-Class
Indicator Third-Class Indicator Indicator

Properties

Digital economy

Infrastructure

Number of Internet access ports +

Number of Internet broadband access subscribers
(per ten thousand families) +

Number of Internet domain names +

Mobile phone penetration rate
(per hundred people) +

Mobile base station density (every square
kilometer) +

Length of long-distance fiber-optic cable per unit
area (ten thousand kilometers) +

Development
environment

Number of websites per 100 enterprises +

Computers per 100 persons in enterprises +

Number of patent applications granted +

Turnover of technology contracts
(per ten thousand yuan) +

Digital
industrialization

Total telecoms business as a share of GDP (%) +

Software business revenue as a share of GDP (%) +

Revenue from IT services as a share of GDP (%) +

Industrial
digitization

R&D expenditure of industrial enterprises above
large scale (per ten thousand yuan) +

Full-time equivalent of R&D personnel in
industrial enterprises above large scale +

Number of R&D projects (topics) of industrial
enterprises above large scale +

Percentage of enterprises with e-commerce trading
activities (%) +

Business e-commerce as a share of GDP (%) +

Number of employees in the information services
industry (per ten thousand people) +

Digital economy index +
Note: + represents a positive indicator.

3.2.3. Control Variables

Considering the multifaceted influences on the new quality productive forces, the fol-
lowing control variables are selected with reference to the existing literature: the economic
development level (PGDP), measured by regional GDP per capita; the market development
level (MDL), represented by the marketization index; the degree of government interven-
tion (GOV), indicated by the ratio of general budget expenditure to general budget revenue
of local governments; the level of opening (OPEN), assessed by the ratio of total import
and export trade to GDP; the urbanization level (URB), measured by the proportion of the
urban population to the total population; the old-age dependency level (ODR), reflecting
the population structure and represented by the dependency ratio of the elderly population;
and the education level (EDU), quantified by the ratio of students enrolled in ordinary
institutions of higher learning to the total population.
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3.2.4. Mediating Variable

The mediating variable is green innovation efficiency (GIE). To measure the green
innovation efficiency of various regions from 2012 to 2022, we employ the Super-Slacks-
Based Measure (Super-SBM) model, which was utilized by Shi Fengguang et al. (2023) [39].
The calculation method is as follows:

minϕ∗ =
1+

1
m ∑m

i=1 s−i
xik

1− 1
p1+p2

(
∑

p1
r=1 s+r

yrk
+

∑
p2
t=1 sz−

t
ztk

)
s.t. Xλ ⩽ xk − s−, Yλ ⩽ yk + s+, Zλ ⩽ zk − sz−

1 − 1
p1+p2

( p1

∑
r=1

s+r /yrk +
p2

∑
t=1

sz−
t /ztk

)
> 0

s+ ⩾ 0, s− ⩾ 0, λ ⩾ 0
i = 1, 2, · · · , m; r = 1, 2, · · · , p1; t = 1, 2, · · · , p2; j = 1, 2, · · · , n(j ̸= k)

where ϕ∗ is the green innovation efficiency, which encompasses three major dimensions:
input indicators, desirable output indicators, and undesirable output indicators. x ∈ Rm,
y ∈ Rp1 and z ∈ Rp2 denote the input, desirable output, and undesirable output vectors,
respectively. s−, s+, sz− represent the slack variables for input, desirable output, and
undesirable output, respectively. λ signifies the weight vector.

Specifically, the input indicators further include capital input, personnel input, energy
input, and pollution treatment input. Capital input is represented by R&D expenditure,
personnel input is measured by the full-time equivalent of R&D personnel, energy input
is indicated by electricity consumption, and pollution treatment investment is assessed
by the amount of investment completed for industrial pollution treatment. The desirable
output indicators include technological output indicators, economic benefit indicators,
and ecological benefit indicators. Technological output is measured by the number of
patent applications, economic benefit is represented by the sales revenue of new products,
and ecological benefit is indicated by the greening coverage rate of built-up areas. The
undesirable output indicators are measured through three aspects: total sulfur dioxide
emissions from industrial sources, total industrial wastewater discharge, and the generation
of general industrial solid waste.

3.2.5. Moderating Variable

Industrial structure upgrading serves as a material carrier for the development of
new quality productive forces. In order to more comprehensively analyze the mechanism
of action involving the digital economy, green innovation efficiency, and new quality
productive forces, this study uses industrial structure upgrading (STR) as a moderating
variable, which is measured by the ratio of the value-added of the tertiary industry to that
of the secondary industry across provinces.

3.2.6. Threshold Variable

Considering that the new quality productive forces in various regions are influenced
not only by the digital economy but also by green innovation efficiency, and that this influ-
ence may exhibit nonlinear characteristics, this study adopts green innovation efficiency
(GIE) as the threshold variable.

3.3. Descriptive Statistics

The definitions of the main variables and the results of the descriptive statistical
analysis are presented in Table 3. The distribution of each variable falls within a reasonable
range. Specifically, the mean value of the new quality productive forces index is 0.1313,
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with a standard deviation of 0.1052. The average value of the digital economy index is
0.1244, and its fluctuation range is 0.1001.

Table 3. Descriptive statistics.

Variable Variable Name Sample
Number

Mean
Value

Standard
Deviation

Median
Value

Minimum
Value

Maximum
Values

NQPF New quality productive forces 341 0.1313 0.1052 0.0953 0.0119 0.7056
DIGI Digital economy 341 0.1244 0.1001 0.0918 0.0174 0.5903

PGDP Economic development level 341 6.0506 3.1443 5.1966 1.8947 21.0894
MDL Market development level 341 8.0362 2.2282 8.2730 −0.1610 12.8640
GOV Degree of government intervention 341 2.5749 1.6400 2.2173 1.0198 10.6747

OPEN Level of opening 341 0.2601 0.2666 0.1434 0.0076 1.3541
URB Urbanization level 341 0.5983 0.1269 0.5892 0.2286 0.8958
ODR Old-age dependency level 341 0.1571 0.0461 0.1480 0.0700 0.2925
EDU Educational level 341 0.0210 0.0060 0.0206 0.0085 0.0437
GIE Green innovation efficiency 341 0.5341 0.4360 0.3049 0.0269 1.8238
DIFI Digital financial inclusion index 341 2.6132 0.9230 2.6780 0.6147 4.6069
DIFI1 Coverage breadth 341 2.4344 0.9824 2.4719 0.3286 4.5593
DIFI2 Usage depth 341 2.5275 0.9489 2.5844 0.5185 5.1069
DIFI3 Digitization level 341 3.3593 0.9004 3.6919 1.0707 4.6717
STR Industrial structure upgrading 341 1.3850 0.7251 1.2235 0.5644 5.2440

3.4. Correlation Analysis

The correlation results of the main variables are shown in Table 4. The results indi-
cate a relatively significant correlation among the core variables, with both new quality
productive forces and the digital economy showing significant positive correlations with
various variables.

Table 4. Correlation analysis.

Variable NQPF DIGI PGDP MDL GOV OPEN URB

NQPF 1
DIGI 0.926 *** 1

PGDP 0.678 *** 0.778 *** 1
MDL 0.707 *** 0.705 *** 0.638 *** 1
GOV 0.436 *** 0.444 *** 0.402 *** 0.776 *** 1

OPEN 0.528 *** 0.651 *** 0.676 *** 0.600 *** 0.463 *** 1
URB 0.539 *** 0.615 *** 0.813 *** 0.738 *** 0.603 *** 0.748 *** 1
ODR 0.372 *** 0.340 *** 0.428 *** 0.577 *** 0.352 *** 0.039 0.379 ***
EDU 0.202 *** 0.220 *** 0.445 *** 0.545 *** 0.443 *** 0.252 *** 0.606 ***
GIE 0.273 *** 0.385 *** 0.433 *** 0.121 ** −0.091 * 0.485 *** 0.316 ***
DIFI 0.548 *** 0.515 *** 0.679 *** 0.461 *** 0.135 ** 0.154 *** 0.513 ***

DIFI1 0.526 *** 0.492 *** 0.673 *** 0.444 *** 0.136 ** 0.149 *** 0.519 ***
DIFI2 0.606 *** 0.595 *** 0.726 *** 0.535 *** 0.182 *** 0.257 *** 0.548 ***
DIFI3 0.383 *** 0.324 *** 0.445 *** 0.269 *** 0.005 −0.065 0.299 ***

ODR EDU GIE DIFI DIFI1 DIFI2 DIFI3

ODR 1
EDU 0.572 *** 1
GIE −0.115 ** 0.027 1
DIFI 0.638 *** 0.473 *** 0.197 *** 1

DIFI1 0.629 *** 0.486 *** 0.181 *** 0.992 *** 1
DIFI2 0.631 *** 0.454 *** 0.270 *** 0.955 *** 0.928 *** 1
DIFI3 0.530 *** 0.349 *** 0.064 0.869 *** 0.844 *** 0.734 *** 1

Note: *, **, and *** represent the 10%, 5%, and 1% significance levels, respectively.
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3.5. Model Setting
3.5.1. Setting of the Benchmark Model

To quantitatively analyze the impact of the digital economy on enabling new quality
productive forces and to test Hypothesis 1, the following panel data model is constructed:

NQPFit = α0 + α1DIGIit + αControlit + µi + δt + εit (1)

where i and t represent provinces and years, respectively; NQPFit denotes new quality
productive forces; DIGIit represents the digital economy; Controlit signifies a set of control
variables that influence new quality productive forces; α0 is the constant term; α1 and α are
the variable coefficients; µi and δt represent individual fixed effects and time fixed effects,
respectively, and εit is the random error term.

3.5.2. Setting of the Spatial Econometric Model

The digital economy leverages digital technology to guide the utilization of resources
and promote productivity growth. Therefore, there may be spatial correlations between
the digital economy and new quality productive forces. To test Hypothesis 3, this study
combines model (1) with a spatial weight matrix to construct the following model:

NQPFit = α0 + ρW × NQPFit + βxit +φW × Xit + µi + θt + εit (2)

εit = λWεit + vit

where Xit represents the explanatory and control variables, W represents the spatial weight
matrix, and ρ represents the regression coefficient of spatial autocorrelation. When λ = 0,
the equation represents the Spatial Durbin model; when λ = 0 and φ = 0 when, the
formula represents the Spatial Autoregressive model; when ρ = 0 and φ = 0 when, the
formula is regarded as a Spatial Error model.

3.5.3. Setting of the Mediating Effect Model

To investigate the impact mechanism of the digital economy on new quality productive
force, this study adopts the three-step method of Wen Zhonglin et al. (2014) [40] to construct
a mediation effect model, measuring the mediating role of green innovation efficiency:

NQPFit = α0 + α1DIGIit + αControlit + µi + δt + εit (3a)

GIEit = β0 + β1DIGIit + βControlit + µi + δt + εit (3b)

NQPFit = γ0 + γ1DIGIit + γ2GIEit + γControlit + µi + δt + εit (3c)

where GIEit is the mediating variable, α0, α1, α, β0, β1, β, γ0, γ1, γ2 and γ are the parameters
to be estimated. Following the testing procedure, this study uses the Bootstrap method to
measure the strength of the mediation effect.

3.5.4. Setting of the Moderated Mediation Effects Model

To uncover the moderated mediation effect of the digital economy on new quality
productive forces and test Hypothesis 5, the following moderated mediation effect model
is constructed. The transmission mechanism is illustrated in Figure 1.

GIEit = α0 + α1DIGIit + αControlit + µi + δt + εit (4a)

NQPFit = β0 + β1DIGIit + β2GIEit + β3STRit + β4GIE × STRit + βControlit + µi + δt + εit (4b)
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the moderating mediating effect = α1(β2 + β4STRit). STRit represents industrial structure
upgrading and GIE × STRit denotes the interaction term between green innovation effi-
ciency and industrial structure upgrading. The estimation of the moderating mediation
effect primarily employs the structural equation method. To ensure the robustness of the
results, this study adopts the Bootstrap testing method. At the same time, the dynamic
moderating effect of industrial structure upgrading on green innovation efficiency and new
quality productive forces is tested by calculating the moderating mediation effect with the
mean of industrial structure upgrading plus or minus one standard deviation.
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3.5.5. Setting of the Threshold Effect Model

Considering that as green innovation efficiency improves, the impact of the digital
economy on new quality productive forces also varies. However, it remains to be verified
whether a nonlinear dynamic spillover effect exists, and whether it demonstrates threshold
characteristics. Therefore, to test Hypothesis 6, this study constructs a single threshold
panel model and further extends it to a multi-threshold panel model:

NQPFit = α0 + α1DIGIit I(GIEit ≤ γ1) + α2DIGIit I(GIEit > γ1) + αControlit + µi + δt + εit (5a)

NQPFit = α0 + α1DIGIit I(GIEit ≤ γ1) + α2DIGIit I(γ1 < GIEit ≤ γ2)

+ · · ·+ αnDIGIit I(GIEit > γn) + αControlit + µi + δt + εit
(5b)

where GIEit is the threshold variable, γ1 . . . γn represents the threshold value, and I(·) is
an indicator function that takes a value of 1 when the condition is satisfied; otherwise, it
takes a value of 0. Model (5-1) represents the scenario where only one threshold value
is assumed to exist, while model (5-2) represents the scenario where multiple threshold
values are assumed to exist.

4. Empirical Testing and Analysis of Results
4.1. Benchmark Regression Analysis

The test results using progressive regression forms, including panel mixed regres-
sion, individual fixed effects, time-specific fixed effects, and two-way fixed effects, are
presented in Table 5. The digital economy coefficients are 0.5180, 0.3390, 0.5041, and 0.5736,
respectively, and all are significantly positive. Currently, China is in an era of vigorously
developing the digital economy. The upgrading and implementation of digital technologies
can effectively enhance production efficiency, optimize resource allocation, and accelerate
the formation of new quality productive forces, thereby empowering high-quality devel-
opment. This result provides quantitative evidence from a quantitative perspective of the
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role of the digital economy in driving the development of new quality productive forces,
confirming the facilitative relationship between the two. Thus, Hypothesis 1 is supported.

Table 5. Basic regression results.

Variable

Mixed
Regression

Mixed
Regression

Time Fixed
Effect

Individual
Fixed Effect

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

DIGI 0.5180 *** 0.3390 *** 0.5041 *** 0.5736 ***
(0.0763) (0.0966) (0.0563) (0.0913)

PGDP −0.0010 0.0081 * −0.0045 0.0135 ***
(0.0035) (0.0047) (0.0033) (0.0047)

MDL 0.0045 0.0059 0.0029 0.0064 **
(0.0030) (0.0039) (0.0027) (0.0030)

GOV 0.0030 0.0036 −0.0031 0.0078
(0.0029) (0.0057) (0.0026) (0.0075)

OPEN −0.0422 ** −0.0406 0.0184 −0.0707
(0.0157) (0.0601) (0.0210) (0.0566)

URB −0.0231 ** −0.0002 −0.0249 *** 0.2686
(0.0091) (0.0171) (0.0066) (0.2122)

ODR 0.0632 0.1049 0.0036 0.0783
(0.0645) (0.1586) (0.0522) (0.1277)

EDU 0.0136 −0.0153 −0.1529 −1.2418
(0.1280) (0.1617) (0.1424) (1.2433)

Constant −0.3652 −0.5553 −0.7084 −0.3556 **
(0.7474) (2.1238) (0.6329) (0.1700)

Province FE No Yes No Yes
Year FE No No Yes Yes

N 341 341 341 341
R2 0.8949 0.7991 0.9119 0.9471

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are
in parentheses.

4.2. Regional Heterogeneity Analysis

According to China’s regional division and regional policies, the four major eco-
nomic regions are the East region (10 provinces), Central region (6 provinces), West region
(12 provinces), and Northeast region (3 provinces). As shown in Table 6, there are regional
differences in the effect of the digital economy on boosting new quality productive forces,
with the magnitude of the effect being the greatest in the eastern region, followed by the
central, western, and northeastern regions, supporting Hypothesis 2. Among them, the
coefficient for the eastern region is the largest at 0.6526, far exceeding that of the less devel-
oped regions, namely the central, western, and northeastern regions. The main reason may
be that the development of the digital economy started earlier in the East, where a large
number of high-tech companies are concentrated. With an earlier and well-established
digital platform infrastructure and significant investments, the digital economy has a more
prominent effect on promoting new quality productive forces in the East. However, as a new
technological means that can break time and space constraints, the digital economy should
play a greater role in the broader central and western regions. This also implies that with the
construction and development of the digital economy platform infrastructure, there is still
enormous potential for the development of a digital economy in vast, underdeveloped areas.
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Table 6. Results of the regional heterogeneous effect.

Variable
Eastern Central Western Northeastern

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

DIGI 0.6526 *** 0.3112 ** 0.1781 * 0.1154 *
(0.1336) (0.1460) (0.0568) (0.0634)

Control Yes Yes Yes Yes
Constant −0.2675 −0.2141 −0.0638 −0.0784

(0.5369) (0.2760) (0.0964) (0.0453)
Province FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes
N 110 66 132 33
R2 0.9149 0.8569 0.9036 0.9528

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are
in parentheses.

4.3. Spatial Effects Analysis
4.3.1. Spatial Weight Matrix Construction

Before conducting a spatial econometric analysis, it is necessary to construct a weight
matrix for spatial interaction. This study selects three common spatial weight matrices to
analyze the impact of the digital economy on new quality productive forces.

1. The adjacency matrix (W1)

The following formula measures the proximity between the districts:

Wij =

{
0, i and j have no common boundary
1, i and j have a common boundary

(6a)

2. The geographic distance matrix (W2)

The following formula measures the distance between the districts:

Wij =

{ 1
dij

2 , i ̸= j

0, i = j
(6b)

where dij denotes the distance between the two provinces measured in latitude and longitude.

3. The economic distance matrix (W3)

This formula measures the economic disparity between regions as follows:

Wij =

{ 1
|Ei−Ej|

0 , i = j
, i ̸= j (6c)

where Ei(j) represents the average GDP per capita of province i(j) for 2011–2022.

4.3.2. Spatial Econometric Regression Analysis

The verification of the global Moran’s I index in Table 7 indicates that there is a spatial
effect of new quality productive forces, meaning that under different weight matrices, the
explanatory variables exhibit a positive global spatial autocorrelation.

Based on the adjacency matrix, this study uses Moran’s I scatter plots to depict the
clustering pattern of provinces, as shown in Figure 2. Each point in the scatterplot repre-
sents a province and the slope of the fitted line corresponds to the value of global Moran’s I.
The results show that the provinces exhibit an overall characteristic of “high—high agglom-
eration” and “low—low agglomeration” indicating that new quality productive forces have
local spatial positive autocorrelation.
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Figure 2. Moran’s I scatterplot of new quality productive forces index. (a) Moran’s I scatterplot of
urban-rural common wealth index in 2012; (b) Moran’s I scatterplot of urban-rural common wealth
index in 2022.

Table 7. Moran’s I values.

Variable
W1 W2 W3

(1) (2) (1) (2) (1) (2)
Moran’s I Z-Score Moran’s I Z-Score Moran’s I Z-Score

2012 0.126 * 1.391 0.076 * 1.438 0.038 *** 1.938
2013 0.155 * 1.643 0.102 ** 1.780 0.071 * 1.363
2014 0.288 *** 2.768 0.210 *** 3.149 0.219 *** 3.254
2015 0.272 *** 2.651 0.196 *** 2.994 0.214 *** 3.215
2016 0.284 *** 2.772 0.203 *** 3.104 0.203 *** 3.100
2017 0.217 ** 2.232 0.149 *** 2.437 0.168 *** 2.690
2018 0.180 ** 1.948 0.128 ** 2.217 0.142 *** 2.402
2019 0.210 ** 2.198 0.137 ** 2.317 0.149 *** 2.470
2020 0.185 ** 1.989 0.133 ** 2.284 0.129 ** 2.215
2021 0.210 ** 2.209 0.140 *** 2.361 0.150 *** 2.488
2022 0.210 ** 2.198 0.137 ** 2.317 0.149 *** 2.470

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively.

4.3.3. Tests for Spatial Effects

1. Model selection

Based on the test results in Table 8, this study selects the Spatial Durbin Model (SDM)
for analysis. Additionally, a Hausman test is conducted on the basis of the selected model
(p = 0.0000), ultimately determining the adoption of the Spatial Durbin Model with two-way
fixed effects.

Table 8. Model selection test.

Type of Test Statistic p-Value

LM test

LM-lag 4.042 0.044
R-LM-lag 14.911 0.000
LM-error 10.189 0.001

R-LM-error 21.059 0.000

Wald and LR tests

Wald-spatial-lag 107.44 0.000
LR-spatial-lag 73.92 0.000

Wald-spatial-error 114.03 0.000
LR-spatial-error 126.74 0.000

2. Spatial effects results analysis

Table 9 presents the test results of the Spatial Durbin Model under three spatial weight
matrices, all of which are significantly positive. The results demonstrate that the digital
economy has a significant positive effect on new quality productive forces, thus supporting
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Hypothesis 3. This study further decomposes this effect into direct and indirect effects
for the analysis. The results show that the digital economy has a positive spatial spillover
effect on new quality productive forces. Specifically, the indirect effect is significantly
positive, indicating that the development of a digital economy in each region not only has
a significant impact on its own region but also exerts a notable radiating effect on the level
of new quality productive forces in adjacent regions.

Table 9. Test for spatial spillover effects.

Variable
W1 W2 W3
(1) (2) (3)

NQPF NQPF NQPF

DIGI 0.4249 *** 0.4037 *** 0.4021 ***
(0.0125) (0.0138) (0.0142)
0.2946 ** 0.2814 *** 0.2160 ***
(0.1265) (0.1083) (0.0833)

W × DIGI 0.2319 *** 0.1837 *** 0.1365 ***
(0.0634) (0.0553) (0.0428)

Control Yes Yes Yes
Province FE Yes Yes Yes

Year FE Yes Yes Yes
N 341 341 341
R2 0.8309 0.7914 0.7889

Direct effect 0.4217 *** 0.4016 *** 0.4000 ***
(0.0123) (0.0144) (0.0149)

Indirect effect 0.0891 ** 0.0578 ** 0.0434 **
(0.0394) (0.0260) (0.0201)

Total effect 0.5108 *** 0.4594 *** 0.4435 ***
(0.0442) (0.0229) (0.0172)

Note: **, and *** indicate p < 5%, and p < 1%, respectively; cluster-robust standard errors in parentheses.

4.4. Mediating Effects Analysis

This study employs a mediation effect model to further explore the extent to which
the digital economy influences new quality productive forces through green innovation
efficiency. The significance level of the coefficient β1 × γ2 is tested using the Bootstrap
method. If this coefficient is significant, it indicates the presence of a mediation (indirect)
effect; otherwise, no mediation effect exists. Further testing of the significance of γ1 is
conducted. If this coefficient is significant, it suggests that not only is there a significant
direct effect, but there may also be other mediator variables; if it is not significant, it implies
that the digital economy only exhibits an indirect effect on new quality productive forces.
The test results in Table 10 show that β1 × γ2 does not include 0 within the 95% confidence
interval, indicating that this coefficient is significant and that a mediation effect exists.

Table 10. Bootstrap test results.

Effect Estimated
Coefficient

Bootstrap
Standard Error Z-Value 95% Confidence

Interval Control Province
FE Year FE

Indirect effect 0.0062 *** 0.0024 2.61 [0.0016, 0.0109] Yes Yes Yes
Direct effect 0.6884 *** 0.1121 6.14 [0.4686, 0.9082] Yes Yes Yes

Note: *** indicates p < 1%; the number of Bootstrap repetitions selected is 1000.

Table 11 presents the mediation effect test results using the stepwise regression method.
It can be seen that the coefficients of all variables are significantly positive. Among them,
the total effect α1 is 0.5736 and is significant at the 1% level, indicating that the digital
economy contributes to the development of new quality productive forces. γ2 is 0.0192
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and β1 is 0.7405, both of which are significant, suggesting that green innovation efficiency
plays a positive indirect role in the process of digital economy’s influence on new quality
productive forces. Hypothesis 4 is therefore supported.

Table 11. Regression results of the mediating effects.

Variable
(1) (2) (3)

NQPF GIE NQPF

DIGI 0.5736 *** 0.7405 * 0.5594 ***
(0.0913) (0.4100) (0.0944)

GIE 0.0192 ***
(0.0073)

Control Yes Yes Yes
Constant −0.3556 ** −0.8674 −0.3722 **

(0.1700) (1.3283) (0.1626)
Province FE Yes Yes Yes

Year FE Yes Yes Yes
N 341 341 341
R2 0.9471 0.8124 0.9483

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are shown
in parentheses.

4.5. Moderated Mediation Effects Analysis

Table 12 presents the results of the moderated mediation effect test. It can be observed
that the interaction term between industrial structure upgrading and green innovation
efficiency is significant at the 1% level, indicating that the moderating effect of industrial
structure upgrading is relatively significant. Furthermore, the mediation effects were
tested separately for low, medium, and high levels of industrial structure upgrading using
the mean value of industrial structure upgrading and one standard deviation above and
below it as thresholds. The test results show that at the low level of industrial structure
upgrading, the 95% confidence interval includes 0, indicating that the mediation effect of the
“digital economy—green innovation efficiency—new quality productive forces” pathway is
not significant. However, at both medium and high levels of industrial structure upgrading,
the 95% confidence intervals do not include 0, and the mediation effects are significant, with
the effect strengthening as the industrial structure upgrades. This finding suggests that the
moderating effect of industrial structure upgrading enhances the mediation effect of green
innovation efficiency, enabling industrial transformation and upgrading to better leverage the
promotional role of green innovation efficiency. Hypothesis 5 is therefore supported.

Table 12. Regression results of the moderated mediation effects.

Regression
Coefficient

Standard
Deviation t-Value Significance

Level

Mediating effects model
DIGI 0.2586 ** 0.0920 2.81 0.018

Constant 1.2606 *** 0.3849 3.27 0.008
Dependent variable model

DIGI 0.5635 *** 0.0702 4.66 0.001
GIE 0.0985 *** 0.0204 4.84 0.001
STR 0.0472 *** 0.0097 4.87 0.001

GIE×STR 0.2178 *** 0.0367 5.94 0.000
Constant −0.1633 * 0.0839 −1.95 0.080



Sustainability 2025, 17, 633 20 of 27

Table 12. Cont.

Regression
Coefficient

Standard
Deviation t-Value Significance

Level

Tests for the moderated mediation effect

STR(GIE) Indirect
effect significance 95% confidence

intervals
Minus one
standard
deviation

0.0221 0.679 [−0.0827, 0.1270]

Average value 0.1687 0.019 [0.0282, 0.3092]
Add one
standard
deviation

0.3153 0.021 [0.0467, 0.5839]

Province FE Yes
Year FE Yes

N 341
Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are shown
in parentheses.

4.6. Threshold Effect Analysis

This study uses green innovation efficiency as a threshold variable to reveal the
influence patterns and threshold characteristics of the digital economy on new quality
productive forces. The results of the threshold effect test in Table 13 show that the double
threshold test is passed. The threshold estimates are presented in Table 14, with threshold
values of 0.1142 and 0.3783 within a 95% confidence interval. Figure 3 illustrates that the
threshold values have passed the test.

Table 13. Threshold effect test results.

Threshold Type F-Value p-Value Number of BS
Threshold Value

10% 5% 1%

Single threshold 44.89 0.0000 1000 17.3140 21.2250 32.1700
Double threshold 24.45 0.0090 1000 14.2655 17.3757 22.9113
Triple threshold 4.16 0.8490 1000 14.1698 17.1738 24.3257

Table 14. Threshold estimates and their confidence intervals.

Threshold Variables Estimated Threshold 95% Confidence Interval

Single threshold 0.1142 [0.1118, 0.1143]
Double threshold 0.3783 [0.3745, 0.3836]
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The results from the threshold model in Table 15 reveal that when green innovation efficiency
is less than 0.1142, the estimated coefficient for the digital economy is 0.3545 and significant at the
5% level. When green innovation efficiency falls within the range [0.1142, 0.3783], the estimated
coefficient is 0.6139 and is significant at the 1% level. When green innovation efficiency
exceeds 0.3783, the estimated coefficient is 0.7440 and significant at the 1% level. Compared
to the estimated coefficients in the first and second threshold intervals, the coefficient in
this interval is larger, indicating that the impact of the digital economy on new quality
productive forces exhibits a nonlinear characteristic of “increasing marginal effect”. Thus,
Hypothesis 6 is supported.

Table 15. Threshold regression results.

Variable NQPF

DIGI·I(GIEit ≤ 0.1142) 0.3545 **
(0.0931)

DIGI·I(0.1142 < GIEit < 0.3783) 0.6139 ***
(0.0809)

DIGI·I(GIEit ≥ 0.3783) 0.7440 ***
(0.0464)

Control Yes
Constant 0.0249 *

(0.0133)
Province FE Yes

Year FE Yes
N 341
R2 0.8238

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are shown
in parentheses.

4.7. Endogeneity and Robustness Tests

To mitigate potential endogeneity issues and reduce estimation biases, this study
further conducts endogeneity tests, with the results presented in Table 16. Firstly, the
Instrumental Variable approach is employed. Drawing on the research methodologies
of Huang Qunhui et al. (2019) [41] and Zhang Guangsheng et al. (2023) [42], this study
selects the number of post offices per 10,000 people in each province in 1984 as an instru-
mental variable for the development of a digital economy. The reasons for choosing this
instrumental variable are twofold: firstly, internet usage is closely related to the number
and distribution of local post offices, and the internet is a crucial component of the digital
economy; secondly, the importance of post offices has diminished in current economic
and social development, making it unlikely to affect the development level of new quality
productive forces, thus ensuring the exogenous nature of the instrumental variable. Since
the number of post offices per 10,000 people in 1984 is cross-sectional data, this study
constructs an interaction term between the previous year’s national information service
technology revenue and the number of post offices per 10,000 people in 1984 as an in-
strumental variable for the current year’s digital economy level. Columns (1) and (2) in
Table 16 present the first-stage and second-stage regression results of the Two-Stage Least
Squares (2SLS) method, respectively. After incorporating the instrumental variable, the
digital economy still significantly promotes the enhancement of new quality productive
forces. The Kleibergen-Paap rk LM statistic significantly rejects the hypothesis of under-
identification, and the Kleibergen-Paap rk Wald F statistic also rejects the hypothesis of
weak identification, indicating a robust positive effect. Secondly, the dynamic panel model
is used. Despite controlling for variables related to new quality productive forces as much
as possible in the empirical model, the results may still be biased. To overcome potential
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endogeneity issues in the model, this study constructs a dynamic panel model and adopts
the systematic GMM estimation method while also reporting the estimation results of the
difference GMM, as shown in columns (3) and (4). The Hansen test confirms the validity
of the instrumental variables, and the AR(2) test results indicate that the second-order
differences in the disturbance terms in the model are not autocorrelated. Moreover, the
regression coefficients of the core explanatory variables are significant, further verifying
the robustness of the baseline regression in this study.

Table 16. Endogeneity test.

Variable
First-Stage
Regression

Second-Stage
Regression DIF-GMM SYS-GMM

DIGI NQPF

L.NQPF 0.5514 *** 0.7558 ***
(0.0429) (0.0251)

DIGI 0.3692 * 0.3053 *** 0.1099 ***
(0.1852) (0.0610) (0.0254)

Instrument 0.0384 **
(0.0152)

Control Yes Yes Yes Yes
Constant 0.0985 0.0725 *** 0.0600 *** −0.0017

(0.0957) (0.0254) (0.0073) (0.0044)
Province FE Yes Yes Yes Yes

Year FE Yes Yes Yes Yes
AR(2) 0.712 0.320

Hansen 0.967 0.997
N 341 341 279 310
R2 0.3925 0.6823 - -

Kleibergen-
Paap rk LM 31.83 [0.0000]

Kleibergen-
Paap rk Wald F 64.19 [16.38]

Note: *, **, and *** indicate p < 10%, p < 5%, and p < 1%, respectively; cluster-robust standard errors are shown
in parentheses.

To confirm the reliability of the results from the baseline regression model, this study
conducts a series of robustness checks, as shown in Table 17. Firstly, the digital financial
inclusion index (DIFI) and its sub-indices, namely coverage breadth (DIFI1), usage depth
(DIFI2), and digitization level (DIFI3), are used as alternative indicators for the digital
economy. The results show that the estimated coefficients for the total index and all three
sub-indices are significantly positive, indicating the robustness of the baseline regression
conclusions. Secondly, considering the special policies, levels of green innovation efficiency,
and urban-rural gaps in municipalities directly under the central government, the data from
these four municipalities are excluded, and the remaining 27 provinces and autonomous
regions are tested. The conclusions remain robust. Thirdly, exclude certain time-series data.
The Third Plenary Session of the 18th Central Committee of the Communist Party of China
clearly defined the national strategy for developing a digital economy from a top-down
perspective. Considering the policy impact, samples prior to 2013 are excluded from the
test, and the coefficients remain significantly positive. In consideration of the impact of the
COVID-19 pandemic, this study re-conducted the regression analysis after excluding data
from 2020 to 2022. The results were significantly positive and passed the robustness test.
Fourthly, to control the influence of extreme values on the regression results, this study
applies a 1% trimming to the explanatory variables, and the results remain significantly
positive, passing the robustness check.
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Table 17. Robustness test.

Variable
Substitution of Explanatory Variables

Excluding
Municipality

Samples

Excluding
Time

Samples
>2013

Excluding
Time

Samples
<2020

1%
Trimming

NQPF NQPF NQPF NQPF NQPF NQPF NQPF NQPF

DIGI 0.6051 *** 0.7167 *** 0.5883 *** 0.5594 ***
(0.1425) (0.1989) (0.1835) (0.1678)

DIFI 0.2052 **
(0.0974)

DIFI1 0.1316 **
(0.0583)

DIFI2 0.1426 **
(0.0534)

DIFI3 0.0808 **
(0.0311)

Control Yes Yes Yes Yes Yes Yes Yes Yes
Constant −0.2201 −0.1557 −0.2984 −0.2043 0.0298 −0.1026 0.0225 −0.2062

(0.2553) (0.2905) (0.2224) (0.2576) (0.1813) (0.1733) (0.0174) (0.1856)
Province FE Yes Yes Yes Yes Yes Yes Yes Yes

Year FE Yes Yes Yes Yes Yes Yes Yes Yes
N 341 341 341 341 297 279 248 341
R2 0.7179 0.7020 0.7046 0.7280 0.8348 0.8163 0.7179 0.7969

Note: **, and *** indicate p < 5%, and p < 1%, respectively; cluster-robust standard errors are shown in parentheses.

5. Conclusions and Recommendations
As a new economic model integrating advanced digital technologies, the digital

economy has emerged as a pivotal force in advancing new quality productive forces to
greater heights, underpinned by its robust driving force and enabling capabilities. Based
on panel data from 31 provinces in China spanning from 2012 to 2022, this study reveals
the transmission mechanism and impact effects of the digital economy on new quality
productive forces from multiple dimensions, possessing significant theoretical and practical
implications. Based on panel data from 31 provinces in China between 2012 and 2022, this
study empirically analyses the impact of the digital economy on new quality productive
forces from a multidimensional perspective. Undoubtedly, there remains scope for further
research within the confines of this study. Firstly, with the progression of time and the
augmentation of data samples, it is conceivable to delve deeper into the analysis by utilizing
more detailed panel data at the regional level. Secondly, recognizing the variations in the
development status of the digital economy across different regions of China, future research
should strive to develop diverse metrics for measuring the digital economy while taking
into account these regional disparities. Thirdly, there is potential to further elucidate
the multidimensional relationship between green innovation efficiency and new quality
productive forces in subsequent investigations. The research findings are as follows: Firstly,
the digital economy can facilitate the development of new quality productive forces, and
this conclusion is robust. Secondly, the impact of the digital economy on new quality
productive forces exhibits regional heterogeneity, and there is a positive spatial spillover
effect. Thirdly, the enhancement of green innovation efficiency serves as a mediating
process through which the digital economy promotes the development of new quality
productive forces, and this mediation effect is positively moderated by the upgrading of
industrial structure. Fourthly, the impact of the digital economy on new quality productive
forces exhibits a nonlinear characteristic of “increasing marginal effect”. Based on these
findings, the following recommendations are proposed in this study.

Firstly, the construction of digital infrastructure should be accelerated. On the one
hand, efforts should be made to optimize and upgrade the network infrastructure. This
involves accelerating the replacement of outdated equipment with inefficient and energy-
intensive models, adopting intelligent and environmentally friendly digital equipment,
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and expanding new infrastructure across all sectors, such as agriculture, manufacturing,
transportation, and energy. Emphasis should be placed on developing a new digital in-
frastructure to consolidate the foundation for the development of a digital economy. The
construction of intelligent data and computing facilities should be coordinated, advancing
toward agile deployment, elastic configuration, cross-domain scheduling, and balanced
enhancement. Additionally, breakthroughs in digital technology should be promoted,
and data security protection should be strengthened to provide support for the digital
economy to further serve socio-economic development. On the other hand, it is necessary
to accelerate the realization of comprehensive, multi-layered, and broad-scoped regional
coordinated development of the digital economy. The government’s coordinating role
and the market’s resource allocation function should be leveraged to establish a regional
economic cooperation framework, achieving economic upgrading in less developed regions
through bidirectional regional interactions. During the development process, each region
should fully utilize its comparative advantages, implement differentiated competition and
dislocation development strategies, and simultaneously focus on sharing development ex-
periences and achievements, breaking down regional interest barriers and policy obstacles,
and facilitating regional cooperation.

Secondly, vigorously enhance green innovation efficiency. Particularly in developing
countries, governments should play a leading role in actively promoting research and
development, application, and industrialization of green technologies. On one hand, the
government can introduce relevant policies to encourage industries to engage in green
technological innovation. This includes establishing special green innovation funds to
guide social capital toward projects and areas with green innovation potential; cultivating
and gathering high-level scientific and technological talent, with particular emphasis on the
introduction and cultivation of interdisciplinary talent; encouraging enterprises to adopt
energy-efficient technologies and equipment, increasing the proportion of clean energy, and
reducing energy consumption; and increasing financial investment in pollution treatment,
such as upgrading and expanding existing pollution treatment facilities, strengthening
the supervision and evaluation of pollution treatment projects, improving pollution treat-
ment technology, and reducing pollutant emissions. On the other hand, efforts should
be accelerated to cultivate new green technology industries, promote the emergence of
green patents, extend and greenly upgrade traditional industrial chains, and provide policy
incentives to industries adopting green processes and green innovation technologies to
motivate enterprises to achieve both economic and environmental benefits, striving to build
a resource-saving and environmentally friendly modern economic system.

Thirdly, promoting the deep integration of digitalization and greenization. First, we
should deepen the application of digital technology in the green sector, advancing the
transformation and upgrading of energy resources, industrial structures, and consumption
structures, thereby enabling digital technology to empower green industrial transformation.
Specifically, we need to promote the digital transformation of enterprises and encourage
them to adopt advanced digital technologies to achieve “cloud adoption, data utilization,
and intelligence empowerment” for users. Enterprises should be encouraged to adopt
intelligent and green technologies for the transformation and upgrading of traditional
industries to improve production efficiency, optimize resource utilization, and reduce
adverse environmental impacts. Second, it is necessary to improve the policy framework
further for the coordination of digitization and greenification, strengthening the synergy
between different policies. Detailed policy content and specific support measures should
be formulated for key areas, clarifying the strategic goals and implementation steps for the
coordination of digitization and greenification in various fields. Policies should include, but
are not limited to, financial subsidies, tax reductions and exemptions, financing facilities,
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and other incentive measures to reduce the costs of enterprise transformation, making
enterprises “willing, able, and daring to transform”. We should promote the formation
of a stepped growth model, encouraging small and micro-enterprises to take the first
step in transformation, while also supporting large and medium-sized enterprises to
advance to a higher level of intelligence and greenification, thereby achieving coordinated
transformation and development. Third, we should intensify the promotion of the concept
of coordinated digitization and greenification by organizing various activities to enhance
the awareness and understanding of all sectors of society, encourage the participation of
social organizations and the public, and foster a good atmosphere of participation from
the whole society. Active international exchanges and cooperation should be carried out,
with investment cooperation agreements signed and participation in the formulation of
international standards to enhance China’s voice in the global coordinated development of
digitization and greenification.

Fourthly, promotes industrial upgrading and coordinated development. Firstly,
strengthen policy effectiveness. The government should fully exert its functions in in-
dustrial planning, policy guidance, and market supervision, effectively guiding resources
to be concentrated in the key nodes of the industrial chain and high-end areas of the value
chain. The significant value of data elements in industrial governance and policy decision-
making should be leveraged to promote data-driven industrial governance, innovation, and
development. For developing countries, it is imperative to actively draw upon international
experience and formulate industrial upgrading policies that suit their national conditions.
This involves the prompt elimination of unsustainable industries characterized by high
energy consumption and pollution while promoting green innovation. Secondly, adopt
regionally differentiated transformation and upgrading strategies, optimizing industrial
structure according to local conditions based on different factor endowments and devel-
opment stages, guiding the transformation toward industrial digitalization, production
intensification, innovation application, and industry upgrading. For developed regions,
the focus should be on leveraging advantages in technological innovation, capital accumu-
lation, and talent reserves to accelerate the transformation of traditional industries toward
high-end, intelligent, and green models. For less developed regions, the focus should be on
introducing advanced technology, cultivating emerging industries, optimizing resource
allocation, and actively undertaking industrial transfers from the East to accelerate the up-
grading of traditional industries and promote economic restructuring. Thirdly, strengthen
upstream and downstream collaboration within regional industrial chains and optimize
the regional industrial layout to facilitate smooth connections among various links in the
industrial chain, forming a complementary and coordinately developed industrial pattern.
Cross-regional enterprises can establish long-term and stable cooperative relationships by
signing strategic cooperation agreements, jointly building industrial parks or industrial
bases, etc., to promote technical exchanges and market connections between upstream and
downstream enterprises, effectively reducing transaction costs and enhancing the overall
operational efficiency of the industrial chain.
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