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Introduction: Improving energy efficiency is significant for achieving carbon
emission reduction and promoting the transformation of green economic
development. In the sustainable development framework set out in the
2030 Agenda for Sustainable Development, Goal 7.3 explicitly aims to
double the global rate of energy efficiency improvement by 2030. The rapid
development of digital technology, along with its universality and penetrative
characteristics, has provide a feasible solution for improving energy efficiency
and environmental conditions. However, the theoretical understanding of the
impact and underlying logic of digital technology on energy efficiency remains
unclear.

Methods: Based on the panel data of 30 provinces in China from 2006 to 2021,
this paper adopts econometric methods, including two-way fixed effect,
instrumental variable method, and Driscoll-Kraay standard error. It investigates
the influence of digital technology on energy efficiency and its internal
mechanism from single factor and all factor levels.

Result: The results show that Digital technology, represented by industrial robots,
significantly improves energy efficiency, whether measured by the energy
consumption intensity of GDP or the total-factor energy efficiency estimated
using the SBM-GML model. The results still hold even after conducting
endogeneity tests and robustness tests. Digital technology can improve energy
efficiency by increasing virtual industrial agglomeration and promoting outward
foreign direct investment.

Discussion: In addition to promoting the theoretical understanding of the impact
of digital technology on energy efficiency and exploring its mechanism, this paper
also provides empirical evidence for policy makers and enterprises to formulate
effective measures and strategies to improve energy efficiency under the
background of digital economy.
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1 Introduction

Energy is an indispensable material basis for national
development and security and a necessary driving force for the
sustainable development of the national economic system (Li J et al.,
2023). Improving energy efficiency (EE) is an important way to
achieve affordable and clean energy goal (the 7th goal of SDGs).
Since the Industrial Revolution, the widespread use of fossil fuels has
caused several global environmental, ecological, and climate
problems, such as the greenhouse gas effect, air pollution, and
acid rain. There are negative externalities in human economic
behavior, which cause damage to the environment while
pursuing economic development. Over the past four decades of
reform and opening up, China’s economy has overgrown, with
an average annual growth rate of 9.2% in real GDP. According to the
National Bureau of Statistics, China’s GDP will reach about
120 trillion yuan in 2022, an increase of 3 percent year-on-year,
and its economic aggregate will account for about 18 percent of the
global economy (National Bureau of Statistics, 2023a). The rapid
expansion of economic scale and the rapid advancement of
industrialization have led to a sharp increase in energy
consumption, and the extensive development mode and low EE
have become essential obstacles to economic transformation and
upgrading (Edziah et al., 2022). China’s total energy consumption in
2022 was 5.41 billion tons of standard coal, an increase of 2.9% year-
on-year, of which coal consumption accounted for 56.2% of the total
energy consumption. Clean energy (natural gas, hydropower,
nuclear, wind, and solar) accounted for only 25.9% (National
Bureau of Statistics, 2023b). Although carbon emissions per
10,000 yuan of GDP fell by 0.8%, fossil and electricity
consumption are still growing, and the proportion of non-fossil
energy consumption is still deficient. According to the “BP Statistical
Yearbook of World Energy 2022″ released by British Petroleum,
China’s total primary energy consumption in 2021 is as high as
157.65 joules, accounting for 26.6% of the world’s total primary
energy consumption (The energy consumption of the world’s major
economies is shown in Table 1) (British Petroleum, 2023). The data
also shows that China’s energy carbon emissions in 2021 are 10.523

billion tons, accounting for nearly 30% of global carbon emissions.
Energy escorts the stable development of the economy. However, a
large amount of energy consumption also causes environmental
pollution and insufficient ecological problems of resource-carrying
capacity, which restricts the sustainable development of the
economy.

EE has been widely used to reflect resource conservation,
environmental protection, and sustainable development (Nie
et al., 2019). A growth model characterized by high energy
dependence has made China the world’s largest annual emitter of
greenhouse gases (Liu et al., 2022). Since 2006, China has surpassed
the United States to become the world’s largest CO2 emitter, with
12.105 billion tons of carbon emissions in 2021, accounting for
31.05 percent of the world’s total. Although China’s economic
growth has maintained a high speed and strong development
trend for a long time, the economic development mode has
apparent characteristics of extensive growth with high energy
consumption and high pollution, which undoubtedly brings
unprecedented challenges to environmental protection. China’s
urban development can no longer ignore energy consumption
and the ecological environment (Ma et al., 2023). At this stage,
China’s industrialization and urbanization have yet to be fully
completed, energy consumption will continue to grow, and the
coal-dominated energy pattern cannot be reversed entirely for a long
time (Chen and Chen, 2019). In the face of increasingly severe
climate problems and environmental pollution, energy conservation
and emission reduction have become urgent for various
governments. As a significant source of carbon emissions, the
energy industry is facing tremendous pressure to decarbonize
deeply. Tangible improvements in energy efficiency can help
drive the green technology revolution and have been seen as the
most important of all policy tools to reduce carbon emissions (Wei
et al., 2020; Guo and Liu, 2022; Peng et al., 2023).

Human society is entering a new round of scientific and
technological revolutions represented by biological science,
information science, quantum science, nanoscience, energy
technology, and artificial intelligence. The multi-point
breakthrough and integration of new technologies have promoted

TABLE 1 Total energy consumption in major world economies, 1979–2022 (EJ).

Year Whole world US Eu China Germany Japan

1979 282.87 77.71 59.56 17.18 15.78 15.81

1980 279.38 80.91 58.55 17.38 15.26 15.35

2000 388.82 96.82 69.31 40.48 13.84 21.56

2005 441.25 97.85 71.82 65.08 13.57 21.97

2010 506.02 92.97 74.15 104.28 13.71 21.13

2015 547.39 92.69 61.39 126.49 13.61 19.07

2019 583.90 94.65 68.81 141.70 13.14 18.67

2020 566.49 88.57 57.25 149.45 12.41 17.15

2021 597.41 93.40 60.28 157.94 12.78 17.94

2022 604.04 95.41 58.18 159.39 12.30 17.84

Note: Data from the 72nd edition of the Statistical Review of World Energy, https://www.bp.com/en/global/corporate/energy-economics/statistical-review-of-world-energy.html.
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the rise of new industries, business forms, and models, triggering the
reconstruction of the modern industrial system and the
transformation of social productivity. The organic integration of
the new generation of information technology and energy
infrastructure to jointly promote the digital transformation of
energy is an important measure to improve total factor
productivity (Chen et al., 2023). International Energy Agency
(IEA) believes digital transformation will completely disrupt the
global energy system, providing a unique opportunity for
sustainable energy development. For example, by optimizing the
allocation of production factors, digital technology (DT) can
promote energy optimization, cost optimization, risk prediction,
and decision control of traditional industries and significantly
improve the energy efficiency of energy-intensive industries such
as transportation, construction, and manufacturing. Bloomberg
New Energy Finance’s (BNEF) “net zero hypothesis” points out
that to achieve the goal of keeping the global temperature rise within
2°C set by the Paris Climate Agreement, it means that by 2050, global
solar, wind energy, and battery energy storage will need to invest
15.1 trillion US dollars, and power grid will need to invest 14 trillion
US dollars. However, even so, it still cannot meet the needs of this
goal. But even so, it is not enough to meet the needs of the target.
More significant investment in the digital transformation of energy
systems is also needed, with total investment in energy infrastructure
needing to increase by USD92 to USD173 trillion by 2050 to ensure
net zero emissions are achieved.

Governments worldwide are actively embracing the revolution
and driving digital transformation across industries (Müller et al.,
2019; Saha et al., 2022; Shen and Zhang, 2023). The IEA’s report on
the Digital Transformation of Energy points out that digital
technologies will provide new solutions to significant problems
facing the development of the energy industry and make
production and operation models more efficient. At the same
time, digital transformation will make the energy system more
connected, intelligent, efficient, reliable, and sustainable, and
continue to promote the emergence of new business models. This
will facilitate and realize the transformation and upgrading of
traditional energy strategies, making it an essential driving force
for renewed vitality. The international community widely recognizes
the transformative effect of DT on the energy system. The digital
transformation of the energy system has become an irreversible
trend, and digital technology is becoming the key to the smooth
transformation of the future energy system. Improving energy
efficiency is one of the major issues that need to be addressed to
reduce energy consumption and achieve green development,
transitioning from high-speed growth to high-quality
development (Shi and Li, 2020). The Chinese government has
repeatedly emphasized the promotion of digital transformation in
the energy sector, seizing the historic opportunity to combine the
digital technology revolution with the energy revolution, and
working hard to build a clean, low-carbon, safe, and efficient
modern energy system. In March 2023, the “Several Opinions on
Accelerating the Development of Digital and Intelligent Energy”
issued by the National Energy Administration mentioned the need
to promote the actual integration of DT into all aspects of energy
production, transportation, storage, marketing, and use, and build a
digital and intelligent innovation application system for the entire
energy system. This aims to accelerate the transformation of the

energy system’s operation and management mode towards
comprehensive standardization, profound digitalization, and high
intelligence. It will drive the increase in the proportion of new energy
sources in the energy system and improve total factor productivity.
It is important not to overlook the two direct and indirect channels
through which digital technology impacts energy consumption.
There are two possibilities for digital technology: increasing
energy consumption and improving energy efficiency (Brookes,
2000; Lange et al., 2020). Specifically, the increased energy
consumption of digital equipment during the investment and
continuous operation process should be considered. On the other
hand, the development of digital technology can eliminate
redundant waste in the production process, integrate the
production process and information flow of enterprises, and
improve the efficiency of energy management. Additionally,
digital technologies may increase energy dependence among
consumers and producers, leading to an energy “rebound effect.”

Therefore, in the context of a new wave of technological
revolution, it is crucial to objectively assess the impact of DT on
EE and explore the mechanisms through which digital technology
can improve energy efficiency at the economic and social level. This
assessment provides essential reference value for ensuring national
energy security, achieving the goal of “double carbon,” and
accelerating the construction of a sustainable energy country.
This study provides valuable insights into the role of the new
generation of information technology in driving energy
transformation and improving EE in the context of the digital
economy. The mechanisms we have developed expands the scope
of energy research, and the results we have drawn will assist
enterprises and administrative departments in taking timely
actions to promote the digital transformation of energy.
Ultimately, this will contribute to the successful achievement of
the “dual carbon” goal.

2 Literature review

2.1 Connotation, measurement method and
influencing factors of EE

EE has attracted wide attention from scholars. In the context of
the digital economy, it is crucial for the academic community to
earnestly study and promote EE improvement through the
integration and interaction of modern information technology
progress and the energy industry. In exploring the essence and
extension of EE, the research focus has shifted from single-factor
energy efficiency (SFEE) to total-factor energy efficiency (TFEE).
SFEE refers to the efficiency of using energy factors in the
production process, primarily reflected in the ability of the
economy and society to achieve maximum economic output
while consuming minimal fossil energy (Wang et al., 2012; Xu
et al., 2023). The most commonly used indicator is energy
intensity or productivity, which measures the ratio of energy
consumption per unit of GDP, reflecting the relationship between
energy consumption and economic output or its inverse (Shi, 2006).
While this index possesses advantages such as intuitive calculation
and strong operability, it falls short in truly reflecting the interaction
between energy and other production factors, as well as the impacts

Frontiers in Energy Research frontiersin.org03

Wu et al. RETRACTED ON 19 DECEMBER 2025 10.3389/fenrg.2023.1242580

R
ET

R
A

C
T

ED

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1242580


of economic structure, factor substitution, and total factor
productivity changes on energy efficiency. Moreover, it solely
focuses on the economic benefits of GDP without considering
environmental pollution and negative ecological externalities
caused by energy utilization, such as the greenhouse effect (Wei
and Shen, 2007; Filippini and Hunt, 2016).

On the other hand, TFEE incorporates energy and other inputs
(capital and labor) into the analysis framework based on neoclassical
production theory. It utilizes advanced analytical methods to
measure the proportion of input reduction that energy and other
factors can achieve while maintaining the same level of output, thus
reflecting energy utilization efficiency in economic activities (Lin
and Du, 2013). With the proposed and improved Debreu-Farrell
technical efficiency analysis framework, numerous studies have
employed data envelopment analysis and related models such as
the super-efficiency SBM model and mixed direction distance
function to measure TFEE in various regions (Honma and Hu,
2009; Ohene-Asare et al., 2020; Peng, 2020; Chen Y et al., 2021; Zeng
andWei, 2021; Wang et al., 2022). The measurement methodologies
for EE have evolved from parametric frontier analysis, non-
parametric frontier methods, and other life cycle evaluation
methods to input-output table approaches and CGE models
(Zhou and Zhang, 2017). Dolšak et al. (2022) incorporated
energy services into the stochastic frontier framework using the
sub-vector Shephard energy input distance function and analyzed
the energy consumption efficiency of Slovenia’s housing sector.

Regarding the driving factors of EE growth, existing literature
focuses on environmental regulation (Zhang C et al., 2016; Yan et al.,
2022), broadband infrastructure (Wei and Zhang, 2022; Zhu and Lu,
2023), market fragmentation (Shi and Shen, 2008; Guo and Liu,
2022), industrial structure (Xiong et al., 2019; Yu, 2020),
technological progress (Wang and Wang, 2020; Wang and Ma,
2022; Liu et al., 2023), industrial agglomeration (Yang et al., 2022;
He et al., 2022; ZhangW et al., 2023), foreign trade (Peng et al., 2021;
Xu et al., 2022a), and macro policy assessment (Yang et al., 2022;
Yang et al., 2023; Chen et al., 2023). These existing studies offer
valuable ideas and methods for further in-depth analysis in this field
of study.

2.2 Research on the impact of DT on EE

Technological innovation ability generated by digital
technologies has become a vital force driving change in the
energy sector, resulting in significant changes in energy
production, transmission, and consumption, bringing benefits
such as increased efficiency, reduced costs, and enhanced
customer experience (Nazari and Musilek, 2023).

From the perspective of enterprise production, the impact of DT
helping enterprises with digital transformation and industrial
intelligence to improve EE has been extensively studied (Zhao
et al., 2021; Huang and Chen, 2023). For example, Li J et al.
(2023) showed that the application of artificial intelligence
characterized by industrial robots could improve the EE of
Chinese enterprises through three channels: industrial structure,
enterprise scale, and production efficiency. Chen (2022) combined
enterprise micro-data and boundary-free organization theory to
show that DT represented by blockchain, big data analysis, and

robots can reduce energy waste and resource mismatch, thereby
reducing enterprise carbon emission intensity. However, due to the
heterogeneity among different enterprises, including the size of
enterprises, human capital structure, DT foundation and other
factors, the degree of adoption of DT by enterprises is different
(Cirillo et al., 2023). Accordingly, the influence of DT on the
improvement of EE is also different from the perspective of
enterprise production (Liu et al., 2021a).

However, the impact of DT on energy efficiency is not limited to
the supply side but also influences consumer behavior. In theory, the
concept of digitization will promote energy sustainability as it
increases EE by changing behaviors related to energy use
(Husaini and Lean, 2022). Firstly, DT provides consumers with
more real-time information, enabling them to have a more accurate
understanding and monitoring of their energy consumption (Chui
et al., 2018). Meinrenken et al. (2020) pointed out that DT promotes
the development of energy sharing and carbon footprint
management. DT helps individuals and businesses better manage
and track their carbon footprints, allowing them to understand their
energy consumption and environmental impact. This knowledge
encourages them to take more energy-saving and emission-reducing
measures, contributing to the improvement of energy efficiency.
However, from the consumer perspective, there are also different
viewpoints, as DT may lead to an expansion of consumer product
demand, resulting in increased production scale by businesses and
generating a rebound effect (Lange et al., 2020). In such cases,
although the energy efficiency per unit of product improves, the
overall energy consumption increases (Heddeghem et al., 2014).
Preventing the energy rebound effects of DT has become an
important task that cannot be ignored in the process of achieving
carbon neutrality. The acceleration of the digital industry and the
digital transformation of traditional industries have increased the
demand for computing power, resulting in broader 5G applications
and the development of information infrastructure, which may lead
to energy rebound effects and unnecessary energy waste (Xue et al.,
2022; Gao and Peng, 2023; Peng et al., 2023).

From the perspective of macroeconomic development, Wang
et al. (2022), taking China as an example, discussed the impact of DT
on EE from the three aspects of digital infrastructure, popularization
of digital equipment and application of DT. Their study found that
DT has significantly improved China’s EE. The impact of DT on EE
is considered to be the effect of technological progress, that is, DT
promotes technological progress biased towards energy
conservation (Chen et al., 2022). DT also brings about the
optimization of resource allocation. According to the study of
Zhou et al. (2023), advanced technology materialized in
machinery and equipment can not only directly affect EE
through expanding production scale, promoting resource
allocation, and improving production technology but also
improve total factor energy productivity through alleviating labor
price distortion and promoting the regular operation of the play
market. Naturally, the role of DT in improving EE is heterogeneous
due to geographical location and city size (Song M et al., 2023).
Rapidly advancing technology has made it possible to increase the
efficiency of electricity use and thus reduce fossil energy
consumption. Technology optimization and industrial upgrading
brought by digital transformation can significantly reduce the power
consumption intensity in China (Wang et al., 2022c).
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In the digital economy era, the role of DT, represented by
industrial robots, in improving EE and its mechanisms, still
needs in-depth analysis. This paper aims to explore the potential
innovation points in this field. Firstly, it systematically discusses the
importance and direct role of DT in improving EE under the
backdrop of a new round of scientific and technological
revolution. Secondly, it evaluates the impact of DT on SFEE and
TFEE by examining the market behavior of enterprises introducing
and installing industrial robots. The manufacturing industry is a key
sector in terms of energy consumption and carbon emissions, and
the use of industrial robots as a representation of DT can better
reflect the comprehensive impact of modern information
technology on traditional industries in the digital economy era.
Thirdly, it introduces the concept of virtual agglomeration (VA),
which represents the digital evolution of industrial spatial
organization. It re-evaluates the new path and mechanism of DT
in improving efficiency from the perspective of new industrial
agglomeration. Unlike traditional geographical industrial
agglomeration, VA is a new concept derived in the digital
economy era. It focuses on real-time data and information
exchange as its core, emphasizes collaborative agglomeration
among different types of enterprises on the cloud, and conducts
market transactions and information exchange through network
platforms. VA plays a unique role in optimizing the allocation of
production factors, sharing knowledge and information, and
promoting interconnection. Lastly, there is limited research on
how Chinese enterprises’ outbound investment behavior affects
EE. This paper contributes to revealing how DT enhances
enterprises’ willingness for overseas investment and improves EE
through technology reverse spillover.

3 Theoretical mechanism and research
hypothesis

3.1 Direct impact of DT on EE

Digital technologies, especially artificial intelligence, have
significant potential to accelerate the global energy transition.
The booming DT can trigger a sweeping change from
production factors to productivity and production relations,
providing a more efficient operation mode, a greener
production mode and a more modern governance model, and a
full range of efforts to empower green manufacturing. The essence
of energy management is the synergy of material flow, energy flow,
and information flow guided by information flow (Zhang et al.,
2022). The support of DT for energy management systems
effectively promotes improving material and energy flow
utilization efficiency, expanding production efficiency, and
reducing energy use costs. Driven by algorithms and computing
power, production and consumption can interact in real-time,
effectively identifying demand and reducing resource
consumption (Chang, 2023). In energy production,
transmission, storage, consumption, and supervision, DT can
entirely reduce information asymmetry, improve the efficiency
of business decision-making, realize the free flow of information,
data, and technology related to EE improvement design, and
effectively reduce energy consumption. For example, in the field

of power, a series of new technology systems such as wind power
Lidar, enhanced pneumatic technology, wind power prediction,
fault prediction, fan selection, intelligent control, wind farm
operation optimization, and scheduling support play an
essential role in promoting digital wind power, intelligent
hydropower station, and photovoltaic power station. DT also
promotes the development of the energy industry, such as the
virtual power plant based on the big data platform, without
increasing the power generation through high-precision
calculation, using the peak-valley difference to deploy power
across the country, and improving the efficiency of existing
power plants (Gao et al., 2023; Gao and Peng, 2023).

Regarding the production side of energy enterprises, DT, and
intelligent technology help realize real-time monitoring of the
production process, reduce production costs, energy
transportation loss rate, and reduce production failures
(Dalla’Ora et al., 2022). For example, artificial intelligence
technology can automatically detect and warn of faults, ensure
the stability of energy transmission, and prevent safety accidents.
Predictive maintenance functions play a crucial role in the energy
industry because humans cannot predict every failure, and artificial
intelligence technology can effectively identify energy equipment
corrosion, cracks, inadequate insulation, and other defects, thus
achieving early warning purposes. With the deepening of the
integration of digital technologies, automatic early warning
monitoring and control at the millisecond level will be expected
in the future. For example, intelligent solutions help improve supply
chain links’ efficiency, such as enterprise production and operation
and improve the efficiency of energy resource allocation (Fu et al.,
2023). Supply chains for specific energy sectors, such as the energy
and gas industry, are complex systems that involve sales decisions by
oil suppliers/distributors, market prices, refining operations, gantry
operations, and product transportation. DT can help managers in
the day-to-day production and operation of auxiliary enterprise
analysis. Ancillary features include but are not limited to,
management decisions such as optimizing energy selling prices,
creating smart warehouses, maintaining inventory, handling
transportation operations for replacement assets, risk hedging,
and reducing lead times, which help managers quickly take
relevant actions to reduce overall operating costs and achieve EE
goals. From the consumer side, intelligent solutions improve the
energy consumption pattern, change the terminal consumption
pattern, and save resources (Xue et al., 2022a). With the
increasing maturity of Internet technology and the growing
strength of Internet platforms, workers can choose to work at
home, which is conducive to saving energy consumption in office
places and reducing energy consumption caused by commuting. The
wide application of DT in public transport, online car booking, and
private cars can reduce the empty driving rate of public transport
and online car booking, reduce the waiting time of private cars at
traffic lights, and optimize the choice of travel routes through real-
time sharing of road information to alleviate traffic jams and reduce
unnecessary energy consumption.

Finally, energy enterprises can achieve real-time collection of
production data and accurate management of production energy
consumption, helping enterprises customize energy use solutions
based on supply-side demand to avoid excessive services and
improve personal and household energy utilization. The
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accelerated development of digital energy and information
technology and multi-functional collaborative management
platform technologies has gradually broken the barriers between
entities in different fields such as coal, oil and gas, electricity,
communications, and automobiles, and information between
different industries has initially realized interconnection.
According to the U.S. Energy Information Administration (EIA),
nearly half of U.S. energy users have smart meters installed in their
homes. These meters can provide data about personal energy
consumption. The data predicts upcoming energy use levels and
help customers better regulate their consumption, such as finding
the cheapest time to charge an electric car or run an air conditioner.
Optimize energy storage. In summary, the paper puts forward the
first research hypothesis:

Hypothesis 1. (H1): DT standardization, precision, and digital
control of the production process, promote the intelligent
transformation of the energy system, improve the energy supply
system at the same time, and change the end consumption mode, to
achieve high efficiency and green transformation of the production
process, and ultimately improve EE.

3.2 The role of outward foreign direct
investment (OFDI)

Technological progress is considered a meaningful way to improve
EE, directly improving EE, and throughout the production process,
determining the input-output efficiency (Jacobsen, 2001). OFDI is an
essential way for enterprises to acquire external technology and change
production mode actively, which will affect enterprises’ financial and
environmental performance. Technology spillovers driven by trade
openness appear to be a prominent factor in improving EE (Liu
et al., 2023). As a choice of market-oriented behavior, OFDI plays a
crucial role in promoting the effective allocation of resources. For
example, when enterprises establish subsidiaries and branches
overseas through OFDI, they can rearrange according to needs,
rationally allocate related industries, and achieve diversified
operations. This will help enterprises integrate resources in upstream
and downstream industries, reduce transaction and default costs,
improve enterprises’ cross-industry operation capabilities and
efficiency, and reduce energy consumption levels. At the same time,
there is a reverse solid spillover effect of technology in the home country
of investment, and EE is improved by promoting technological progress
in the home country (Han and Wang, 2016; Liu et al., 2021b; Zhang
et al., 2022).

The home country company absorbs and transforms the cutting-
edge foreign technology brought by OFDI, and make it applied to the
production and manufacturing link and finally forms a competitive
market advantage with spillover technology as the core (Song and
Wang, 2019). Companies participating in global trade activities may
have a more vital awareness of new technologies and more up-to-date
knowledge. They will be motivated to keep up with foreign trading
partners in technological innovation ability. Through various channels,
they can absorb the host country’s advanced technology and
management experience in energy conservation and emission
reduction and realize the reverse spillover of the host country’s
technology (Zhong and Moon, 2023). For example, enterprises in

the home country embedded in the R&D resource-intensive areas
and related industrial clusters of the host country absorb the
advanced environmental protection technologies of the host country
using resource sharing and technology clustermechanisms and then the
home country through the flow of talents and the feedback mechanism
of advanced technological achievements, forming a win-win situation of
economic development and environmental protection (Kogut and
Chang, 1991; Gong and You, 2022; Ma and Gao, 2022). Recently,
the trend of Chinese enterprises’ OFDI activities shifting from passive
participation to active pursuit has become increasingly obvious. At first,
they mainly passively carry out overseas investment to break through
the tariff and trade barriers of export target countries, absorb premium
foreign resources and participate in the high-end links of the value
chain, and then gradually turn to transfer industries and products to
emerging economies actively or work with companies in developed
economies on projects in advanced technologies (Shao and Shang,
2016). In 2019, China’s direct investment flows to the United States in
manufacturing, information transmission/software and information
technology services, scientific research, and technology services
accounted for 85.7% of the total direct investment flows to the
United States, and the indicator data for investment in the
European Union was 68%.

Based on using the host country’s advanced scientific and
technological resources to improve their own technical level and
innovation ability, overseas subsidiaries share cutting-edge patents,
management experience, and upstream and downstream channels
with the parent company through information transmission, the
flow of R&D personnel, feedback of R&D results and product flow,
to promote the improvement of the parent company’s technical level, to
achieve reverse technology spillover at the enterprise level. After the
parent company fully absorbs these advanced technologies to achieve
economies of scale, it will be passed on to the upstream and downstream
enterprises in the same industry through the demonstration role,
resulting in demonstration effect and competitive behavior in the
domestic market. On the one hand, it attracts other enterprises in
the same industry to learn, imitate and re-innovate the advanced
technology and products of the parent company, and at the same
time, promotes the upstream and downstream affiliated enterprises that
provide supporting services to the parent company to continuously
improve the technical level and the efficiency and quality of production
factors supply. On the other hand, the absolute competitiveness of the
parent company in the product market will cause competitive pressure
on peers, prompting other enterprises to take the initiative to improve
their technological innovation ability capabilities and even eliminate
inefficient enterprises by the law of “survival of the fittest” to improve
the allocation efficiency of energy factors. The technology upgrade
brought by OFDI through reverse technology spillover includes
innovation in management, technology, and system, which
systematically impacts EE. In general, the reverse technology
spillover of OFDI extends from the enterprise level to the industry
level and finally spreads to the whole investor country level, thus
promoting the energy allocation efficiency of the home country.

DT optimizes the way for enterprises in the home country to obtain
information, enabling them tomake use of online platforms and big data
to obtain information, expand search scope and matching efficiency,
break information barriers, weaken information asymmetry, enable
enterprises to fully grasp overseas market information, reduce search
costs and information costs, and effectively reduce their transaction

Frontiers in Energy Research frontiersin.org06

Wu et al. RETRACTED ON 19 DECEMBER 2025 10.3389/fenrg.2023.1242580

R
ET

R
A

C
T

ED

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1242580


costs. This will help improve enterprises’ OFDI scale and scope. In
summary, this paper puts forward the second research hypothesis:

Hypothesis 2. (H2):DT can improve EE by increasing access to
OFDI in the home country.

3.3 The role of virtual agglomeration

Business behavior under the traditional model, the business
transactions and production behavior of the entity enterprise need
to rely on the process that can be processed, described, and applied to
the management or production system, emphasizing the geographical
distance of physical space and industrial organization (Vieira et al.,
2003). The boundary-free organization theory holds that information,
resources, ideas, and ideas can quickly cross boundaries between
businesses, enabling managers to respond quickly to environmental
changes. When the daily operations of enterprises are no longer bound
by geography and physics, the production potential will be maximized
under the support ofDTsuch as AI, cloud computing, Internet of Things
(IoT), and blockchain. At the moment, variousDTare reshaping
organizations. DT makes enterprise innovation break the linear
chain development law of traditional knowledge accumulation to
application, the innovation boundary becomes blurred, the
traditional pyramid structure is adjusted to the flat network
structure, and flexibility and agility are increased. The cooperation
between enterprises is no longer limited to the transaction
relationship. Enterprises export value based on their core capabilities
and, at the same time, import value provided by other enterprises to
jointly expand the value supply network boundary of the digital space
(Jiao, 2020). The emergence of digital collaborative platformsmakes the
cooperation and sharing of various innovation entities in the industrial
chain more efficient and the innovation of enterprise services and
products more flexible and diversified, which is conducive to reducing
the misallocation of enterprise resources (Tang et al., 2021).

Advanced technology is fundamentally changing the development
paradigm of traditional industrial organizations and promoting the
continuous evolution and renewal of industrial development models.
Industrial clusters gradually break the barriers of physical boundaries
and transform from geographic spatial agglomeration to network VA
with real-time exchange of data and information as the core (Wang
et al., 2018). This model is intended to transform the demand parties
and related enterprises from geographic space agglomeration to cloud-
level collaborative agglomeration, reduce transaction costs by
shortening the information exchange distance of each production
link, and finally realize dynamic, flexible production. As a new trend
of industrial organization and a new agglomeration economic model in
the era of the digital economy, VA promotes the blurring of industry
boundaries and the virtualization of industrial clusters (Duan and Zhan,
2023). With the open ecosystem of digital platforms as the carrier, VA
can integrate all aspects of social reproduction, such as production,
exchange, distribution, and consumption. The spillover effect of
agglomeration is no longer limited by geographical proximity, and
the information between upstream and downstream enterprises and
end consumers can be transmitted and communicated quickly,
accurately, and timely (Tan and Xia, 2022). The spillover effects of
closer network connections even outweigh the effects of physical
agglomeration in real society (Wang and Liang, 2022).

The positive externality of VA is more from the joint effect of cross-
network externality and general network externality, which is regarded as
an “invisible community on the Internet” (Hou, 2015). It not only has the
positive externality of traditional geographical agglomeration but also
helps to break the geographical space limitation and plays a unique
advantage in optimizing production factor allocation, knowledge, and
information-sharing linkage (Song and Lu, 2017). For example, under
the traditional market model, logistics costs are reflected in the “iceberg
cost” of commodities and then reflected in the form of costs in
commodity prices. Physical space distance brings transportation cost
and information interaction cost to team cooperation, while the
psychological distance from a geographical distance brings “trust” cost
to cooperation. Although VA can not directly save the cost of goods
transportation like traditional industrial clusters, it can reduce
unnecessary costs by optimizing transportation routes, providing
goods on demand, improving supply chain efficiency, and helping
companies collect, process and analyze information more effectively
through virtual operation to reduce costs related to finding, evaluating
potential trading partners and improving logistics efficiency and output
efficiency (Chen, 2017; Yang et al., 2023). For another example, VA
changes the mode of enterprise organization product innovation and
technology research and development. The pursuit of internal
production optimization is a closed process of value creation, and
internal resources easily restrict its value creation ability. In a virtual
industry cluster, enterprises can obtain more external resources through
network interaction to compensate for the lack of internal resources. The
enterprise introduces the non-core business into the professional force
through third-party outsourcing and makes up for its shortcomings
through the division of labor and cooperation so that it can focus on
developing the leading business. Finally, the tacit knowledge, which was
previously difficult to communicate or systematically express, is encoded
and decoded in digital media, VR/AR, and other next-generation
information technologies, which enables information to be
transmitted in virtual space and transcend the limitations of physical
space. It provides a new path for enterprises to use resources better, share
knowledge and optimize innovation strategy. As a result, DT has broken
down geographical and intellectual boundaries between companies and
made access to information and capital easier. By leveraging the cross-
border penetration capabilities of the Internet and the Internet of Things
in connecting factors of production, a high degree of integration between
offline and online is promoted on a broader scale, greatly expanding the
storage space of resources throughout society and constantly changing
the efficiency of factor allocation and input mix of business production,
which can influence EE (Hanelt et al., 2021).

Hypothesis 3. (H3): DT can improve EE through channels that
promote virtual clustering of industries.

4 Study design and data sources

4.1 Variable setting

4.1.1 Explained variable
EE is a comprehensive indicator reflecting the intensity and

effectiveness of energy consumption and utilization. Although
single-factor indicators can measure resource utilization more
intuitively and are consistent with China’s existing statistical
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caliber and assessment targets for energy conservation and emission
reduction, the information it reflects needs to be more
comprehensive and fully reflect the efficiency of resource inputs
and economic development. Neoclassical economic growth theory
considers technological progress the driving force behind
productivity gains. Using the input-output ratio of a particular
type of factor as EE cannot estimate the room for improvement
in resource utilization efficiency at a given level of technology, and
the mutual substitution between input factors may affect the
objective evaluation of productivity (Zhao et al., 2021). In terms
of the factor bias of technological progress, there are two paths to
improving EE: first, through neutral technological progress that
increases the marginal output of capital, labor, and energy factors in
equal proportions and causes year-on-year changes in the use of
each factor, thereby improving EE. The second is through little
technological progress that changes the ratio of the marginal output
of each factor, causing a change in the factor substitution effect and
changing the use of energy factors relative to non-energy factors,
which in the process has the effect of saving the use of energy factors
and improving TFEE (Li and Li, 2022). The improvement of existing
EE is also due to the technological progress caused by the growth of
investment in advanced equipment and advanced processes. The
technological progress generated by capital or labor alternative
energy sources will significantly improve SFEE. However, it is
independent of the underlying EE and does not necessarily
improve the TFEE. In order to measure the improvement space
of EE under a given technical level, it is also to overcome the
limitation that the measured SFEE excessively relies on the input of
energy factors and relatively ignores the role of other factors (Hu and
Wang, 2006). In this paper, SFEE and TFEE are used as proxy
variables of energy use efficiency.

SFEE is usually measured using energy consumption per unit of
gross product (standard tons of coal/10,000 yuan), and its equation
is expressed as:

SFEE � TEC/GDP (1)
In Eq. 1, TEC represents the total energy consumption,

including nine types of energy: coal, coke, crude oil, gasoline,
kerosene, diesel, fuel oil, electricity and natural gas.

The undesirable output in the process of energy utilization, that
is, environmental pollutants, can be regarded as a social cost, which
offsets some of the positive effects of the desired output (Wang and
Lu, 2021). TFEE emphasizes the inclusion of energy factors into

factor input variables and also considers the negative impact of
unexpected output on energy utilization efficiency, which can reflect
the characteristics of cooperation between energy, capital, and labor
and is more in line with the connotation of economic Pareto
efficiency (Liu et al., 2023; Liu and Li, 2023; Zhang W et al.,
2023). In measuring the TFEE, it is necessary to master the form
of the production frontier, take it as the efficiency benchmark, and
measure the efficiency by the relative distance between the actual
output (or input) level and the frontier (Huang et al., 2023). This
paper adopts the SBM-GML model to measure TFEE because of the
advantages of data envelopment analysis in measuring TFEE. The
evaluation system of TFEE and its indicators are shown in Table 2.

4.1.2 Core explanatory variable
Digital technology (DT). The dominant feature of current

advances in DT is the creation of a new type of asset based on a
combination of computers, machines, and artificial intelligence.
These assets can be produced autonomously with minimal
human intervention, and production activities that were
previously only done by humans and traditional capital can be
carried out by intelligent machines (DeCanio, 2016). As a general-
purpose technology, industrial robots have significantly changed
enterprises’ production efficiency, organization, and final output,
which has a broad and profound impact on the economy, society,
and the environment. Relevant research shows that automated
production technology represented by industrial robots is
becoming a new engine driving global economic growth
(Acemoglu and Restrepo, 2018). Compared with traditional
automation equipment, industrial robots can be programmed
according to work objects and requirements, and can also be
integrated into the entire production control network based on
information management, collecting data, feedback information,
and performing operations. The application of robots to
production activities is a typical feature of integrating artificial
intelligence technology and industry. At the same time, robots
have been crowned as “the apple of the eye at the top of the
manufacturing crown” and have become an essential engine in
promoting the fourth industrial revolution. With the
development of intelligent technology, the combination of robots
and artificial intelligence technology makes manufacturing more
intelligent, and intelligent manufacturing has also become a major
feature of industrial robots. For example, Baowu Steel Group Co.,
LTD. (which is the first “lighthouse factory” in China’s steel

TABLE 2 TFEE index system.

Category Index Indicator specification

Input variable Labour force The total number of employed persons in urban units and rural areas

Fixed capital Real capital stock based on 2006

Energy consumption Total of various energy sources used for consumption (tons of standard coal)

Expected output GDP Real GDP based on 2006

Undesirable output Energy carbon emission The IPCC coefficient method was used to measure the total carbon emissions from energy sources

Note: The measurement method of the actual capital stock is the perpetual inventory method, the depreciation rate is set at 10.96%, and the expression is Ki,t � Ki,t−1(1 − δit) + Iit , δ represents
the depreciation rate and Ii,t represents the fixed capital investment in the current period. The formula for calculating the capital stock in 2006 is K0 � I2006(g2006−2020 + δ) , g2006−2020 is the
average growth rate of fixed asset investment from 2006 to 2020. The equation for calculating carbon emissions from energy sources in the 2006 IPCC Guidelines for National Greenhouse Gas

inventories is C � ∑9

j�1Cj � ∑9

k�1Ei × NCVi × CEFi × COFi × 44/12,Where, Cj is the carbon dioxide emissions generated by j energy, NCV is the average low calorific value of primary energy,

CEF is the carbon emission factor provided by the IPCC greenhouse gas inventory, and COF is the carbon oxidation factor.
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industry) has developed and implemented the “3 + 1″ architecture of
intelligent manufacturing 1.0 (intelligent equipment, smart factory
and smart interconnection + data-driven), through the extensive
application of DT in the predictive maintenance, industrial Internet
of Things optimization process, AI-based visual inspection,
intelligent logistics and other five aspects of outstanding
performance. The critical reason for it to remain competitive in
the digital era is to realize robot operation, drive unmanned, and
realize machine replacement. Industrial robots are crucial in
constructing intelligent and digital factories and enterprises.

Given that the industrial sector is a major source of energy
consumption and carbon emissions, this paper uses industrial robot
installation density to measure the level of DT development at the
provincial level. According to the research ideas of existing literature
(Acemoglu and Restrepo, 2020; Dottori, 2021; Chen et al., 2022; Xu
et al., 2022b; Yang and Shen, 2023), this paper uses the employment
data of various provinces and industries in China Labor Statistics
Yearbook 2007 to match the robot installation data provided by the
International Federation of Robotics (IFR). It thus obtains the robot
installation density data at the provincial level. Precisely: First,
match the national sub-sector data provided by the IFR with the
second National Economic Census data. The second is to use the
share of employment in different industries in all employment in
province to build weights and decompose the industry-level robot
data to the local “provincial-level industry” level. Finally, the
application of robots in various industries at the provincial level
is summarized. The calculation process is as follows:

Robotit � ∑
N

j�1

employij,t�2006
employi,t�2006

×
Robotjt

employj,t�2006
(2)

In Eq. 2, N is a collection of industries involved in
manufacturing, Robotit is the robot installation density of
province i in year t; employij,t�2006 is the number of employees in
industry j of Province i in 2006; employi,t�2006 is the total number of
employment in Province i in 2006; Robotjt/employi,t�2006 is the robot
installation density of each year and industry level.

4.1.3 Mediating variables
Outward foreign direct investment (OFDI). Since the flow data

fluctuates significantly in the short term, and this paper mainly
investigates the long-term relationship between variables, the OFDI
stock data of each region is used over the years. Investment stock
measures the cumulative amount of foreign investment up to a given
point in time, which can better reflect the long-term effect of
investment, and there is no net outflow (negative) situation.

Virtual agglomeration (VA). In the process of virtual industrial
services, although the enterprise’s digital content is online, the digital
content formed by VA is not virtual but carries specific professional
knowledge, big data analysis, creative design, virtual derivatives,
blockchain endorsement, and other services through digital media.
Based on the definition of the connotation and denotation of VA by
existing studies, this paper uses the method of location entropy to
measure it according to the ideas of existing literature (Ru and Liu,
2022; Liu et al., 2023). The calculation method is as follows:

VA � ICSit/Totalit
ICS/Total

(3)

In Eq. 3, ICSit and Totalit represent the number and total
number of employment in the information transmission,
computer service and software industries in year t of city i
respectively. ICS and Total are employment in all urban
information transmission, computer services and software
industries and total employment respectively, that is, total
employment in industries at the national level and total
employment in all industries.

4.1.4 Control variables
Since many external factors affect EE, a set of provincial-level

control variables are added to the benchmark model in this paper
based on existing studies to mitigate the bias caused by missing
variables as much as possible (Sun et al., 2019; Chien et al., 2021; Du
et al., 2022; Wang et al., 2022d; Rasoulinezhad and Taghizadeh-
Hesary, 2022). This set of inter-provincial characteristic variables
includes regional economic development level (EDL), measured by
the real per capita GDP, excluding the price factor. The industrial
structure (IS) is measured by the proportion of the secondary
industry’s added value to the GDP. Transportation infrastructure
(TI), the road’s actual paved area and the square’s total paved area,
bridge, and tunnel connected with the road (10,000 square meters)
to measure. Macro-control is measured by the proportion of
expenditure in the general public budget to GDP; The number of
patent applications for inventions measures technological
innovation ability (TIA). Urbanization (UR) is measured by the
proportion of the urban population to the total population at the end
of the year. Foreign direct investment (FDI) is measured using the
amount of FDI utilized by each region in the current year and
converted into CNY based on the average exchange rate between
CNY and US dollar over the years.

4.2 Econometric model

In order to verify whether DT can improve EE, the paper
constructs the following panel econometrics model combined
with the above set of various variables and research H1:

TFEEit�a0 + a1DTit +∑
7

j�1
a2Controlijt + εit + εi + εt (4)

SFEEit�b0 + b1DTit +∑
7

j�1
b2Controlijt + εit + εi + εt (5)

In Eqs 4, 5, The subscripts i, t, and j represent province, time, and
the Jth control variable, respectively. a0 and b0 represent constant
terms, a1 and b1 represent regression coefficients for DT, Control is
the information set of a series of control variables, εi is the individual
fixed effect, εt is the time fixed effect, εit is the random disturbance
term subject to the white noise process.

Since the traditional three-stage model of intermediate effect has
established multiple equations, the method of stepwise regression is
more likely to fall into the endogenous trap of coincidence, which
does not conform to the strict logic of causal inference in economics.
Therefore, this study uses the more commonly used approach of the
two mechanisms to validate the intermediate path of DT to improve
EE. The first method is based on the new intermediary effect model
proposed by Jiang (2022), which focuses on explaining how
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institutional variables affect EE in the part of theoretical analysis and
research hypothesis, and then testing the impact of DT on institutional
variables in the part of empirical analysis. The main observation is
whether the coefficients and significance of the core explanatory variables
in the second paragraph of the equation meet the expectations. The
second method is to divide the samples according to the mean of the
mechanism variables. Suppose the DT has a more noticeable effect on
improving EE in the samples with more than 50% sub-points. In that
case, the mediating role of the mechanism variables is valid. In the
traditional panel data model, individual and time effects are incorporated
into the model to control the time differences and individual differences
that do not change with time in the sample. However, the responses of
different individuals to these shocks are heterogeneous, that is, the same
kind of shock may have different effects on different individuals.
Compared with the classical panel fixed effect model, the interactive
panel fixed effect can better fit the data and fully consider various
uncertain factors’ impact on the real economy and society (Bai, 2009;
Petrova andWesterlund, 2020). This method has important applications
in controlling missing variables, capturing time-varying features, and
improving goodness of fit. Based on the first method and in order to
alleviate the endogeneity problem of the mediation effect model, the
following two equations are established in this paper.

OFDIit�c0 + c1DTit +∑
7

j�1
c2Controlijt + εit + εi + εt + εTi εt (6)

VAit�d0 + d1DTit +∑
7

j�1
d2Controlijt + εit + εi + εt + εTi εt (7)

In Eqs 6, 7, c0 and d0 represent constant terms, c1 and d1
represent regression coefficients of DT. c2 and d2 represent the
regression coefficient of the control variable, ϵTi ϵt is the interactive
fixed effect, and the meaning of the rest conforms to Equation 1.

4.3 Data sources

Following the principles of data availability and comparability,
this paper selects panel data from 30 provinces in China from

2006 to 2021 (samples from Tibet Autonomous Region and Hong
Kong, Macao, and Taiwan are not included due to missing data
values and inconsistent statistical caliber) as statistical samples. The
primary data of the relevant variables in this paper come from the
China Statistical Yearbook, China Outbound Direct Investment
Statistical Bulletin, China Energy Statistical Yearbook,
International Federation of Robotics, EPS data platform, and
statistical yearbook of provincial and municipal statistics. For
very few missing values, the paper uses the linear interpolation
method to complete. In order to eliminate the negative effects of
outliers and heteroscedasticity, 1% tailing treatment and logarithmic
conversion are performed on both ends of all continuous variables.
The descriptive statistical analysis of relevant variables is shown in
Table 3.

5 Empirical analysis

5.1 Baseline regression

The static panel, data analysis models mainly include the
ordinary least square (OLS) method, random effects (RE) model,
and fixed effects (FE) model. In order to find the most suitable fitting
model, relevant diagnostic tests are performed. The results show that
both the F and Hausman tests reject the null hypothesis at 1% level,
indicating that the FE model is most suitable for the sample data in
this paper. When using short panel data for estimation analysis, it is
often faced with the problems of inter-group heteroscedasticity,
inter-group contemporaneous correlation, and intra-group
autocorrelation. Since cross-section data and time series features
appear in panel data simultaneously, the panel model should
consider heteroscedasticity and serial correlation problems. In
addition, there may be a particular internal connection between
each section, and sectional correlations still need to be considered.
Therefore, this paper uses the Driscol-Kraay method to adjust the
standard error to overcome the shortcomings of the panel data
model. Driscol-kraay’s estimation method sets the error structure as
heteroscedasticity and a specific order autoregressive. Compared

TABLE 3 The descriptive statistics of the variables.

Variable Code Mean Std. Dev. Min. Max.

Single-factor energy efficiency SFEE 0.1614 0.5543 −0.7118 1.5582

Total-factor energy efficiency TFEE 1.6756 0.7879 0.6170 5.4777

DT DT 3.3912 2.0908 −0.5713 6.8516

Economic development level EDL 10.6067 0.6171 9.1016 11.9658

Transportation infrastructure TI 0.2301 0.0979 0.0936 0.5927

Foreign direct investment FDI 9.6884 0.8474 7.2133 11.4446

Virtual agglomeration VA 6.4491 1.4895 3.1781 9.8798

Industrial structure IS 0.7177 0.9659 −1.5256 2.8241

Technological innovation ability TIA 4.7330 4.8934 0.1099 31.5533

Urbanization UR 7.6893 1.6483 3.5554 11.0551

Outward foreign direct investment OFDI 4.0036 0.2401 3.4177 4.4920

Frontiers in Energy Research frontiersin.org10

Wu et al. RETRACTED ON 19 DECEMBER 2025 10.3389/fenrg.2023.1242580

R
ET

R
A

C
T

ED

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1242580


with other estimation methods, this method can obtain consistent
standard errors in the control of heteroscedasticity and
autocorrelation. When the time dimension is gradually increased,
the standard errors are robust to the general form of sectional
correlation and time correlation (Driscoll and Kraay, 1998; Shen
et al., 2023). According to research H1, bidirectional fixed effect
(TWFE) is used to fit Equations 1, 2 to obtain the results in Table 4.

It can be seen from Table 4 that the results of OLS, which does
not include the time-fixed effect and individual fixed effect, show
that the regression coefficients of DT on TFEE and SFEE are
0.2349 and −0.0833 respectively, and both reject the null
hypothesis at the significance level of 1%, which initially
confirms the research H1 that DT can improve EE. Based on the
results of the TWFE, it can be found that the regression coefficients
of DT for the two categories of EE are 0.2267 and −0.2497,
respectively, and are significant at 5% and 1%, respectively,
indicating that technology can improve TFEE and reduce energy
consumption per unit of GDP, that is, DT can improve EE. H1 was
confirmed. DT has significant advantages in reducing the cost of
data analysis and improving the speed of information transmission,
which helps to improve the optimal combination of production
factors such as labor, capital, energy, and technology, accurately
allocate factor resources, reduce energy consumption, and improve
EE (Tang et al., 2021). Advanced information technology is deeply
integrated with energy production, transmission, storage,
consumption, and energy market, and the application of
intelligent power plants, smart grids, and smart coal mines is
rapidly promoted, and the digital intelligence level of energy
production and operation such as unattended and fault diagnosis
continues to improve. Comprehensive energy services and
intelligent energy use models have emerged in industrial parks,
urban communities, public buildings, and other fields. The energy
system is moving toward intelligent and flexible regulation and real-
time interaction between supply and demand, and EE has been
continuously improved. On the other hand, DT can analyze relevant
data on energy consumption, mine energy consumption data of
enterprises in different industries, optimize the urban industrial

layout and energy supply chain system and structure, and improve
EE by exerting scale effect and network effect of digital infrastructure
(Wang et al., 2022). Finally, disruptive technologies can enable the
transformation and upgrading of the energy industry and accelerate
the development of the energy system towards zero-carbon green.
For example, DT enabling intelligent transportation and intelligent
factories can improve EE and yield and reduce resource waste
(Zhang, 2022).

5.2 Robustness test

In order to verify the robustness of the baseline regression
results, this paper uses two methods: replacing the econometric
model and the core explanatory variables.

5.2.1 FGLS model
First, the comprehensive feasible generalized least squares

(FGLS) method is used to correct the potential autocorrelation,
heteroscedasticity, and cross-sectional correlation of short panel
data to obtain more effective estimators. The stochastic perturbation
terms of OLS and traditional panel data regression models must
conform to the spherical perturbation hypothesis. Suppose the
random disturbance term of panel data has inter-group
heteroscedasticity, cross-sectional correlation, and autocorrelation.
In that case, using the FGLS model to estimate parameters by
adjusting the random disturbance term is more suitable (Amin
et al., 2015; Bai et al., 2021).

5.2.2 Spatial econometric model
Secondly, the spatial location information of different

provinces is incorporated into the model using the spatial
Durbin model. The rapid development of DT is based on
accelerating the flow of factors and optimizing the input-output
combination. Due to the many economic connections among
Chinese cities, the impact of DT on cities is not independent
but has a strong spatial correlation. As can be seen from the results

TABLE 4 The result of baseline regression.

Variable TFEE SFEE

DT 0.2349*** (7.86) 0.2267** (2.71) −0.0833*** (−5.59) −0.2497*** (−5.33)

EDL 0.1151 (0.64) −0.7909** (−2.88) 0.1781** (2.27) −0.0641 (−1.69)

TI 0.3405*** (3.68) 0.2689 (1.23) 0.1983*** (6.65) 0.0043 (0.29)

UR 0.4860 (1.39) 0.6998 (1.06) 0.1682 (0.97) −0.3137*** (−5.15)

MC 0.1411 (0.33) −1.4015** (−2.37) 1.5985*** (6.55) 0.7144** (2.85)

IS −0.0314*** (−3.25) −0.0425*** (−8.56) 0.0145*** (3.89) −0.0042*** (−4.55)

TIA −0.2310*** (−3.99) −0.2063*** (−3.96) −0.1541*** (−7.87) 0.1027*** (7.19)

FDI 0.0833** (1.96) −0.1315*** (−4.15) −0.2341*** (−9.36) 0.0051 (0.59)

Individual effect No Yes No Yes

Time effect No Yes No Yes

R-square 0.4180 0.7043 0.7176 0.9057

Note: ***, **, and * are significant at the 1%, 5%, and 10% levels, respectively, and the t statistic is reported in parentheses.
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of the spatial correlation test in Table 5, the Moreland index of the
two types of EE is significantly positive, indicating that there is a
spatial correlation between the energy allocative efficiency of cities,
and it is reasonable to use the spatial econometrics model for
robustness test.

5.2.3 Replace the core explanatory variable
The third is to replace the proxy indicators of DT. In order to

implement the national big data strategy and accelerate the creation
of a new economic and social development platform supported by
big data, the “Action Outline for Promoting Big Data Development”
issued by The State Council in 2015 proposed that pilot work related
to big data should be carried out in-depth to achieve the integration
of big data-related infrastructure and the convergence and
utilization of data resources. Critical tasks in the pilot zone
include big data system innovation, data resource sharing and
opening up, big data innovation and application, big data
industry cluster development, overall development of big data
infrastructure, data center integration and utilization, and big
data exchange and cooperation. Promoting the use and sharing
of data resources is the primary task of establishing big data pilot
zones (Shen et al., 2023; Guo et al., 2023). Based on the construction
list and experiment Time of the national big data comprehensive
experimental zone approved by the National Development and
Reform Commission, the Ministry of Industry and Information
Technology, and the Cyberspace Administration of the CPC Central

Committee, this paper constructs proxy variables of DT by using the
interaction terms of time and place virtual variables and then uses
time-varying DID to estimate.

5.2.4 Conclusion of Robustness test
As seen from Table 6, the test results of the three methods all

show that DT can significantly improve the TFEE and reduce the EE
per unit of GDP. The sign and direction of these result coefficients
are consistent with the results of the two-way fixed-effect model.
That is, the conclusion that DT can improve EE is robust.

5.3 Endogeneity test

Although this paper assumes thatDT is exogenous to EE and tries to
control the external variables affecting EE asmuch as possible, themodel
design still needs to face the problem of missing essential variables, such
as EEmay be affected by other factors such as environmental regulations,
resource endowments, and consumer preferences. In addition, it cannot
be ruled out that DT may be endogenous, that is, there is a reverse
causality endogenous relationship, such as provinceswith higher EEmay
have a complete digital infrastructure and more advanced management
experience, pay more attention to the digital transformation of
enterprises and flexible production of products, and their DT
research and development and application are more convenient. To
eliminate the potential endogenous problem, the paper uses the

TABLE 5 Results of spatial correlation test.

Year SFEE TFEE Year SFEE TFEE

2006 0.2810*** 0.1414* 2014 0.2637*** 0.2449***

2007 0.2821*** 0.1804** 2015 0.2563*** 0.1850**

2008 0.2812*** 0.1731** 2016 0.2533*** 0.1858**

2009 0.2804*** 0.2597*** 2017 0.2441*** 0.1844**

2010 0.2810*** 0.2828*** 2018 0.2279*** 0.2095***

2011 0.2842*** 0.3239*** 2019 0.2126** 0.2202***

2012 0.2841*** 0.3033*** 2020 0.2058** 0.2241***

2013 0.2678*** 0.2631*** 2021 0.2089** 0.2136**

Note:*, ** and *** are significant at the 10%, 5% and 1% levels, respectively. The regression coefficient in the table is the Moran index.

TABLE 6 The result of robustness test.

Variable
TFEE SFEE

FGLS SDM DID FGLS SDM DID

DT 0.1313*** (8.68) 0.9451*** (3.33) 0.4801*** (8.09) −0.0623*** (−5.57) −0.2743*** (−4.97) −0.0599*** (−3.40)

Control variable Yes Yes Yes Yes Yes Yes

Individual effect Yes Yes Yes Yes Yes Yes

Time effect Yes Yes Yes Yes Yes Yes

Note: *** indicates significant at the 1% level, the z statistic is reported in parentheses for FGLS and SDMmodels, the t statistic is reported in parentheses for DIDmodels, and the total effect after

partial differential decomposition is reported by the spatial Durbin model.
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instrumental variable method to deal with it. Referring to the ideas of
previous studies, this paper uses the number of post offices per
10,000 people in each region in 1984 as the instrumental variable
(Huang et al., 2019; Zhao et al., 2020; Shen et al., 2023).

The core of DT lies in the new technology group represented by
network broadband. The history of access network technology in China
shows that the Internet has evolved from fixed-line dial-up access
(PSTN). Therefore, the development of DT is inseparable from the
popularity of fixed-line telephones. Historically, areas with higher fixed-
line penetration will likely be areas where DT is better developed. It is
true that before the popularity of fixed telephones, information
exchange was mainly through the post office system. The post office
was also the executive department of laying fixed telephones. Hence, the
distribution density of the post office affected the distribution of fixed
telephones to a certain extent and then affected the early access to the
Internet. Post office layout affects the popularization and development
of the digital economy by influencing the use of Internet technology and
habit formation. In this sense, the number of post offices, as an
instrumental variable of DT, meets the relevance requirement. At
the same time, relative to the speed of development of DT and the
change in information technology, the historical number of post
offices is losing its influence on the current economic activity of
enterprises. The instrumental variable selected in this paper is the
cross-section data 1984, but the data does not change with time.
Therefore, following the solution of the existing literature, this
paper introduces a variable (number of mobile phone users at the
end of the year) that changes with time and interacts with the
historical data of cross-section to form panel data and then
constructs the instrumental variable of this paper (Nunn and
Qian, 2014; Zhao e al., 2020). In addition, to verify the robustness
of the test results of the instrumental variable method, this paper
also uses the generalized space two-stage least square method
(GS2SLS) to estimate the sample data. This method takes the
higher-order spatial lag term of the explanatory variable as the
tool variable and estimates the spatial panel model based on the
2SLS method, which can control the spatial spillover effect and
endogeneity of DT and EE simultaneously (Baltagi and Liu, 2014;
Zhang and Li, 2022).

As seen from Table 7, the LM and Wald F test results of the 2SLS
method show that the instrumental variables selected in this paper are

influential through the under-recognized and weak instrumental
variable tests. The results of both 2SLS and GS2SLS show that DT
can significantly improve TFEE and SFEE, and the estimation results
using instrumental variables are consistent with the baseline regression
results, which verifies the robustness of the baseline regression results.

5.4 Mechanism test

In order to examine the channel mechanism of DT to improve
EE, combined with research hypotheses 2 and 3, the paper uses the
interactive fixed effect model for verification. At the same time, to
improve the robustness of the mechanism test results, this study also
divided pseudostatistical samples into high and low groups
according to the mean value of the mechanism variables and
then conducted a subsample heterogeneity test.

As can be seen from Table 8, the regression coefficient of DT for
VA is 0.1121, and it has passed the significance test at the 10% level.
The results suggest DT can improve EE through channels facilitating
VA. Hypothesis 2 was tested. The new economic development
model, represented by fan economy, platform economy, and
traffic economy, spawned by DT, strengthens the adhesion
between enterprises and consumers in the network world and
promotes the formation of a new organizational form of virtual
industrial agglomeration with deep integration and tight coupling of
the real economy and virtual space. The integration, integration and
application of big data, industrial Internet of Things, and 5G DT
help to accelerate the agglomeration of new production factors
(data) in virtual cyberspace and the entire flow among various
subjects, breaking the dependence of traditional industries on
geographical space and promote the formation of a close
connection between enterprises and enterprises and between
enterprises and consumers in the network information space.
The scope of the VA network is expanding. On the one hand,
the flow and agglomeration of production factors of digital
infrastructure in the virtual space network provide a material
carrier, which helps the real-time circulation and exchange of
factors on the network at low cost and high efficiency,
overcoming the problem of information asymmetry, driving the
flow of factors to areas with more development space, and

TABLE 7 Results of endogeneity test.

Variable
TFEE SFEE

First stage Second stage GS2SLS First stage Second stage GS2SLS

DT 0.3449*** (3.33) 0.1422** (2.19) −0.1632*** (−6.65) −0.2491*** (−9.71)

Instrumental variable 2.2155*** (9.39) 0 .8182*** (38.34)

LM test 76.884*** 76.884***

F test 88.194 88.194

Control variable Yes Yes Yes Yes Yes Yes

Individual effects Yes Yes Yes Yes Yes Yes

Time effects Yes Yes Yes Yes Yes Yes

Note: The z statistic is reported in parentheses for the 2SLS model, and the t statistic is reported in parentheses for the DID model. ***, ** and * are significant at the level of 1%, 5% and 10%,

respectively.
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optimizing the allocation of factors across the core of the division of
labor structure. On the other hand, DT enables VA entities not only
to publish output information quickly but also to instantly obtain
any number of intermediate inputs existing in the market. Non-
tradable producer services in traditional industrial agglomeration
will become tradable under the effect of VA, and the products and
services produced by enterprises will face a broad market. At this
time, the market effect of intermediate inputs will be amplified
infinitely, reducing external transaction costs (Ru and Liu, 2022).
Therefore, DT integrates the resources of various participants in the
service ecosystem, realizing the dynamic allocation of production,
services, and resources in the virtual space, as well as the value co-
creation between service providers and users, contributing to
improving EE.

It can also be found from Table 8 that the regression
coefficient of the influence of DT on OFDI is 0.6555, and it is

significant at 5% level. The results suggest that DT can improve
EE by increasing channels for home-country companies to invest
overseas. Research hypothesis 3 was tested. A typical example is
that the popularity of mobile Internet and 5G technology has
made a short video and live broadcast software popular. The
music creative short video social software (Tiktok) launched by
China’s Beijing ByteDance Technology Co., Ltd. has achieved
great success in the international market, and its products and
services have won the favor of overseas users. First of all, with the
help of DT, it is easier for enterprise management to obtain
marketing information of subsidiaries and departments in
different countries and information that accurately captures
idle resources, thus reducing the stickiness of enterprise costs
(Warren et al., 2015). The application of various DT accelerates
the exchange of information elements in the supply chain and the
connection of resources. Enterprises can make timely and

TABLE 8 The results of the mechanism test.

Variable VA OFDI

DT 0.1121*(1.82) 0.6555**(2.15)

Control variable Yes Yes

Individual Effects Yes Yes

Time Effects Yes Yes

Interaction effect Yes Yes

Note: * and ** are significant at the 10% and 5% levels respectively, and the t statistic is reported in parentheses.

TABLE 9 Subsample test of VA.

Variable
TFEE SFEE

High Low High Low

DT 0.5547*** (3.78) 0.0552 (0.27) −0.3097*** (−4.10) −0.0716*** (−3.21)

Control variable Yes Yes Yes Yes

Individual Effects Yes Yes Yes Yes

Time Effects Yes Yes Yes Yes

N 259 221 259 221

Note: *** means significant at the 1% level, and the t statistic is reported in parentheses.

TABLE 10 Subsample test of OFDI.

Variable
TFEE SFEE

High Low High Low

DT 0.2857*** (3.65) 0.1326** (2.66) −0.1542** (−2.66) −0.1196*** (−4.15)

Control variable Yes Yes Yes Yes

Individual Effects Yes Yes Yes Yes

Time Effects Yes Yes Yes Yes

N 275 205 275 205

Note: ** and *** are significant at the 5% and 1% levels, respectively, and the t statistic is reported in parentheses.
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reasonable responses according to the information fed back by
digital technologies, which can improve the efficiency of capital
utilization, reduce the possibility of idle resources and reduce the
stickiness of financial costs. The automatic control of business
processes promoted by DT reduces the probability of
management’s self-interested manipulation and helps curb the
cost risk caused by opportunism. Secondly, DT can improve
business efficiency and promote OFDI. Digital platforms
represented by Amazon, Dunhuang, eBay, Twitter, and Zooom
can assist management in actively pushing information directly to
various market participants scattered around the world, including
investors, creditors, and suppliers, under the condition of efficiently
and accurately processing and outputting adequate information,
thus improving the matching efficiency between the demand side
and the supply side of platform-based service enterprises (Liu et al.,
2015;Warren et al., 2015). The de-intermediation operationmode of
DT can reduce the transaction cost of overseas mergers and
acquisitions and help enterprises sort out existing resources and
redistribute them, improve resource utilization efficiency, and
reduce management costs. At the same time, online office
applications can also make the business behavior of enterprises
more intelligent and digital, optimize the organizational structure,
improve production and supply chain management efficiency, and
provide a solid foundation for participating in international
competition. Finally, DT can enhance the adaptability of
enterprises to the international market and promote OFDI. DT
can not only improve the internationalization tendency of
enterprises by reducing the transaction costs of information
exploration, international communication, and logistics but also
improve the correlation between enterprises themselves and
upstream and downstream enterprises in the supply chain
through information sharing and promote enterprises to
implement internationalization strategy. Enterprises can use
digital infrastructure to improve their information processing
capabilities, enhance their understanding of international markets,
enhance their ability to perceive opportunities in dynamic and
complex international markets and enhance the flexibility of
global supply chains (Elia et al., 2015).

Combined with Table 9 and Table 10, it can be seen that the
results of two groups of samples based on the average value of
mechanism variables show that, taking the results of TFEE as an
example, the regression coefficients of DT in areas with sizeable
VA and OFDI are 0.5547 and 0.2857, respectively, and they have
passed the significance test of 1% level. On the contrary, in the
samples below the average, the regression coefficients of DT are
0.0552 and 0.1326, respectively, and only in the low samples of
OFDI have they passed the significance test of 5% level. Similarly,
in the context of SFEE, the regression coefficients of DT
are −0.3097 and −0.1542 in the samples above the average,
and −0.0716 and −0.1196 in the samples below the average,
respectively, and all four results pass the significance test.
Comparing the regression coefficients of different samples, it
can be found that DT substantially impacts EE in samples
above the average. The results show that DT promotes VA and
overseas investment of companies, and positive feedback channels
such as technology spillover, resource sharing, and information
transparency are helpful in improving the EE of the home country.
H2 and H3 were tested again.

6 Conclusion and policy implications

6.1 Research conclusion

Science and technology determine the future of energy, and
science and technology create future energy. In the new round of
global scientific and technological revolution and industrial
transformation, the Internet concept, advanced DT, and energy
industry continue to be deeply integrated, which is promoting the
rise of new technologies, new models, and new formats in the energy
field and helping to improve EE. Taking the DT fusion application as
the carrier, information can be obtained, transmitted, processed,
developed, and shared, and then the data resources can be used to
break through the information barriers between different subjects,
driving the complete transformation of the organization mode,
business ecology, market rules and cultural concepts of the
energy industry, thus becoming an important engine for building
a modern energy system. The practice has proved that the integrated
development of cloud computing, big data, blockchain, and 5G
technology will continue to change the production, operation, and
transmission mode of the whole energy. In this process, digital
empowerment can improve management and production efficiency
and promote green and low-carbon transformation. Based on a
statistical sample of 30 provinces in China from 2006 to 2021, this
paper used the solid bidirectional fixed effect model and the Driscol-
Kraay method to adjust the standard error, and it objectively
evaluates the role of DT represented by industrial robots in
improving EE and its potential pathway mechanism. Similar to
existing literature analyzed how technological advances affect EE (Li
and Lin, 2015; Zhu et al., 2019; Xie et al., 2021; Zhang and Fu, 2022;
Huang and Chen, 2023), the research results show that DT can
significantly improve the TFEE and reduce the energy consumption
per unit of GDP. This conclusion is still robust after the regression of
FGLS and SDM models and the use of the national big data total
pilot area as the proxy variable of DT and the test of DID model. In
addition, the instrumental variable method and GS2SLS method
used in this study have solved the endogenous problems, and the
results show that DT can still significantly improve EE. The
mechanism test results of the sub-sample and stepwise regression
show that DT can promote VA and increase OFDI to improve EE.
This research is a valuable discussion on the role of DT in the energy
field under the background of the new wave of technological
revolution. The conclusions obtained are helpful for enterprises
and city managers to provide experience for reference in the digital
transformation of energy.

6.2 Policy implications

It is promoting the digital transformation of the energy sector,
focusing on building a high-quality digital grid and improving the
digital capabilities of the energy industry. The digitalization of the
energy industry is a digital upgrade of the energy industry chain and
supply chain, the pivot of which is the highly intelligent digital grid.
It should continue to deepen digital grid technology, adhere to
the needs of the energy industry as a guide, organize resources
from all parties in the digital grid field, improve the continued
architecture of the digital grid, and strengthen the standard
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leading and compilation to achieve synergy between continued
innovation, standard creation, and industrial application.
Focus on researching the integration of the digital grid into
the national integrated arithmetic network and accelerate the
construction of the national arithmetic network infrastructure.
Promote the in-depth integration of new energy technologies and
information technology, strengthen cloud computing services,
and layout and build national hub nodes of the national
integrated computing network. Form a distributed and open
sharing network based on renewable energy, build a national
energy internet with extra-high voltage grids as core nodes and
coordinate the development of grids at all levels, and change the
energy development mode of over-reliance on coal
transportation and the development mode of unbalanced
power. Comprehensively improve the intelligent interactive
capabilities of the distribution grid and promote the use of
distributed energy for widespread access, electric vehicles,
energy storage, smart meters, and smart homes. Build an
integrated intelligent energy system in cities, factories, parks,
homes, and other power system terminals.

Relying on the digital economy, integrate and utilize the R&D
strength of the whole industry chain. City managers and
entrepreneurs should seize the opportunities brought about by
the development of the digital economy, promote innovation in
production technologies, business models, and industrial formats,
closely integrate data advantages with the population advantages,
market advantages, and institutional advantages of traditional
manufacturing industries, deeply promote action plans based on
DT, promote intelligent production and high-end industries, and
advocate entrepreneurship and craftsmanship. Support and
cultivate “unicorn” enterprises. Leveraging data resources to
complete the effective docking of upstream and downstream
demand in the manufacturing industry chain. Increase the factors
of production to capital. Focus on strategic frontier technologies
such as computing chips, industrial control systems, high-
performance materials, high-end equipment, and core
components. Use the advantages of digitalization and the
Internet to change traditional enterprises’ production mode of
“high investment and low return,” integrate manufacturing
modules and downstream service modules, and provide
personalized and accurate products and services. Focusing on the
essential positioning of energy security, we will promote the
integrated application of intelligent manufacturing key
technology and equipment, core support software, industrial
Internet and other systems, promote manufacturing service cloud
platforms, intelligent connected products and enabling tools and
systems, and improve TFEE by enhancing industrial VA.

Strengthen the construction of a digital talent team and
accelerate the construction of a conforming talent team. By
combining absorption and training, we will fill the gap of
composite digital talents with multidisciplinary knowledge of oil
and gas, economy, law, industrial policy, etc., as well as excellent
practical ability and management technology. In the process of
digital transformation, it is necessary to fully mobilize the
enthusiasm, initiative, and creativity of talents in all aspects and
actively participate in and lead this change. It is necessary to
continuously absorb talents from various fields and adopt a
multi-professional integration organization model, that is,

artificial intelligence experts, mathematicians, software engineers,
and oil and gas professional engineers are closely combined to
establish a multi-professional collaborative working group so that
DT and oilfield business can be seamlessly connected. It is necessary
to formulate a corresponding talent training strategy, organize DT
training extensively, and build a composite talent team that is
proficient in the energy business and understands DT. Industrial
enterprises should increase the re-education of digital skills for
existing talents, improve their digital thinking and management
ability, innovate talent management mode, stimulate talent potential
and vitality, and tap relevant digital technical talents, so as to ensure
that modern information technology can better play the role of
improving EE.

6.3 Research limitations

This study has some limitations, and we propose several
future research directions. First, this study is an empirical
analysis rather than a case study. Therefore, there needs to be
more specific guidance for enterprises to use DT to transform
production processes and to work online. In other words, this
paper cannot provide enterprises or administrative departments
with a detailed and specific action plan to realize digital
integration in the energy field. In the future research, field
investigation and grounded theory or FsQCA can be used to
analyze specific cases. Second, the data used in this paper are at
the provincial level, and the sample size needs to be increased. In
future studies, using micro-data from businesses or residents to
investigate the impact of DT adoption on EE would be helpful.
Thirdly, this study uses the instrumental variable method to
transform statistical inference into causal inference to examine
DT’s impact on EE from the perspective of causal logic. However,
due to the strict exogenous restrictions of instrumental variables,
the causal inference in this paper needs to be revised to some
extent. In future research, using the policy pilot of intelligent
parks, intelligent factories, Intelligent manufacturing, or digital
enterprises combined with difference in difference (DID),
synthetic control methods (SCM), and synthetic difference in
difference (SDID) to evaluate policy will be beneficial. Fourthly,
how to measure EE is challenging. In future research, it will be
beneficial to organically combine the advantages of stochastic
frontier analysis (SFA) and data enveloping analysis (DEA), and
then, use dynamic Stochastic non-parametric envelopment data
(Sto NED), which is more suitable for panel data, to measure EE.
Finally, This study used the installation density of industrial
robots to measure the development degree of DT, which has some
defects because it can not wholly present the content contained in
DT. Digital patents, service robots, and other manifestations of
DT in the economy and society should be considered in future
research.
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