
TYPE Original Research

PUBLISHED 12 May 2025

DOI 10.3389/frsus.2025.1567413

OPEN ACCESS

EDITED BY

Shib Sankar Sana,

Kishore Bharati Bhagini Nivedita College

(KBBNC), India

REVIEWED BY

Amalesh Manna,

KIIT University, India

Mrudul Y. Jani,

Parul University, India

Sujit Kumar De,

Midnapore College (Autonomous), India

*CORRESPONDENCE

Fangfang Song

songfangfang2025@163.com

RECEIVED 02 February 2025

ACCEPTED 16 April 2025

PUBLISHED 12 May 2025

CITATION

Song F (2025) The e�ects of digital

transformation on corporate energy

e�ciency: a supply chain spillover

perspective. Front. Sustain. 6:1567413.

doi: 10.3389/frsus.2025.1567413

COPYRIGHT

© 2025 Song. This is an open-access article

distributed under the terms of the Creative

Commons Attribution License (CC BY). The

use, distribution or reproduction in other

forums is permitted, provided the original

author(s) and the copyright owner(s) are

credited and that the original publication in

this journal is cited, in accordance with

accepted academic practice. No use,

distribution or reproduction is permitted

which does not comply with these terms.

The e�ects of digital
transformation on corporate
energy e�ciency: a supply chain
spillover perspective

Fangfang Song*

School of Digital Commerce, Changzhou Vocational Institute of Textile and Garment, Changzhou,

China

Introduction: As a new enterprise development model, digitalization is an

important driver for improving energy e�ciency and can provide carbon

reduction services across the entire chain.

Methods: In this study, we utilize the panel data of relevant listed firms from 2009

to 2022 to investigate the causal impact of digital transformation on corporate

energy e�ciency at each node of the supply chain and discuss the moderating

e�ects of digital finance and public environmental concern.

Results: The empirical results indicate that digital transformation can enhance

corporate energy e�ciency, and has a forward spillover e�ciency-enhancing

e�ect. Further, when a firm adopts digital transformation, it has stronger green

innovation and better energy structure leading to higher energy e�ciency,

and improves the energy e�ciency of downstream firms through enhanced

green innovation. Moreover, both digital finance and public environmental

concern show significant positive moderating e�ects, and digital finance can

positively moderate the contribution of corporate digital transformation to the

energy e�ciency of downstream firms. Finally, we investigate the heterogeneous

treatment impact across di�erent firms, and find that the positive e�ect is more

pronounced in a subsample of state-owned and eastern firms, short-distance

downstream firms and downstream firms with low-resource endowments.

Discussion: Therefore, a platform should be provided for enterprises to promote

digital transformation and unblock the conduction path of green innovation

and energy structure in order to realize the green transformation of the entire

supply chain.

KEYWORDS

digital transformation, supply chain, corporate energy e�ciency, digital finance, public

environmental concern

1 Introduction

Carbon dioxide emissions are the main cause of global warming, negatively affecting

human settlements, ecosystems and economic development (Song and Zhang, 2020). In

response to climate change, countries around the world have been successively pursuing

carbon emission reduction policies and low-carbon economic transformation, with a view

to improving the people’s lives, pollution control, and eco-environmental protection. As

a developing country, China has long relied on large-scale resource inputs to achieve

rapid industrialization and urbanization, leading to rapid economic growth. Nevertheless,

China’s primitive development model, distinguished by extensive energy utilization and

severe pollution, has exacerbated the contradiction between energy supply and demand. As

a result, China has emerged as the preeminent carbon emitter globally (Yang et al., 2022).

In 2023, its carbon dioxide emissions accounted for around 34% of global carbon dioxide
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emissions, maintaining its position as the leading emitter

worldwide. Moreover, China’s carbon emissions have outpaced

the cumulative emissions of developed countries since 2020

and exceeded them by 15% in 2023. The latest China Energy

Development Report indicates that China’s total energy

consumption in 2023 amounted to 5.72 billion tons of standard

coal, with coal comprising 3.17 billion tons, which accounts for

55.4% of total consumption. This statistic demonstrates that

coal predominates in China’s energy system. At this stage, its

energy efficiency ranks 73rd in the world, lagging far behind not

only developed countries such as Australia and France, but also

developing countries such as Russia and India. To alleviate the

growing challenges of energy scarcity and environmental pollution,

the Chinese government has exerted significant efforts in energy

saving and emission control, and established a series of energy

strategies for sustainable growth (Cong et al., 2021). Increasing the

energy efficiency of firms and realizing a low-carbon transition

is crucial for China to achieve its dual-carbon goals. Specifically,

improving energy efficiency not only reduces energy consumption

and eases the pressure on energy supply, but also cuts down

the production of greenhouse gases and effectively mitigates the

adverse effects of climate change on China, while guaranteeing

stable economic growth and enhancing people’s living conditions

(Shi et al., 2022; Bhadoriya et al., 2022; Chen et al., 2023). However,

enhancing the structure of energy supply and augmenting energy

utilization efficiency has emerged as a significant challenge for

China’s existing environmental quality regulation.

In the past decade, the booming development of the digital

economy has generated a new incentive for economic progress

(Baskerville et al., 2020). As an emerging country, China has

improved its overall layout based on industrial foundations and

advocated its deep integration with the real economy. The scale

of China’s digital economy reached 53.9 trillion yuan in 2023,

accounting for 42.8% of the GDP, and increasing by 1.3 percentage

points from the previous year. Currently, the global economy

is undergoing a new phase of digital revolution. It relies on

cutting-edge digital technologies that are expanding globally,

representing an emerging industrial revolution. The exponential

growth and accessibility of digital technologies have alleviated

environmental pressures and created new endogenous engines of

growth (Ritala et al., 2021). As digital technologies are increasingly

integrated into products, services, and processes (Lange et al.,

2020), digital transformation based on digital switching and

digital upgrading is taking place in an increasing number of

firms. By combing through the announcements disclosed by

listed firms in Wind, we found that more than 700 mainboard

firms in China had actively implemented digital transformation.

The number of these firms has been growing at an average

annual rate of more than 150%, covering almost all industries.

Moreover, technological innovation is recognized as a crucial

driver of energy efficiency in all industries. More importantly,

corporate digital transformation refers to using digital tools to

optimize resource allocation, promoting technological innovation

and improving productivity (Huang et al., 2023). Nevertheless,

previous research has not been sufficient to provide a complete

framework to tackle the question of whether digital transformation

can contribute to corporate energy efficiency. Therefore, this

research answers three specific questions. First, does digital

transformation improve corporate energy efficiency? Second, if

the effects are verified, what are the mechanisms that underlie it?

Finally, is there a non-negligible bridging role for digital finance

and public environmental concern in the enhancing effect of

digital transformation on corporate energy efficiency? And what

are the differences in the effects in terms of firm characteristics

and geographical location? Examining these challenges is crucial

for China to strategically and comprehensively harness the eco-

environment benefit of digital transformation, promoting the

energy efficiency of firms and achieving energy-saving and

emission reduction.

The fundamental characteristics of digital transformation,

such as reshaping business operations, increasing productivity

and enhancing innovation (Ren et al., 2021), can have a

profound impact on corporate energy efficiency. Moreover,

accelerating the application of digital technologies can guide

green technological innovation and energy utilization planning

(Wang et al., 2021), thereby changing consumption patterns,

and promoting the realization of energy saving and emission

control goals. Existing studies have mainly explored the impact

and mechanism of digital transformation on business performance

(Kaur and Sood, 2017; Ribeiro-Navarrete et al., 2021; Llopis-

Albert et al., 2021; Kraus et al., 2021; Li et al., 2023; Liu

and Xiu, 2015), and have not yet focused on the impact of

digital transformation on corporate energy efficiency and how

this impact varies upstream and downstream in a company’s

supply chain (Shah et al., 2016; Chaudhari et al., 2023; Shah

et al., 2025). Hence, the primary contribution of this research is

threefold: first, this paper uses textual analysis to evaluate firm-

level digital transformation, and analyzes the effects of firms’

digital transformation on their energy efficiency and that of

their upstream and downstream firms from the perspective of

supply chain network (Shah et al., 2017; Jani et al., 2021; Ghosh

et al., 2022), bring diverse perspectives to scholars exploring

the limited but emerging literature. Second, this study adds to

a more thorough comprehension of the mechanisms through

which digital transformation affects corporate energy efficiency

by investigating the mediating roles of green innovation and

energy structure, supporting the green development of firms

empowered by digital transformation. Finally, digital finance

and public environmental concern are selected as moderating

variables to test whether and what kind of moderating effects

exist in the process of digital transformation affecting corporate

energy efficiency. Moreover, this research considers corporate

heterogeneity to deepen our investigation by identifying the

impacts in terms of ownership type, region, distance and

resource endowment. This elicits some meaningful experiences

for optimizing corporate digital transformation policies and

sustainable economic development and providing a reference for

developing countries to upgrade traditional energy-intensive firms

to achieve energy structure transformation.

The subsequent sections of this study are structured as follows.

Section 2 shows a literature review and hypothesis development.

Section 3 introduces data, variables and methods. Section 4

summarizes and discusses the research results. Section 5 proposes

the conclusions and policy implications.
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2 Literature review and hypothesis
development

2.1 Literature review

There is no uniform conclusion on the definition of digital

transformation within discussions in academia. Reis et al. (2018)

argues that digital transformation is the leveraging of digital

technologies to facilitate substantial business revolution within

an enterprise and directly impact the lives and work of its

users. Vial (2019) believes that digital transformation is a process

in which an organization seeks paths to enhance its value

creation in response to the influence of digital technology and

addresses barriers that negatively affect the organization. Verhoef

et al. (2021) consider that digital transformation is the process

of analyzing collected data and converting it into actionable

information that can be used to evaluate and build new digital

business models to improve performance and competitiveness.

The definition of digital transformation by Fitzgerald et al. (2014)

is well-received. They believe digital transformation is “using

cutting-edge digital technologies to achieve substantial business

revolution including the growth of operational efficiency, the

improvement of customer satisfaction, and the creation of new

business models.” Coincidentally, Piccinini et al. (2015) and

Majchrzak et al. (2016) define it similarly to Fitzgerald et al.

(2014). This study follows Fitzgerald et al.’s (2014) definition

of the use of digital technologies in operations, business model

innovation, or digital strategy to create value for the enterprise.

Digital transformation mainly consists of three aspects. First,

it is the application of one or more digital technologies to

enhance the operational capabilities of an organization (Majchrzak

et al., 2016). Second, it profoundly changes the production

method, organizational structure and commercial model of a firm

through digital technologies (Bharadwaj, 2013). Moreover, it goes

beyond operational efficiency improvements to broader process

improvements. Thirdly, Verhoef et al. (2021) believe that the digital

transformation of a company builds on its digital technologies

to develop new digital business models that help create business

value. In this process, firms use digital transformation to implement

strategic behavioral modifications by balancing their corporate

resources and the external environment to achieve a competitive

advantage in the marketplace.

At present, there is a lack of research on whether digital

transformation can improve the energy performance of firms, with

similar studies focusing on its economic consequence. Some studies

have pointed out that digital transformation can significantly

affect firm performance, but the research findings differ. Kaur

and Sood (2017) document a firm’s performance can be enhanced

via digital transformation. Hajli et al. (2015) suggest that digital

transformation can raise regional GDP. Ribeiro-Navarrete et al.

(2021) apply social networks and training in digital technologies

to measure the metrics of digital transformation and identify that

these factors can promote performance in the service industry.

Llopis-Albert et al. (2021) conclude that digital transformation can

improve performance, competitiveness and stakeholder satisfaction

in the automotive industry. Some scholars point out that a

higher quality of digital transformation in a firm contributes to

higher production efficiency (Andriushchenko et al., 2020; Ribeiro-

Navarrete et al., 2021). Digital technology can reshape the value-

generating mechanism of stakeholders in the traditional business

system based on the personalized needs of users, thus improving

the quality of enterprise products and services (Kraus et al., 2021).

The rapid development of digital technologies has transformed

enterprise in significant ways (Li et al., 2023), such as reducing costs

(Adamides and Karacapilidis, 2020), increasing efficiency (Liu and

Xiu, 2015) and fostering innovation (Galindo-Martín et al., 2019).

In addition, some studies have articulated that digital technology

has no significant impact on business performance (Curran, 2018).

In conclusion, the existing literature provides crucial insights

for comprehending the relationship between digital transformation

and corporate energy efficiency. It still has some gaps to discuss.

Specifically, previous research mostly examines the influence of

digital transformation on firms’ performance and innovation, with

the effects of digital transformation on corporate energy efficiency

seldom discussed. In addition, few relevant studies have explored

the effects of corporate digital transformation on the economic

performance of individual nodes in the supply chain (Shah et al.,

2016; Chaudhari et al., 2023; Shah et al., 2025). Hence, there is

still room to investigate the impact of digital transformation on

corporate energy efficiency from the perspective of the supply

chain network.

2.2 Hypothesis development

The supply chain network is a functional network with

input-output relationships formed by connecting suppliers,

manufacturers, distributors, retailers and users through precise

control of logistics, information and financial flows (Wiedmer

and Griffis, 2021). It consists of subject elements and structural

elements, that is, node elements and inter-subjective relationship

elements. Listed firms, as key nodes and the most active central

links in the supply chain network, have obvious advantages in

technology, scale and market, with high supply chain dominant

control and industry visibility (Nakkas and Xu, 2019); moreover,

not only do they have the foundations for digital transformation,

but they also have strong network externalities that can influence

the structural elements of the supply chain. Thus, it is necessary

to explore in depth whether a firm’s digital transformation can

increase energy efficiency and affect the energy efficiency of

upstream and downstream firms through the supply chain.

The theory of resource constraints assumes that resources are

finite. Under the condition that resources are efficient, firms need

to utilize them effectively to increase productivity. Firms can handle

large amounts of data through digital transformation strategies

to calculate energy demand and enhance energy utilization.

Specifically, firms can develop intelligent energy management

strategies based on in-depth calculations of historical data to

reduce resource wastage. The digital transformation of energy-

intensive firms can also facilitate the development of advanced

energy management software to monitor in real time and optimize

the specific use of energy. In addition, firms undergoing digital

transformation can leverage cutting-edge digital technologies, such

as the Internet of Things and sensor networks, to monitor the
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operation of energy systems and equipment in real time (Zhang

et al., 2023). This not only allows firms to accurately capture

energy consumption patterns during the production process and

identify potential waste in a timely manner, but also enables

real-time optimization of energy utilization through an intelligent

control system, thereby improving energy efficiency. Therefore, the

data, analytical tools and intelligent control systems provided by

digital transformation enable firms to manage energy utilization

in a sophisticated and intelligent way, resulting in significant

improvements in energy efficiency. Furthermore, compared with

upstream firms, downstream firms have closer ties with listed firms

to promote technological innovation and market competitiveness,

and have a stronger willingness to carry out energy saving and

emission reduction (Wei et al., 2024; Du and Jiang, 2022). On the

one hand, digital technologies can break through the limitation of

geographic space and expand the geographical distribution of the

supply chain, and promote the downstream firms to strengthen

the cooperation with listed firms in production, research and

development to consolidate the innovation network and promote

long-term stable cooperation. On the other hand, downstream

firms are weaker than upstream firms in terms of scale, technology,

management and have a stronger ability and willingness to absorb

and transform knowledge spillover from listed firms. This can

greatly accelerate the digital transformation of downstream firms,

thus increasing their energy efficiency and accelerating sustainable

development. Hence, this study poses:

Hypothesis 1. Digital transformation can enhance the energy

efficiency of firms and their downstream firms.

As digital transformation is characterized by openness, sharing

and collaboration, it can boost the green innovation of firms by

promoting their interaction with external innovation resources

through digital platforms, digital sharing and partnerships

(Rupeika-Apoga et al., 2022). Green innovation requires the

introduction of new ideas, behaviors, products and processes that

can reduce environmental damage andmeet the goal of ecologically

sustainable development (Yuan and Cao, 2022). Specifically,

firms’ digital transformation can accelerate the widespread use

of digital technologies and promote the linkage, penetration and

reconfiguration among multiple technological fields in the process

of enterprise innovation, thereby enhancing green innovation.

Furthermore, in line with the theory of circular economy, green

innovation can improve corporate productivity and decrease

energy consumption and curb carbon emissions through the

improvement of product design and the application of circular

thinking (Thakur and Wilson, 2024). This suggests that the green

innovation competence of firms is also a significant determinant

of energy efficiency. On the one hand, the embedding of digital

technology can help firms acquire and reintegrate resources and

promote green technology innovation to generate advantages

in resource allocation (Li H. L. et al., 2021). Specifically, the

advancement of digital technology diminishes the cooperation

expenses between innovative organizations, promotes the rapid

integration of knowledge, and provides an effective guarantee

for expanding the knowledge supply of high-quality green

technological innovation for firms. On the other hand, digital

transformation requires employees to have digital skills, including

data analysis and information technology. Thus, firms can

accumulate rich human capital by cultivating and upgrading the

digital skills of their employees, which will in turn boost green

innovation. In addition, the improvement of firms’ information

utilization ability can assist them in understanding market

preferences and government policies to proactively adjust the

demand for different energy sources, produce green products with

low energy consumption to meet market demand, and further

stimulate green innovation technology in the reproduction process,

thus effectively improving total energy efficiency.

Digital transformation can provide firms with a large amount

of real-time and historical data through big data technology,

establishing an accurate information basis for enterprise energy

decision-making, thereby effectively alleviating the information

asymmetry of energy factor inputs in the production process.

Specifically, in the absence of information on energy utilization,

firms may make decisions that are not based on actual demand

and energy efficiency, resulting in wasteful and inefficient use

of energy resources; moreover, information asymmetry prevents

firms from obtaining detailed information on clean and traditional

energy sources, thus reducing their ability to optimize energy

structure and inhibiting overall energy efficiency (Kang et al., 2022).

Nevertheless, with the rapid advancement of digital technology,

firms can track energy utilization and pollution control in the

production process in real time, promoting the efficient matching

of information between the demand side and the application

side. Furthermore, energy digital technology can accelerate the

intelligent transformation of the energy production process and the

upgrading of the enterprise productionmanagement system (Wang

et al., 2022), thus enhancing the recycling of energy and improving

energy utilization efficiency. In addition, firms are not only

concerned about the energy utilization in the production process

but also expect to improve the structure of energy consumption,

that is, to reduce the share of traditional energy sources used

such as coal and oil, and to weaken their dependence on limited

natural resources. Firms supported by digital transformation can

continuously improve their energy structure, gradually replace

traditional energy-intensive equipment and technology, and shift

to using clean and renewable energy, which is also a crucial way to

achieve sustainable growth and strengthenmarket competitiveness.

Corporate digital transformation not only directly impacts its

energy efficiency, but also indirectly contributes to the energy

efficiency of its upstream and downstream firms by influencing

green innovation. The influence of corporate digital transformation

on the energy efficiency of upstream and downstream firms in

the supply chain network is mainly manifested in the way of

enterprise knowledge spillover and the ability of upstream and

downstream firms to absorb and transform the knowledge spillover

(Fan et al., 2023; Schilling and Seuring, 2024; Ghosh et al., 2021).

Specifically, corporate digital transformation can break through

the geographical and spatial limitations, not only promoting

their green innovation, but also generating knowledge spillovers

in the supply chain network to promote knowledge innovation

and technological progress of other firms, thus providing an

innovative basis for the energy efficiency improvement of upstream

and downstream firms in the supply chain network. Whether

the upstream and downstream firms can absorb the knowledge

spillover from the supply chain network depends on the way of
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knowledge spillover and the ability of upstream and downstream

firms to absorb and transform the knowledge spillover (Saha

et al., 2024; Ghosh et al., 2025). However, there is an asymmetry

in the market structure and input-output relationship of the

production network, and there are two kinds of differences in

the knowledge spillovers from corporate digital transformation

to upstream and downstream firms (Ishfaq et al., 2022; Ghosh

et al., 2023; Orellano and Tiss, 2024). One of them is the

spillover approach. Corporate digital transformation can promote

green product innovation, which enters downstream firms in the

form of intermediate goods and promotes rental spillovers to

them; moreover, firms undergoing digital transformation can also

generate pure knowledge spillovers to their downstream firms in

the process of patent application and technological innovation,

which accelerates their pace of achieving green innovation and

improving energy efficiency. However, due to the limitations

of input-output linkages, the upstream firms have no basis for

capturing rent spillovers and knowledge spillovers. The second

is the capacity for absorption and transformation. As there are

obvious differences in the scope of R&D and technological fields

between the listed firms and their upstream and downstream firms,

there are also differences in the ability of upstream and downstream

firms to absorb and transform knowledge spillovers from their

listed firms and recombine them into their technologies. Compared

with upstream firms, downstream firms have a higher degree of

similarity in technological innovation with listed firms and are

more likely to absorb and transform knowledge spillovers from

listed firms. Therefore, this study proposes:

Hypothesis 2a. Digital transformation can enhance corporate

energy efficiency via its effects on green innovation and

energy structure.

Hypothesis 2b. Corporate digital transformation can

enhance downstream firms’ energy efficiency via its effects on

green innovation.

Adequate funding can guarantee the successful implementation

of corporate digital transformation (Peng and Tao, 2022). When

a firm has high financing constraints, it is difficult to raise

funds quickly from the external environment, which may even

increase the costs of financing and have a negative impact on

its business decisions. Specifically, firms will be unable to make

optimal decisions when facing financing difficulties, thus distorting

the allocation of production resources and hindering the digital

transformation process. However, digital finance, as a new form

of finance in which digital technology continues to penetrate the

financial field, is highly compatible with the digital economy and

can effectively alleviate capital mismatch and broaden financing

channels, thus providing financial assistance for the digital

transformation strategy of firms. In addition, public environmental

concern can reflect the public’s environmental preferences and play

a moderating role in how digital transformation affects corporate

energy efficiency. On the one hand, the public’s concern for

environmental issues can be transformed into a preference for

green products, increasing the competitiveness of green products

in the market (Hasan et al., 2018). As the public’s environmental

preference increases, they are more willing to pay for green

products, leading to a decline in profits for firms using polluting

technologies. However, digital technologies can precisely provide

support for firms’ research and development for green products.

As a result, these firms then tend to adopt digital transformation

to improve production processes and achieve cleaner production

in response to public interest. On the other hand, the public’s

concern for environmental issues can leverage the power of public

opinion to exert pressure on firms to protect the environment and

increase their risk of non-compliance (Liao and Shi, 2018; Ren

et al., 2018). Thus, to cultivate long-term competitive advantages,

firms are more inclined to apply digital technologies in energy

conservation and emission control to improve energy efficiency.

Furthermore, firms are leveraging digital finance to increase their

financial investment in digital transformation and are willing to

strengthen digital technology partnerships with their downstream

firms to enhance their ability to utilize energy resources and reduce

carbon emissions. Accordingly, this study assumes:

Hypothesis 3a. Both digital finance and public environmental

concern can enhance the positive effect of digital transformation on

corporate energy efficiency.

Hypothesis 3b. Digital finance can enhance the positive

effect of corporate digital transformation on downstream firms’

energy efficiency.

The relative impact of obstacles or drivers of corporate

advancement may vary with firm-related structure characteristics

and geographic location. On the one hand, compared with non-

state-owned firms (NSOFs), state-owned firms (SOFs) not only face

the market constraint of energy saving and emission control but

also the political task of energy saving and emission control to a

greater extent. Conversely, SOFs can obtain more tax incentives

and credit subsidies, and face fewer financing constraints and

lower financing costs (Chen and Zhou, 2017; Feng et al., 2020).

Thus, SOFs tend to invest more funds in digitalization to promote

sustainable development. Furthermore, differences in economic

growth, industrial scale and structure, and policy orientation of

regions will affect the quality and progress of corporate digital

transformation. Specifically, the eastern region is ahead of the

whole country in terms of economic development level, abundant

in talents and capital, and faster in the development of high-end

manufacturing industry, especially with the advantages of perfect

digital technology facilities, abundant data resource elements, and

higher conversion rate of digital technology results. Thus, firms

in the eastern region are more motivated to undergo digital

transformation and play a role in promoting their energy efficiency.

Conversely, due to the relative stagnation of economic growth, the

central and western regions are forced to absorb a large number

of high-energy-consuming and high-emissionmanufacturing firms

transferred from the eastern region, resulting in greater difficulty

in the overall low-carbon transformation of the regions (Pan

et al., 2022). Moreover, corporate digital transformation in the

central and western regions is not sufficiently motivated, and

there is relatively little room for improving energy efficiency. On

the other hand, corporate digital transformation can overcome

geographical constraints and facilitate the dissemination of explicit

knowledge over long distances. However, if two enterprises are

too far apart, it may not be conducive to the spillover of

tacit knowledge (Sorescu and Schreier, 2021; Zhu et al., 2020).

Tacit knowledge belongs to a kind of diverse, complex and

difficult-to-encode knowledge that can only be acquired through
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direct face-to-face learning and is difficult to be routinized

and spread over long distances through information or digital

technologies. Compared with explicit knowledge, tacit knowledge

may play a vital role in corporate innovation. Thus, the proximity

of firms implementing digital transformation to downstream

firms affects their energy efficiency improvement. In addition,

differences in resource endowment in the regions where firms

are located also impact energy efficiency improvement. Based

on differences in resource endowments, firms can be divided

into two categories: firms with high-resource endowments and

firms with low-resource endowments. Specifically, regions with

high-resource endowments usually prioritize the development of

resource-based industries, which are prone to waste of resources

and lack of digital transformation atmosphere. However, when

faced with the dilemma of resource scarcity, firms in low-resource

endowment regions tend to enhance digital transformation

and promote knowledge spillover, thereby improving resource

utilization efficiency. Correspondingly, we further propose:

Hypothesis 4a. Digital transformation has heterogeneous

effects on corporate energy efficiency across firms’ ownership types

and regions.

Hypothesis 4b. Corporate digital transformation has

heterogeneous effects on the energy efficiency of downstream

firms across firms’ geographical distance and resource endowment.

3 Data, variables, and methods

3.1 Data

Listed firms are the most active center of the supply chain

network. We use A-share manufacturing firms in Shanghai and

Shenzhen Stock Exchanges from 2009 to 2022 as the samples

of this empirical study. The beginning of 2009 aims to evade

the consequences of the global financial crisis in 2008 that may

affect a firm’s digital transformation strategy or energy efficiency.

This paper obtains the legal person code of listed firms based

on the industrial and commercial registration information data

of listed firms, and accurately matches the financial information

data of listed firms with the tax survey data based on the legal

person code and the year to obtain the matching data of listed

firms from 2009 to 2022. Moreover, the supplier list of listed

firms is matched with the national tax survey data based on

the firm name and the year to obtain the matching data of the

upstream firms of listed firms from 2009 to 2022, and the customer

list of listed firms is matched with the national tax survey data

based on the firm name and the year to obtain the matching

data of the downstream firms of listed firms from 2009 to 2022.

Considering the availability and comparability of data information,

we remove firms: 1) in the financial industries, 2) having financial

distress, 3) firms with missing data, 4) ST (Special Treatment,

firms have incurred operating losses for 2 consecutive years) and
∗ST (firms operating losses for three consecutive years). The final

sample contains 20,034 listed firm-years, 12,572 upstream firm-

years and 18,340 downstream firm-years. The accounting and

financial data is collected from the CSMAR database. We obtain

data on digital transformation through textual analysis of enterprise

annual reports. Moreover, we winsorize firms’ continuous variables

at the 1% and 99% levels to eliminate the effects of outliers.

3.2 Variables

3.2.1 Measurement of energy e�ciency
The explained variable is corporate energy efficiency (CEE).

Data Envelopment Analysis (DEA) mainly consists of traditional

and derived models (Farrell, 1957). Traditional models have

inherent flaws, such as the CCR model, which relies on the

unrealistic assumption of constant returns to scale, and the BCC

model, which allows for variations in returns to scale but ignores

the negative externalities caused by the production process on the

environment, that is, undesired outputs. Compared with traditional

models, derived models, such as the SBM model, can consider the

relaxation of input and output and include unexpected outputs

(Tone, 2002). Thus, the SBMmodel aligns more closely with actual

production conditions and is extensively used in assessing energy

efficiency (Choi et al., 2012). However, the SBM model is unable to

distinguish between the effective decision-making units (DMUs).

Tone proposed a super-efficient SBM model based on unexpected

output, which combines the advantages of the super-efficient model

and the SBM model to reorder the effective DMUs. Specifically, it

is assumed that a production system has n DMUs, and each DMU

has m input, S1 expected output, and S2 unexpected output. The

vector form is expressed as x ∈ Rm„, where x, and are matrices;

x = [x1, x2, · · · xn] ∈ Rm×n, Yg = [y
g
1, y

g
2, · · · y

g
n] ∈ Rs1×n, Yb =

[yb1, y
b
2, · · · y

b
n] ∈ Rs2×n. The super-efficient SBMmodel considering

the undesirable output is as follows:

ρ∗ = min

1
m

m
∑

i=1

xi
xik

1
s1+s2

(

s1
∑

r=1

y
g
r

y
g
rk

+
s2
∑

r=1

ybr

yb
rk

)

s.t.











































x ≥
n
∑

j=1,j6=k

xjλj

yg ≤
n
∑

j=1,j6=k

y
g
j λj

yb ≥
n
∑

j=1,j6=k

ybj λj

x ≥ x0, y
g ≤ y

g
0, y

b ≥ yb0, y
g ≥ 0, λ ≥ 0

(1)

where the objective function value of ρ∗ is the efficiency value

of the DMU. λ is the weight vector.

With reference to Li S. et al. (2021) and Shi et al. (2022), this

study considers 3 input indicators and 2 output indicators for

the measurement of corporate energy efficiency. Specifically, the

number of employees in each firm is chosen tomeasure labor input,

the fixed asset in each firm is chosen to denote the capital input, and

the consumption of natural resources including coal, oil and natural

gas in each firm is used to denote the energy input. Furthermore,

this paper selects the revenue in each firm as the desirable output

and the waste water, waste gas and fume emissions in each firm as

the undesirable output.
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3.2.2 Construction of the digital transformation
index

The digital transformation (DT) is the explanatory variable.

Firm-level digital transformation is not simply the digital

processing of productionmaterials but requires the use of emerging

technologies to promote the digitalization of enterprise production

materials and the whole manufacturing process, thereby achieving

the goal of improving quality and efficiency. Based on GitHub

open-source code, we conduct textual analysis on annual reports

using Python software. Then, we define DT as the natural logarithm

of 1 plus the total number of word frequencies of related keywords.

An annual report is one of the important channels for firms to

convey the strategic direction of corporate development to the

public, and the keywords used in the annual report are an important

characterization of the direction of corporate management and

development. Hence, this proxy indicator is reliable and secure.

In terms of keyword selection, Verhoef et al. (2021) believe

that corporate digital transformation has three elements: digital

technology application, business model innovation and digital

development strategy. The last element is built on the first two.

Hence, we follow Gal et al. (2019) to focus on the first two elements

to measure a firm’s level of DT. Specifically, a dictionary of 64 and

10 keywords related to digital technology adoption and business

model innovation is used for textual analysis.

3.2.3 Mediation variables
This study selects green innovation (GI) and energy structure

(ES) as the mediation variables. The permeability of digital

technologies facilitates the integration of green technologies

with multidisciplinary technologies, which can enhance a firm’s

existing green technologies and contribute to improving its energy

efficiency. Considering that the number of patent applications is a

better indicator reflecting the level of corporate green innovation

than the number of authorized patents, and that the application

process consumes a longer period of time (Wang et al., 2021),

we adopt the natural logarithm of 1 plus the total number of

green invention patent applications and green utility model patent

applications to represent it. In addition, digital transformation can

optimize the structure of energy utilization in a firm’s production

process and thus improve its energy efficiency. The energy structure

of enterprises is heavily dependent on traditional fossil fuels, with

coal, oil and natural gas being the most common forms of energy

(Bejarano et al., 2019). Accordingly, we explore the influence

of digital transformation on each of the three types of energy

utilization to analyze how digital transformation affects energy

structure. Coal consumption (COAL), oil consumption (OIL) and

natural gas consumption (GAS) are used to represent energy

structure. Specifically, COAL, OIL, and GAS are characterized

by the ratio of coal, oil, and natural gas usage to total energy

consumption, respectively.

3.2.4 Moderating variables
Based on the previous analysis, digital finance (DF) and

public environmental concern (PC) are selected to explore

their moderating effects on the relationship between digital

transformation and corporate energy efficiency. Specifically, digital

finance is measured by the Digital Financial Inclusion Index

compiled by Peking University and divided by 100. The natural

logarithm of the annual average of Baidu’s “haze” search index

(mobile and PC searches) is used to represent public environmental

concern by matching the firm’s place of registration.

3.2.5 Control variables
The control variables selected for this research include (1):

Firm size (SIZE). Firm size is defined as the natural log of firm

assets. (2) Firm age (AGE). Firm age is measured as the years

the firm has been in. (3) Nature of shareholding (SOE). State

control is a binary variable equal to 1 if the firm is state-owned,

and 0 otherwise. (4) Capital intensity (CI). The ratio of net fixed

assets to the number of employees measures capital intensity. (5)

Region financial development level (FIN). The ratio of deposits

and loans of provincial banking financial institutions to GDP is

used for this measure. (6) Stability of shareholdings (SOS). We

adopt the difference between the shareholding ratio of the second

largest and the first largest shareholders to denote the stability

of shareholdings. Specifically, the smaller the difference is, the

higher the possibility of the second largest shareholder replacing

the first largest shareholder, and themore unstable the shareholding

structure of firms is considered to be (Cui et al., 2021; Sun et al.,

2020; Yao et al., 2021).

3.3 Econometric methods

To empirically analyze the relationship between digital

transformation and corporate energy efficiency, this paper develops

the following benchmark model:

CEEit = β0 + β1DTit + β2Controlit + µi + δt + εit (2)

where the explained variablerepresents the energy efficiency of

the i-th firm in year t; the core explanatory variable DTit is digital

transformation;Controlit is a set of control variables;µi, δt indicates

the individual and time fixed effects respectively; εit indicates the

random disturbance term.

The aforementioned theoretical studies indicate that green

innovation and energy structure are essential mediating factors in

the process of digital transformation affecting corporate energy

efficiency. Consequently, based on the classical mediating effect

model, we construct the following model using stepwise regression:

Medit = θ0 + θ1DTit + θ2Controlit + µi + δt + εit (3)

CEEit = φ0 + φ1Medit + φ2DTit + φ3Controlit + µi + δt + εit

(4)

where Medit represents the mediation variables. formula (3)

calculates the impact of digital transformation on mediation

variables and formula (4) calculates the impact of digital

transformation and the mediation variables on corporate energy

efficiency. When β1 is significant, it indicates that digital

transformation can significantly affect corporate energy efficiency,
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and then we observe whether θ1, φ1 and φ2 are significant. If θ1

and φ1 are both significant, but φ2 is not significant, a complete

mediation effect is considered. If φ2 is also significant, a partial

mediation effect is considered. If either θ1 orare not significant,

we should use bootstrap sampling to test for the presence of a

mediation effect.

To further investigate the moderating role of digital finance

and public environmental concern in the process of digital

transformation affecting corporate energy efficiency, we introduce

an interaction term between the core explanatory variable and the

moderating variables to construct the following model:

CEEit = γ0 + γ1DTit + γ2Modit + γ3DTit ×Modit

+γ4Controlsit + µi + δt + εit (5)

whereModit represents the moderating variables.

4 Results analysis and discussion

4.1 Baseline findings

We first use the empirical model (1) to examine the impact

of digital transformation on corporate energy efficiency. From the

findings of column (1) in Table 1, it can be seen that when only firm

and year fixed effects are both controlled, the regression coefficient

of digital transformation is significantly positive, revealing that

when a firm engages in digital transformation, its energy efficiency

is higher than a firm without digital transformation. Moreover,

the findings of column (2), containing all control variables,

indicate that firms that undergo digital transformation exhibit

0.001% points higher energy efficiency than those that do not.

Therefore, the findings support Hypothesis 1, which proposes that

accelerating the process of corporate digital transformation will

drive energy efficiency.

The supply chain network formed by listed firms and upstream

and downstream firms can reflect the characteristics of a vast

number of firms cooperating with many different types of suppliers

and customers. Small changes in the supply chain network can

trigger ripple effects (Yuan et al., 2020; Shang et al., 2023). As a key

node in the supply chain network, corporate digital transformation

can cause a chain reaction upstream and downstream through

the supply chain network. Therefore, we further examine the

relationship between the digital transformation of firms and the

energy efficiency of upstream and downstream firms. The findings

of columns (3)-(6) in Table 1, regardless of whether control

variables are added or not, illustrate that the digital transformation

of firms positively influences the energy efficiency of their

downstream firms, that is, the forward spillover effect is significant.

However, the impact of corporate digital transformation on the

energy efficiency of upstream firms fails to pass the test, that

is, the backward spillover effect is not significant. Therefore, the

promotion effect of corporate digital transformation on energy

efficiency does not significantly spill over to upstream firms.

4.2 Robustness checks

4.2.1 Alternative sample and future energy
e�ciency

Municipalities in China with special political and economic

characteristics possess additional resources to facilitate firms’ digital

transformation. We exclude sample data from firms in Beijing,

Shanghai, Guangzhou and Shenzhen for robustness. In addition,

considering the time lag impact of digital transformation on

corporate energy efficiency, we use the energy efficiency metric

at t+1 for robustness. The findings are tabulated in columns (1)-

(6) of Table 2. Across all six columns, the coefficients of digital

transformation continue to be significantly positive for listed

firms and their upstream firms, but insignificant for downstream

firms, demonstrating that the baseline findings are robust to

alternative sample and future energy efficiency. Hypothesis 1 is

again supported.

4.2.2 Adding control variables
Innovation is a critical determinant of firms’ energy efficiency.

It was not controlled for in the above study as it may act as

an intermediary variable in the transmission path from digital

transformation to corporate energy efficiency and should not be

controlled for. Accordingly, R&D intensity is included to test for

robustness, which is calculated by the ratio of R&D expenditure to

TABLE 1 Baseline findings.

Variables Listed firms Upstream firms Downstream firms

CEE CEE CEE CEE CEE CEE

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

DT 0.1335∗∗∗ 0.1384∗∗∗ 0.0982 0.1023 0.1450∗∗∗ 0.1518∗∗∗

(4.17) (4.36) (1.37) (1.45) (4.68) (4.82)

Controls NO YES NO YES NO YES

Firm FE YES YES YES YES YES YES

Year FE YES YES YES YES YES YES

Observations 20,034 20,034 12,572 12,572 18,340 18,340

R-squared 0.1912 0.2178 0.0644 0.0701 0.1576 0.1642

The t-statistics are reported in the parentheses. ∗∗∗Denotes passing the test of significance at the 1% level.
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total assets. Moreover, the concentration of shareholding (the sum

of the top 5 shareholders’ shareholdings) is added to the baseline

model. According to columns (7)-(9) in Table 2, the coefficients of

DT obtained are highly consistent with those of the baseline model.

4.2.3 Instrumental variable
Identifying the causal effects of digital transformation on

corporate energy efficiency can be confounded by potential

endogeneity issues such as mutual causation and omitted variables.

Endogeneity issues are better solved using an instrumental variable

approach. The digital transformation level of other listed firms

in the same region affects the digital transformation decisions of

this listed firm, but cannot directly affect its energy efficiency.

Therefore, the mean value of the digital transformation index of

all listed firms in the same province, except this listed firm, is

selected as the instrumental variable (IV 1), which can satisfy the

premise of relevance and exogeneity. Moreover, the historical data

is exogenous and cannot directly impact firms’ energy efficiency.

By referring to the relevant study (Nunn and Qian, 2014), we create

the interaction term as another instrumental variable (IV 2) using

the number of fixed-line telephones per ten thousand in 1984 and

China’s internet users in the previous year. The two-stage least

square method is adopted for the estimation. Table 3 once again

reveals that digital transformation significantly drives corporate

energy efficiency after adopting the instrumental variables. The

Kleibergen-Paap rk LM statistic and the Kleibergen-Paap rk Wald

F statistic significantly reject the null hypothesis, demonstrating it

has passed the endogenous test. The coefficients of the explanatory

variable DT are significantly positive for listed firms and upstream

firms, but not for downstream firms, which is consistent with the

findings of the baseline model. In conclusion, our baseline findings

are valid and reliable.

4.3 Transmission mechanisms

As noted in the hypothesis development section, we use

a mediating effect model to test the mechanism by which

corporate digital transformation influences its energy efficiency

from two paths: green innovation and energy structure, and the

mechanism by which corporate digital transformation influences

the energy efficiency of its downstream firms from a green

innovation perspective.

The findings in column (2) of Table 4 show that the

coefficient of DT for GI is significantly positive, revealing that

digital transformation can drive a firm’s green innovation level.

The findings in column (3) show that both green innovation

and digital transformation have a significant positive effect on

corporate energy efficiency. This result demonstrates that the

mediating effect of corporate digital transformation on its energy

efficiency is significant. A digital transformation strategy can

enable firms to rapidly collect and organize technical data, and

promote linkage, penetration and reconstruction between multiple

technological fields in the process of corporate green innovation,

thereby promoting their energy efficiency. In columns (4)-(6),

the coefficients of DT for COAL and OIL are both significantly
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TABLE 3 Robustness test results for instrumental variable estimation.

Variables Listed firms Upstream firms Downstream firms

IV 1 IV 2 IV 1 IV 2 IV 1 IV 2

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

DT 0.1426∗∗∗ 0.1482∗∗∗ 0.1034 0.0917 0.1473∗∗∗ 0.1502∗∗∗

(5.17) (6.28) (1.56) (1.14) (5.56) (6.78)

Controls YES YES YES YES YES YES

Firm FE YES YES YES YES YES YES

Year FE YES YES YES YES YES YES

Kleibergen-Paap rk LM

statistic

607.697

[0.0000]

605.431

[0.0000]

427.237

[0.0000]

488.072

[0.0000]

641.562

[0.0000]

656.284

[0.0000]

Kleibergen-Paap rk

Wald F statistic

472.961

{56.17}

527.130

{58.63}

381.153

{63.26}

339.244

{50.35}

505.304

{72.91}

687.345

{65.28}

Observations 20,034 20,034 12,572 12,572 18,340 18,340

R-squared 0.1870 0.1925 0.0795 0.0771 0.1682 0.1588

P-value in square brackets; The critical value at the 10% level of weak identification test in brace. ∗∗∗Denotes passing the test of significance at the 1% level.

negative, but the coefficient of DT for GAS is significantly positive,

indicating that if a firm adopts a digital transformation strategy, it

can increase the use of low-pollution and low-consumption energy

such as natural gas, and reduce the use of high-pollution and high-

consumption energy such as coal and oil. Then, in columns (7)-

(9), the coefficients of COAL, OIL, and GAS are significant with

the corrected signs and the coefficients of DT carry the expected

signs. These results demonstrate that digital transformation can

improve corporate energy efficiency by optimizing the structure

of energy utilization in the production process. The adoption of

a digital transformation strategy by many firms can significantly

contribute to establishing a digital governance system based on data

mining, evaluation and application, identifying potential waste and

opportunities for optimization (Reis et al., 2018). Moreover, it can

incorporate renewable energy such as solar and wind into corporate

energy structure and gradually replace traditional energy-intensive

equipment and technologies.

As shown by the findings in column (10) of Table 4, the

coefficient of DT for GI is significantly positive, indicating

that corporate digital transformation can improve the green

innovation of its downstream firms. Digital transformation and

green innovation are also shown to be significantly positive

in columns (11), revealing that the digital transformation and

green innovation of firms can improve the energy efficiency

of their downstream firms. These findings indicate that green

innovation has intermediary effects on the impact of corporate

digital transformation on the energy efficiency of its downstream

firms. The digital transformation of firms will promote knowledge

spillover and create preconditions for their downstream firms to

absorb knowledge. Moreover, based on the market structure of

the production network and the asymmetry of the input-output

relationship, it is easier for downstream firms to absorb the pure

knowledge overflow from the digital transformation of upstream

firms. Accordingly, the digital transformation of firms can enhance

the active absorption of overflow knowledge in the supply chain

network by their downstream firms, which improves the green

innovation of downstream firms, and thus contributes to the

improvement of their energy efficiency.

In conclusion, corporate digital transformation can increase the

energy efficiency of its listed firms by enhancing green innovation

and optimizing energy structure. Moreover, it can improve the

energy efficiency of its downstream firms by enhancing green

innovation. Therefore, Hypothesis 2a and 2b are verified.

4.4 Moderating mechanisms

We use the empirical model (5) to investigate the moderating

effects of digital finance and public environmental concern

in the impact of digital transformation on corporate energy

efficiency. Table 5 demonstrates the moderating regression results.

As seen in column (1), the interaction term between digital

transformation and digital finance is significantly positive,

revealing that digital finance can positively moderate the

contribution of digital transformation to corporate energy

efficiency. The advancement of digital finance can alleviate

financing constraints and provide sufficient financial support for

the digital transformation and technological innovation of firms,

thereby reinforcing the contribution of digital transformation to

energy efficiency growth. Moreover, the results of column (2) reveal

the positive moderating role of public environmental concern in

the process of digital transformation promoting corporate energy

efficiency. Increased public environmental concern can motivate

firms to improve their processes through digital transformation

to meet the public’s demand and preference for green products,

and increase environmental protection pressure, thus promoting

the efficient use of energy in production. Hypothesis 3a is

confirmed. Furthermore, the regression findings of columns (3)-

(4) demonstrate that digital finance has a significant positive

moderating effect, but the positive moderating effect of public

environmental concern is not significant, indicating that only

digital finance can significantly enhance the positive impact of
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TABLE 4 Transmission mechanism.

Variables Listed firms Downstream firms

CEE GI CEE COAL OIL GAS CEE CEE CEE GI CEE

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

DT 0.1384∗∗∗

(4.36)

0.0862∗∗∗

(3.40)

0.1215∗∗∗

(4.18)

−0.0936∗∗∗

(−3.57)

−0.1201∗∗∗

(−3.84)

0.1053∗∗∗

(3.69)

0.1210∗∗∗

(3.16)

0.1193∗∗∗

(3.12)

0.1316∗∗∗

(4.48)

0.1316∗∗∗

(4.15)

0.1205∗∗∗

(4.12)

GI 0.1961∗∗∗

(5.27)

0.1360∗∗∗

(4.52)

COAL −0.1859∗∗∗

(−5.26)

OIL −0.1590∗∗∗

(−4.89)

GAS 0.0646∗∗∗

(3.13)

Controls YES YES YES YES YES YES YES YES YES YES YES

Firm FE YES YES YES YES YES YES YES YES YES YES YES

Year FE YES YES YES YES YES YES YES YES YES YES YES

Observations 20,034 20,034 20,034 20,034 20,034 20,034 20,034 20,034 20,034 20,034 20,034

R-squared 0.2178 0.1741 0.2252 0.1790 0.1668 0.1803 0.2271 0.2103 0.2327 0.1684 0.2241

∗∗∗Denotes passing the test of significance at the 1% level.
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TABLE 5 Moderating mechanism.

Variables Listed firms Downstream firms

CEE CEE CEE CEE

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

DT 0.1226∗∗∗ (4.05) 0.1312∗∗∗

(5.37)

0.1127∗∗∗ (3.95) 0.1056∗∗∗

(3.64)

DF 0.0859∗∗∗ (3.13) 0.0780∗∗∗ (3.05)

DF×DT 0.1154∗∗∗ (3.72) 0.1218∗∗∗ (3.76)

PC 0.1258∗∗∗

(3.74)

0.0641

(1.22)

PC×DT 0.1307∗∗∗

(3.90)

0.0962

(1.59)

Controls YES YES YES YES

Firm FE YES YES YES YES

Year FE YES YES YES YES

Observations 20,034 20,034 20,034 20,034

R-squared 0.2318 0.2112 0.2065 0.1225

The t-statistics are reported in the parentheses. ∗∗∗Denotes passing the test of significance at the 1% level.

the digital transformation of listed firms on the energy efficiency

of their downstream firms. Hypothesis 3b is not supported. A

possible reason for this phenomenon is that the degree of public

participation in environmental protection supervision in China

is lower, and the resulting informal environmental regulation is

weak, which only enhances the promotion effect of corporate digital

transformation on its energy efficiency, but has a dampening effect

on the energy efficiency of its downstream firms.

4.5 Heterogeneity analysis

First, we examine the heterogeneity of digital transformation

impacting corporate energy efficiency according to ownership

type and location region. The heterogeneity test findings are

tabulated in Table 6. Columns (1)-(2) report the coefficient of

digital transformation in the group of SOFs is significantly positive,

while the same coefficient in the group of NSOFs does not

pass the significance test. These findings suggest that digital

transformation only contributes to the energy efficiency of SOFs. As

explained in Section 2, corporate digital transformation is a long-

term process covering production, operation and marketing, and

requires continuous capital investment. Compared with NSOFs,

SOFs can obtain more support from the government and have

stronger risk resistance, and thus invest in digital transformation

more persistently. The results of columns (3)-(5) indicate that

the promoting effect of digital transformation is significant for

firms in the eastern region, while it is not significant for firms

in the central and western regions. This is mainly because the

eastern region is more economically developed, with relatively well-

developed infrastructure and cutting-edge digital technology, and

firms located in that region can take advantage of these advantages

to advance digital transformation. However, the relatively weak

digital infrastructure and insufficient digital talent pool in the other

regions have resulted in a slow digital transformation process for

local firms and a weak drive for their energy efficiency.

Second, the heterogeneity analysis results of firms’ digital

transformation affecting the energy efficiency of their downstream

firms according to geographical distance and resource endowment

are presented in Table 7. The results reveal that the promoting

effect of digital transformation is significant for downstream firms

with short distances and low-resource endowments. On the one

hand, the spatial agglomeration of firms plays an important role

in facilitating information interaction and knowledge sharing,

and corporate digital transformation can only generate significant

synergies and mutual reinforcement within a specific spatial

scale. Thus, corporate digital transformation cannot significantly

impact the energy efficiency of its distant downstream firms.

On the other hand, firms in high-resource endowment regions

are prone to resource dependence, leading to less efficient use

of resources and a lack of incentives for digital transformation.

Conversely, due to the lack of resource availability, firms with

low resource endowments will increasingly realize the urgent

requirement of digital transformation in production to improve

their market competitiveness. Therefore, the conclusion above

provides empirical support for Hypothesis 4.

5 Conclusion and policy implications

From a supply chain network perspective, this research

adopts a sample of Chinese listed firms to deeply investigate the

influencing mechanisms of digital transformation on corporate

energy efficiency. The results provide evidence to verify the

hypothesis that corporate digital transformation can improve

energy efficiency for itself and its downstream firms. The findings

are robust to alternative sample and future energy efficiency,

adding control variables, and after accounting for endogeneity.

In addition, we argue that green innovation and optimization
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TABLE 6 Heterogeneity analysis of firms’ digital transformation a�ecting their energy e�ciency.

Variables SOFs NSOFs Eastern region Central region Western region

CEE CEE CEE CEE CEE

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

DT 0.1401∗∗∗ (5.63) 0.0961

(1.26)

0.1574∗∗∗ (6.15) 0.1052

(1.54)

0.0842 (1.21)

Controls YES YES YES YES YES

Firm FE YES YES YES YES YES

Year FE YES YES YES YES YES

Observations 7,511 12,425 14,523 2,802 2,401

R-squared 0.2577 0.1340 0.2111 0.1453 0.1532

∗∗∗Denotes passing the test of significance at the 1% level.

TABLE 7 Heterogeneity analysis of firms’ digital transformation a�ecting the energy e�ciency of downstream firms.

Variables Short-distance Long-distance High-resource
endowment

Low-resource
endowment

CEE CEE CEE CEE

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

DT 0.1485∗∗∗ 0.1023 0.0927 0.1368∗∗∗

(4.26) (1.29) (1.16) (4.07)

Controls YES YES YES YES

Firm FE YES YES YES YES

Year FE YES YES YES YES

Observations 6,142 13,829 12,317 7,698

R-squared 0.2318 0.1412 0.1265 0.2025

∗∗∗Denotes passing the test of significance at the 1% level.

of the energy structure play a mediating role in the promoting

effect of digital transformation on corporate energy efficiency,

and green innovation play a mediating role in the promoting

effect of corporate digital transformation on the energy efficiency

of its downstream firms. Furthermore, both digital finance and

public environmental concern play a positive moderating effect

in the process of digital transformation improving corporate

energy efficiency, and digital finance positively enhances the

contribution of corporate digital transformation to the energy

efficiency of its downstream firms. Finally, the promoting effect

of corporate digital transformation on energy efficiency is

significant for state-owned firms and firms in the eastern region,

and corporate digital transformation contributes significantly to

neighboring downstream firms and downstream firms with low

resource endowments.

Some policy implications arise from the research findings. First,

providing a platform to firms for adopting a digital transformation

strategy to achieve the green transformation of the whole supply

chain. Given that the digital transformation strategy is costly

and challenging for firms, the government should increase the

supportive policies for corporate digital transformation and build

an inclusive and precise supportive policy system to accelerate

the process of corporate digital transformation. In addition, it

should further outline the blockage of the spillover effect of

digital transformation on corporate energy efficiency in the supply

chain network, and leverage the green effects of corporate digital

transformation in the supply chain network to drive the cleaner

transformation of the supply chain. Second, the transmission path

of green innovation and energy structure should be unblocked

to accelerate the low-carbon transformation of firms. On the

one hand, it should vigorously promote green innovation in

enterprises, encourage them to broaden the channels of green

technology development and increase the conversion efficiency

of green research and development outcomes, thereby realizing

the green transformation of the industrial chain. On the other

hand, based on the endowment of energy resources, it should

accelerate the green transformation of the energy structure and

speed up the construction of a new type of energy system to

enhance firms’ energy utilization efficiency and clean energy

substitution rate. Third, the government’s role in macro-control

should be strengthened to actively guide and support corporate

digital transformation and to maintain the external environment

for sustainable development. Governments at all levels should

promote the healthy development of digital finance by building

digital financial facilities and improving the financial regulatory

system. Moreover, the public should be incentivized to engage

in environmental governance and buy green products and pay

attention to enterprise production process, thus motivating firms
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to actively implement digital transformation strategies to increase

energy efficiency. Finally, firms’ heterogeneous characteristics

should be fully considered, and the leading role of key firms should

be strengthened to maximize the effects. Specifically, vigorously

enhancing the digital transformation of key firms, such as state-

owned firms and eastern firms, can not only accelerate the

realization of their efficient use of energy but also strengthen the

leading role of energy saving and emission control for other firms,

thus achieving high-quality economic development.

As with any empirical study, some research limitations must

be considered. First, this study adopts the strategy of combining

theoretical hypotheses and empirical tests for the corresponding

research, which can be explored from different perspectives. Future

research can try to develop a theoretical model to explain the

incentive impact of digital transformation on corporate energy

efficiency from the perspective of supply chain spillover. Second,

due to the lack of data, our findings come from Chinese

A-share listed manufacturing enterprises. Domestic non-listed

manufacturing enterprises and manufacturing enterprises not in

the A-share market are excluded from the study. In order to

validate our findings, it would be better to use more manufacturing

enterprises as the study sample. In addition, the impact of

digital transformation may change over time. Therefore, future

research may expand the indicators and measures of digital

transformation. Finally, using only China as an example may limit

the generalizability of the findings. It would be meaningful to use

this model to study how digital transformation affects corporate

energy efficiency in other emerging countries.
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