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Abstract: The global industrial chain and energy supply chain are being reconfigured at an accelerated
pace, and the uncertainty of China’s energy supply security is growing significantly. Empowering
energy supply chains through the digital economy (diec) has a positive effect on accelerating the
transformation of China’s energy supply structure. This paper discusses the effect and mechanisms of
the digital economy on energy supply chain efficiency (esce). Specifically, based on the panel data of
112 energy enterprises in China from 2011 to 2019, energy supply chain efficiency and digital economy
at the enterprise level were evaluated through three-stage DEA and content analysis, respectively. A
two-way fixed effects model and mediation effect mode were adopted to investigate the nexus of
diec and esce. The results show that the digital economy improves energy supply chain efficiency,
and the conclusion holds water even after a series of robustness tests and endogenous treatment.
Meanwhile, its promotion effect is more significant among large enterprises, non-state enterprises
and enterprises in high market-oriented regions. The main impact mechanisms are regional industrial
agglomeration and technological innovation of enterprises. Based on the above conclusions, it is
suggested to take advantage of the industrial aggregation effect and technological innovation effect
of the digital economy to further improve the efficiency of the energy supply chain for the purpose of
maintaining energy supply security.

Keywords: digital economy; energy supply chain efficiency; energy enterprises; two-way fixed
effects model

1. Introduction

Due to the COVID-19 pandemic and the outbreak of the Russia–Ukraine war, the global
energy supply chain is being reconfigured at an accelerated pace. Against the backdrop
of increased uncertainty in the world economy, the ability of China’s energy industry to
ensure the security and stability of its supply chain will have a decisive impact on whether
China’s economy can achieve sustainable development. With the wide application of new-
generation information technology, the supply chain has developed into a digital supply
chain with deep integration of digital technology. The deep integration of digital technology
with the real economy has enabled the transformation and upgrading of the traditional
energy industry. By giving the supply chain new features of big data support, networked
sharing, and intelligent collaboration, it can enhance the transparency of information in
all aspects of the supply chain, strengthen the sensitivity of the supply chain to market
demand and promote the efficient operation of the supply chain. Therefore, under the
current situation, studying the relationship between the digital economy and energy supply
chain efficiency is not only in line with the future trend of digital economy development,
but also provides a reference for decision making to further promote the development of
the digital economy, the transformation and upgrading of energy industry structure and
the promotion of supply chain efficiency.
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The digital economy, as an important driving force for the development of supply
chain innovation in energy companies, is driving energy supply chain management to
become increasingly digital, networked and intelligent. Supply chains have been described
as networks of enterprises and their suppliers to produce, distribute and deliver a specific
product or service. The energy supply chain is more complex compared to the traditional
manufacturing supply chain. Its business is more focused on energy production and energy-
efficient distribution, producing a limited number of products (e.g., electricity, heat) [1]. The
core objective of the energy supply chain is not only to support products, improve efficiency,
improve services and other static capabilities but also to link the enterprise ecology and
digital development and other dynamic capabilities [2]. Therefore, energy supply chain
efficiency includes not only the efficiency of the overall transmission of energy companies
but also the accuracy of forecasting demand and supply, as well as the efficiency of the
allocation and supply of materials [3]. The digital economy is important for the manage-
ment of supply chains and their transmission in the energy sector. A digital economy is an
economic activity supported by information and communication technologies and can also
be defined more simply as an economy based on digital technologies [4]. Xu et al. believed
that the digital economy is a set of economic and social activities carried out by people
through the Internet and related technologies, including the functions provided by digital
technologies based on the physical infrastructure, the devices used to access them and their
applications [5]. Thus, with reference to the existing findings, this paper defines the digital
economy as a series of economic activities based on digital technology that combines the
real economy with big data. By developing the digital economy, enterprises can achieve the
purpose of improving enterprise performance and optimizing supply chain management
with intelligent management tools.

Existing studies mainly focused on the impact of the digital economy on supply chain
efficiency. This is because, in the context of the rapid development of the digital economy,
companies that want to adapt to the external environment must carry out the correspond-
ing digital transformation, and the completion of digital transformation requires digital
technology as a support [6]. The digital economy is a new economic model. For enterprises,
the digital economy is mainly based on digital technology to promote the digitalization of
industry and digital industry development. Scholars at home and abroad have explored
the effect of digital technology on the supply chain from different perspectives, which
can be broadly divided into three categories: First, digital technology promotes the flow
of information between different subjects in the supply chain [7–9]. By improving the
visualization of supply chain information, digital technology promotes the sharing of
supply chain information and reduces the degree of information asymmetry in the supply
chain. Thus, the flow of information enhances the efficiency of collaboration among the
participating parties in the supply chain and makes supply chain decision-making more
intuitive and transparent [10]. Second, digital technology enhances the traceability of
supply chain management [11,12]. Existing studies have found that the application of
blockchain technology gives real traceability of goods throughout the supply chain, which
plays a role in preventing the occurrence of product fraud and other acts [13]. In addition,
the value of blockchain technology in supply chain management becomes more significant
when a company releases information that is not true [14]. Third, digital technology im-
proves the trust between different actors in the supply chain [15–17]. The core feature of
the digital economy is decentralization [18]; this feature enables the supply and demand
sides to solve the agency problem in supply chain management effectively. For example,
the information integration function of blockchain technology can effectively reduce the
possibility of information distortion and fraud among members, which is an effective way
to solve trust problems in the supply chain network [19]. However, from the perspective
of technological evolution, the deepening of the digital economy also means that digital
technologies are becoming increasingly complex, which inevitably leads to increased tech-
nical difficulties. The increase in technical difficulty may have a series of hedging effects on
digital technology research and development, digital product production and digital tech-
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nology application, resulting in a reduction in the value of digital technology application
and digital economy spillover effects, and thus a negative impact on the improvement of
supply chain efficiency [20]. The deepening of digital technology may have both positive
and negative effects on the efficiency of the energy supply chain.

Other dimensions of studies on energy supply chain efficiency unfold from industrial
agglomeration and technological innovation. First, industrial agglomeration can effectively
improve supply chain efficiency [21,22]. It is found that the industrial agglomeration
effect brought about by regional integration can bring about an improvement in supply
chain management by achieving balanced employment of labor [23]. Ryszard and Marius
(2019) find that EU enlargement and industrial agglomeration reduce the cost of trade
between member states, promote the free movement of factors and contribute to economic
growth across the EU [24]. Second, technological innovation can effectively improve supply
chain efficiency, and this promotion effect is industry heterogeneous. Dmitry et al. (2018)
concluded that technological innovation in the energy industry has the most significant
contribution to supply chain efficiency improvement through comparison [25]. There
is also evidence of a two-way causal relationship between supply chain efficiency and
industry clusters and technological innovation [26]. In addition, academics have conducted
in-depth research on the microeconomic effects of digital economy applications. Studies
have proved that the digital economy plays an important role in firm productivity [27],
enterprise performance [28], organizational structure [29], technological innovation [30]
and stock liquidity [31].

However, the existing literature mainly focuses on the characteristics at the intra-
firm level and does not move from intra-firm management collaboration to a larger scale
of supply chain multi-agent collaboration. In summary, the existing literature mainly
focuses on the mechanism of the digital economy on supply chain efficiency, but there are
few studies focusing on the relationship between the digital economy and energy supply
efficiency from the perspective of internal enterprise management. Moreover, there is
no uniform conclusion on the effect of the deepening of the digital economy on energy
supply chain efficiency. How the digital economy acts on the supply chain management of
the energy industry is still unclear. Based on this, few studies have analyzed the digital
economy and supply chain efficiency in the energy industry, and the role of industrial
agglomeration and technological innovation has been neglected. This study evaluates the
development level of the digital economy and energy supply chain efficiency with the
panel data of 112 enterprises from 2011 to 2019.

The major contributions of this paper are as follows. (1) The three-stage DEA model is
applied to explore the supply chain efficiency in the energy industry from the perspective
of considering non-expected output. This model can more efficiently, scientifically and
rationally filter out the effects of environmental and stochastic factors and then accurately
measure the energy supply chain efficiency. (2) It constructs the comprehensive index
evaluation system at the enterprise level and improves the measurement approach. This
paper uses textual analysis to construct indicators that more comprehensively reflect the
degree of the digital economy of energy enterprises and improve the measurement of the
degree of the digital economy of enterprises at the micro level. (3) This paper provides a
theoretical mechanism framework applicable to the digital economy and energy supply
chain efficiency. This paper empirically discusses the impact path of the digital economy on
energy supply chain efficiency by studying its mechanism of action from two perspectives
of industrial agglomeration and technological innovation.

The rest of this paper is arranged as follows: Section 2 shows the literature review
and the research hypotheses; Section 3 introduces the empirical model and data; Section 4
presents the empirical results and discussion; Section 5 provides further tests of the influ-
ence mechanism; Section 6 provides the conclusion and policy implications.



Energies 2023, 16, 568 4 of 21

2. Research Hypotheses

In the energy industry, the manufacturing end cannot be separated from the upstream
supply of materials and services. However, under the traditional energy supply chain man-
agement model, it is difficult for each participating entity in the supply chain to accurately
understand the status and problems of related matters, and it also requires a lot of time and
cost for supervision, which seriously restricts the improvement of supply chain efficiency.
In addition, low logistics efficiency and high transportation costs have always been among
the pain points faced by supply chain management in the energy industry. Therefore, with
the development of the industrial internet, the core content of supply chain management for
energy companies is more focused on the digital transformation of supply and services [32].
In the context of the digital economy, digitalization is the new paradigm of this era and
data has become a core production factor for energy companies. On the supply side, energy
enterprises can enhance the transparency of supply chain information through digital
technology. Energy enterprises break the temporal and spatial limitations of raw material
supply by relying on digital platforms, and strengthening the links between upstream and
downstream companies in the supply chain [33], thereby reducing information search costs
and transportation costs. Specifically, enterprises can integrate distribution channels based
on big data information management systems, improve the utilization rate of distribution
resources, and avoid wasting distribution resources through the “flattening” of channel
operations. In other words, energy enterprises rely on the network service platform to
achieve instant information sharing, thus reducing unnecessary links in the traditional
distribution chain, making the advantageous resources more concentrated in some parts of
the chain, improving the use rate of resources, thus achieving the improvement of supply
chain efficiency. On the production side, energy companies use data to connect all parts of
the supply chain and gradually optimize factor inputs in the production process [34]. The
digital economy enables enterprises to break down the regional barriers in traditional factor
markets. From a market perspective, the digital economy allows for improved distortions
in factor markets, such as technology and labor resources, by increasing market competition
and promoting specialized division of labor. From the company’s perspective, the digital
economy increases the effectiveness of energy companies’ access to external resources
while optimizing their internal supply chain management mechanisms [35]. On the sales
side, the promotion of digital platforms has weakened the role of intermediaries in the
distribution process of energy enterprises. The reduction in the number of distribution
entities not only helps to accelerate product distribution but also helps to save distribution
costs and optimize the allocation of distributed resources for the purpose of improving
supply chain efficiency. At the same time, the development of the digital economy can, to a
certain extent, promote innovation in the supply model, transaction methods and business
management of energy enterprises to build a new supply chain ecology, thereby achieving
energy saving and cost reduction and sustainable development. Therefore, the following
hypothesis is proposed.

Hypothesis 1: Digital economy has a positive impact on carbon energy supply chain
efficiency.

From the macro perspective, the improvement of energy supply chain efficiency
is to ensure that the energy industry chain is uninterrupted; that is, the entire energy
industry cycle is smooth. From the micro perspective, the improvement of energy supply
chain efficiency is to improve the efficiency of energy enterprises in all aspects of energy
transmission through continuous technological innovation and structural innovation. In
addition to the direct impact of digital economy, digital economy can also affect energy
supply chain efficiency indirectly. With reference to some scholars’ studies on the factors
influencing energy supply chain efficiency [23,36,37], this paper focuses on the influence
mechanism of the digital economy on energy supply chain efficiency from two perspectives,
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namely, industrial agglomeration and technological innovation. The impact mechanisms
are as follows (see Figure 1).
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Figure 1. Mechanism of digital economy on energy supply chain efficiency.

2.1. Digital Economy Improves Energy Supply Chain Efficiency by Promoting Industrial
Agglomeration

According to the theory of new economic geography, industrial agglomeration and
diffusion are determined by a combination of regional market effects, price indices and
market congestion effects [38]. The digital economy penetrates all aspects of energy in-
dustries in the form of digital technologies and digital services. Specifically, the digital
economy enables enterprises to be innovative in production methods, internal processes
and organization. At the same time, the digital economy strengthens the degree of inter-
industry linkages and promotes industrial integration, thus forming new industries and
new business models [39]. Meanwhile, the development of the digital economy can effec-
tively reduce information asymmetry in the market and promote the rational allocation of
resources. The digital economy promotes the free flow of factors while expanding the mar-
ket scale in space, providing prerequisites for the development of industrial clusters [40].
The deepening of industrial agglomeration will have a cost-reducing effect and a resource-
sharing effect, thus promoting energy supply chain efficiency. Industrial agglomeration
can promote the free flow of factors and knowledge sharing by linking the complex social
network system among production units, thus increasing the domestic added value of
enterprises’ exports, improving the quality of product exports and increasing the quantity
of product exports [41]. When an enterprise’s production quantity is certain, an increase
in the number of exports can improve the enterprise’s inventory turnover and reduce
the enterprise’s inventory. According to Marshallian externalities, saving transportation
costs is an important reason why industrial agglomeration occurs. On the one hand, for
enterprises, choosing the production mode of agglomeration can reduce transport costs
and transaction costs, thereby reducing the explicit cost. On the other hand, under the
conditions of industrial agglomeration and regional openness, the same industrial agglom-
eration and different industrial agglomeration, as well as the collaborative agglomeration
of upstream and downstream industries, will have an interactive impact, which can reduce
the implicit cost of enterprises. So, it can be concluded that industrial agglomeration can
reduce the trade costs of enterprises. The reduction of trade costs can lead to the improve-
ment of product quality and an increase in product exports. The above analysis shows that
industrial agglomeration can contribute to both a reduction in inventories and a reduction
in trade costs for energy companies. Therefore, the industry clustering effect of the digital
economy can contribute to the improvement of energy supply chain efficiency. This led to
the following hypothesis.
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Hypothesis 2: Industrial agglomeration is an important mechanism for the digital economy
to affect energy supply chain efficiency.

2.2. Digital Economy Improves Energy Supply Chain Efficiency by Promoting Technological
Innovation

The network connectivity effect of the digital economy brings new production factors
such as information, technology, and data for industrial development, which promotes
the digital development of enterprises while also enhancing their technical efficiency and
innovation efficiency [42]. From a microscopic perspective, the rapidity, high permeability
and sharing nature of the digital economy can effectively improve industrial proportion-
ality and labor productivity. Moreover, the digital economy promotes the efficiency of
information transfer between industrial chains, thus reducing the transaction costs such as
information collection, inequality and lag. In addition, the digital economy can promote
the optimization and improvement of production, transportation and sales and achieve
the improvement of production efficiency, coordination efficiency and operation efficiency,
thus boosting the level of technological innovation. The technological spillover effect and
competitive advantage generated by an enterprise’s improved technological innovation
will accelerate the speed of supply chain turnover of the enterprise. According to Schum-
peter, innovation includes process innovation and product innovation. Process innovation
refers to the improvement of the production process of a product during the production
process. New technologies, machinery and equipment and new management models are
introduced into the production process, reducing the cost of production, and generating
economies of scale, leading to increased labor productivity, ultimately, improved product
quality. Product innovation refers to the creation of new products. After the production of
new products, because of its unique monopoly characteristics of production and export,
the degree of specialization of the product itself will be improved, which is conducive to
the improvement of product quality [43]. The improvement of product quality is more
conducive to exports externally and can improve the visibility of the company internally,
increase product sales, reduce the company’s inventory, and thus improve the energy
supply chain efficiency [44]. When upstream energy companies adopt new technologies in
their production, there is a technology spillover that will enable downstream enterprises to
obtain higher profits [45]. The adoption of new technologies by downstream enterprises
can reduce production costs, increase labor productivity, facilitate increased investment
and give them an advantageous position in the competition, which in turn leads to in-
creased profits for upstream enterprises. In other words, both upstream and downstream
companies in an industry cluster can increase their profits and reduce their production
costs through technological innovation, thus increasing energy supply chain efficiency. This
leads to the following hypothesis.

Hypothesis 3: Technological innovation is an important mechanism for the digital economy
to affect energy supply chain efficiency.

3. Methods
3.1. Two-Way Fixed Effects Model

Based on the analysis of the factors influencing energy supply chain efficiency, referring
to Chad and Clifford (2003) and Han and Zhigang (2013) [46,47], this paper uses two-way
fixed effects model to estimate the impact of digital economy on energy supply chain
efficiency. Based on the results of the Hausman test, we select the fixed effects model,
considering individual and time effects. The following model is constructed to investigate
the direct transmission mechanism.

esceit = α0 + α1diecit + α2controlit + εi + θt + µit (1)

where esceit is the level of energy supply chain efficiency in enterprise i at time t; diecit is the
development level of digital economy in enterprise i at time t; controlit is a vector that rep-
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resents a series of control variables; εi is the individual fixed effect of enterprises i that does
not vary with time; θt controls the time-fixing effect; µit is the random perturbation term.

3.2. Variables Selection
3.2.1. Explained Variable

The explained variable herein is energy supply chain efficiency (esce). According to
Sufian and Monideepa (2013), the supply chain plays many roles, including the effective
integration of suppliers, manufacturers, warehouses and shops [48]. Regarding the meth-
ods of measuring supply chain efficiency. On the one hand, it has been pointed out that
inventory management cost is an important component of supply chain costs and that
inventory management in a firm is key to improving supply chain efficiency; therefore,
inventory turnover period has also been used to measure the supply chain efficiency of
an enterprise. On the other hand, indicator system is also widely used in the evaluation
of supply chain efficiency. Chhabi et al. (2015) constructed a set of indicators system
for evaluating the performance of manufacturing supply chains using the enhanced bal-
anced scorecard method [49]. Wael (2021) empirically calculated supply chain efficiency
based on evolutionary game theory, using hierarchical analysis and fuzzy decision-making
methods [50]. As the field of supply chain efficiency research continues to develop, data
envelopment analysis (DEA) has also been used more often in the measurement of sup-
ply chain efficiency. For energy companies, capital and labor are the main input factors.
Chi et al. (2022) used a two-stage DEA model to establish input–output indicators to mea-
sure supply chain efficiency [51]. In order to filter out the influence of environmental and
stochastic factors in a more efficient, scientific and reasonable way and then accurately
demonstrate the efficiency level of each decision maker, with reference to Han et al. and
Hahn et al. [2,52], this paper establishes input and output indicators from the production,
processing and sales levels of energy enterprises, and the specific indicators are shown in
Table 1.

Table 1. Input and output indicators of the supply chain of energy enterprises.

Stage Input Indicators Output Indicators External Environmental Indicators

Production
Number of employees

Operating income GDP per capita
Fixed assets

Processing Operating costs
Total profit Years of enterprise establishment

Sales Selling expenses

Furthermore, referring to Mohammad et al. [53], this paper selects local GDP per
capita and years of enterprise establishment as external environmental indicators, and the
three-stage DEA model is used to evaluate energy supply chain efficiency. The traditional
input-oriented DEA-BCC model is used in the first stage. The input–output slack variables
analyzed in the first stage may be influenced by external environmental factors, random
errors, and internal management factors. In the second stage, the above factors are mea-
sured, and their effects are removed through the SFA model. Assuming the existence of N
decision units, M inputs indicators for each decision unit and K environmental factors. The
specific formula is as follows.

Sni = f n(zi; βn) + vni + uni, n = 1, 2, . . . , M; i = 1, 2, . . . , N (2)

where Sni represents the difference between actual input and target input of decision-
making units i; f n(zi; βn) is the degree of effect of environmental factors on
Sni; f n(zi; βn) = zkβnjvni is the random perturbation term; uni is managerial inefficiency;
vni and uni are independent of each other, vni ∼ N (0, σ2

ni). The inputs of the decision units
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are adjusted to be in the same environment according to the regression results. The specific
adjustment formula is as follows:

x∗ni = xni + [maxi(zkβ∗
n)− zkβ∗

n] + [maxk(vik)− vik] (3)

The third stage applies the adjusted output values from the second stage to replace
the original values of outputs from the first stage, and the efficiency of the decision unit is
measured using the BCC model.

3.2.2. Explanatory Variable

The core explanatory variable of this paper is digital economy (diec). No agreements
have been reached on the connotation and measurement of digital economy. The existing
literature uses two approaches to measure the level of digital economy of a company. On
the one hand, the inputs related to the digital economy are used to reflect the extent to
which firms are digital [54]. On the other hand, textual analysis is also utilized. Srinivasan
and Chen (2019) valued unstructured data and used the word frequency of digital economy
words in annual reports as a proxy for enterprises’ level of digital economization [55].
This study argues that the word frequency of digital economy reflects the importance
that executives place on the development of the digital economy but does not necessarily
reflect actual actions. Companies need to invest in human resources and assets to develop
the digital economy, and annual reports disclose specific items of corporate intangible
assets [56]. In this paper, after considering the availability of data, the proportion of
intangible assets related to digital economy in the year-end intangible asset disclosed in
the notes of financial statements to the total intangible assets are used as proxy variables.
Specifically, when intangible assets detail information includes keywords related to digital
economy such as “software”, “network”, “client”, “management system” and “intelligent
platform” as well as related patents, mark the detailed item as “digital economy and
technology intangible assets”. Then we sum up several digital economic and technological
intangible assets of the same company in the same year and calculate their proportion in
the intangible assets of this year, which is the proxy variable of the enterprise’s digital
economy. In order to ensure the accuracy of the filtering, the filtered line items are also
manually checked within 33,570 items.

3.2.3. Explained Variable

To control for the endogeneity problem arising from omitted variables, based on a
review of the relevant literature, this paper selects a series of control variables, including
operating cash flow (cash) [32,50], nature of ownership (soe) [1,45], profitability (pro) [1],
government subsidies (gov) [1,53], ownership concentration (top1) [53], return on assets
(roa) [16], growth capability (growth) [57] and gross profit margin (margin) [11]. The
definitions and descriptions of the main variables are shown in Table 2. and gross profit
margin (margin) [11]. The definitions and descriptions of the main variables are shown in
Table 2.

3.3. Data Source

In view of the data availability, this paper selects the panel data of 112 enterprises
from 2011 to 2019 as the research samples. The reason why we set 2011 as the initial year is
that the rapid development of digital economy in China and its integration with the real
economy mainly occurred after 2011. The financial data of listed companies are obtained
from the China Stock Market Accounting Research (CSMAR) database. Descriptive statistics
for the variables are shown in Table 3.
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Table 2. Definition of variables.

Variable Variable Name Symbols Expected Variable
Symbols Measurement Methods

Explained variable Energy supply chain
efficiency esce It is calculated by using the

three-stage DEA model.

Explanatory variable Digital economy diec +

Proportion of the digital
economy-related portion of the

year-end intangible asset
breakdown to total intangible

assets.

Control variables

Operating cash flow cash +
Ratio of net cash flow from

operating activities to operating
income.

Nature of ownership soe +
If the enterprise is state-owned,

the value is 1; otherwise, the
value is 0.

Profitability pro + Ratio of total enterprise profit to
operating costs.

Government subsidies gov + Ratio of government subsidies to
enterprise operating income.

Ownership
concentration top1 + Percentage of shareholding of

the largest shareholder

Return on assets roa + Ratio of net profit to total assets

Growth capability growth +

Ratio of added value of
operating income to total

operating income of the previous
year

Gross profit margin margin + Ratio of net profit to average
total assets.

Table 3. Descriptive statistics of variables.

Variable N Mean SD Min p50 Max

esce 1008 0.23 0.25 0 0.13 1

diec 1008 0 0 0 0 0.02

cash 1008 0.19 0.2 −0.36 0.16 0.83

soe 1008 0.82 0.38 0 1 1

pro 1008 0.18 0.29 −0.48 0.11 1.56

gov 1008 16.59 2.15 10.82 16.64 22.11

top1 1008 0.43 0.17 0.09 0.44 0.84

roa 1008 0.03 0.05 −0.16 0.03 0.16

growth 1008 0.4 2.27 −0.97 0.04 18.58

margin 1008 0.23 0.14 −0.1 0.21 0.6
Notes: SD is the standard deviation of each variable. P50 is the fiftieth quantile.

Figure 2 shows the average energy supply chain efficiency and the level of digital
economy of 112 energy companies from 2011–2019. It can be found that both energy supply
chain efficiency and the level of digital economy show a steady upward trend. In particular,
the level of digital economy showed some volatility from 2014–2016. In 2014 and before,
the development of China’s digital economy was still in its infancy. With the publication of
“The Guidance of the State Council of China on Actively Promoting the ‘Internet+’ Action”
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in 2015, the ministries and commissions have closely introduced policies and opinions to
encourage the development of digital economy, and since then, the digitization of China’s
enterprises has entered a period of rapid development, and many small- and medium-sized
enterprises have begun to develop digital economy. As a result, during the initial period of
the policy’s issuance, the level of digital economy of each enterprise showed a fluctuating
upward trend. Meanwhile, according to the above theoretical analysis, the development of
digital economy has certain influence on energy supply chain efficiency. Therefore, energy
supply chain efficiency also has shown certain fluctuations in this stage.
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4. Results
4.1. Baseline Estimation Results

Table 4 shows the estimation results of the digital economy’s impact on energy supply
chain efficiency. Where column (1) shows the results controlling for fixed effects only,
column (2) shows results with the addition of firm-level control variables and column (3)
shows results with all sets of control variables added simultaneously. The results show that
there is a significant positive relationship between the digital economy and energy supply
chain efficiency, which passes the 1% significance level test, indicating that the digital
economy can significantly promote energy supply chain efficiency. For energy companies,
producers can use smart manufacturing technology to produce on demand at low cost and
high efficiency to meet the diversified needs of the market while solving the long-standing
problems of excessive investment in inventory and overcapacity in the energy industry.
In the inventory management process, technological innovation based on advanced al-
gorithms can enable enterprises to anticipate changes in demand and adjust inventory
levels in a timely manner. Thus, the enterprise’s inventory management decisions will be
transformed from the “sense-react” mode to the “forecast-execute” mode [37], which will
enhance the dynamic balance between the supply and demand of energy enterprises. At
the same time, as the Internet is widely used in various industries, the increase in the level
of industrial agglomeration has led to the formation of an intricate supply chain network
based on the Internet platform for suppliers, manufacturers, retailers, and customers. The
vertical linear structure of “supplier-producer-sales end” of the traditional energy supply
chain has been broken [21]. The change in supply chain structure not only improves the
market responsiveness of the energy supply chain but also prevents the risk of “broken
chains” in the energy supply chain. Hypothesis 1 is verified. In terms of control variables,
enterprises with high operating cash flow, high-profit margins, high government subsidies,
high ownership concentration, strong profitability and fast growth in operating income
have relatively high energy supply chain efficiency. In the dynamic management of digital
operation, the gathering of various types of advantageous resources, especially the intro-
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duction of technology systems, makes the operating cash flow, the business capacity and the
operational capacity of enterprises more predictable and enhances the internal operational
management of the whole enterprise as well as the supply chain management capacity [52].
The sign of changes in the control variables is generally in line with expectations. While
the gross profit margin negatively affects the efficiency of the energy supply chain, as the
excessive pursuit of gross profit margin may reduce the speed of asset turnover and hence
energy supply chain efficiency.

Table 4. Baseline regression results.

(1) (2) (3)

VARIABLES esce esce esce

diec 5.763 *** 4.474 ** 5.738 ***

(2.090) (1.973) (1.892)

cash 0.0600 *** 0.0722 ***

(0.0214) (0.0205)

soe 0.115 *** 0.121 **

(0.0309) (0.0526)

pro 0.0873 *** 0.0912 ***

(0.0207) (0.0203)

gov 0.00888 *** 0.00560 ***

(0.00166) (0.00158)

top1 0.237 *** 0.179 ***

(0.0317) (0.0315)

roa 0.305 *** 0.282 ***

(0.0869) (0.0835)

growth 0.00192 * 0.00191 **

(0.000991) (0.000927)

margin −0.157 *** −0.168 ***

(0.0388) (0.0372)

Constant 0.222 *** −0.120 *** −0.0467 ***

(0.00294) (0.0394) (0.0494)

Observations 1.008 1.008 1.008

R-squared 0.008 0.198

Number of id 112 112 112
Notes: ***, ** and * indicate statistical significance at the 1%, 5% and 10% levels, respectively. The figures in () are
t statistics.

4.2. Heterogeneity Test

This paper examines the differences in the impact of the digital economy on energy
supply chain efficiency in terms of the ownership of the firm, the size of the firm and the
degree of marketability of the region in which it is located.

4.2.1. Type of Business Ownership

There are significant differences in supply chain management between state-owned
(SOEs) and non-state-owned enterprises (non-SOEs). This section divides the sample
into state-owned and non-state-owned enterprises based on differences in the equity and
revenue shareholders of the enterprises. As can be seen from columns (1) and (2) of
Table 5, the digital economy significantly improves supply chain efficiency at the 1% level
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for both state-owned and non-state-owned enterprises, but the improvement is more
significant for non-state-owned enterprises. This indicates that the digital economy has
a characteristic market-oriented [13]. Non-state-owned enterprises are highly market-
oriented and oriented to generate economic profits, so they can adjust their production
activities and organizational structure more quickly and are more fully informed about
the market. The advantage of information screening and use by non-state enterprises
enables them to respond quickly to changes in market conditions, consumer preferences
and technological updates in order to better leverage the digital economy to improve supply
chain efficiency. In addition, the digital economy is a knowledge-intensive industry. The
advantage of innovation clusters generated by the concentration of high-tech enterprises
plays a crucial role in the development of application scenarios and innovation in the digital
economy industry. Non-state enterprises have a comparative advantage in digital economy
innovation clusters [41].

Table 5. Heterogeneity test of digital economy’s impact on energy supply chain efficiency.

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

esce esce esce esce esce esce

VARIABLES SOEs Non-SOEs LEs MSMEs DMOEs LMOEs

diec 5.477 *** 27.71 *** 5.296 *** 5.315 ** 6.954 *** 2.986 *

(1.987) (10.52) (1.985) (1.112) (2.439) (2.588)

cash 0.0587 ** 0.0332 0.125 *** 0.0244 0.0982 *** 0.0232

(0.0248) (0.0352) (0.0277) (0.0268) (0.0277) (0.0257)

soe 0.143 *** 0.00695 0.133 *** 0.0581 *** 0.0181 0.112 ***

(0.0260) (0.0268) (0.0325) (0.0219) (0.0291) (0.0246)

pro 0.00596 *** 0.00267 0.00512 *** −0.000461 0.00520 *** 0.00411 *

(0.00184) (0.00272) (0.00193) (0.00282) (0.00196) (0.00241)

gov 0.153 *** 0.282 *** 0.153 *** −0.0326 0.314 *** −0.0797 *

(0.0373) (0.0510) (0.0377) (0.0881) (0.0399) (0.0467)

top1 0.256 ** 0.136 0.303 *** 0.109 0.221 ** 0.340 ***

(0.103) (0.118) (0.109) (0.112) (0.110) (0.109)

roa 0.00217 ** −0.00165 0.00137 0.00584 0.000496 0.00420 ***

(0.00103) (0.00211) (0.000978) (0.00442) (0.00117) (0.00132)

growth −0.203 *** −0.0602 −0.241 *** −0.0917 −0.103 ** −0.0537

(0.0441) (0.0611) (0.0489) (0.0590) (0.0489) (0.0519)

Constant 0.0853 ** −0.0487 0.116 *** 0.0684 0.0601 0.107 **

(0.0349) (0.0475) (0.0366) (0.0535) (0.0374) (0.0443)

Observations 826 182 794 214 508 500

R-squared 0.206 0.311 0.209 0.141 0.260 0.263

Number of id 92 21 99 38 75 75
Notes: ***, ** and * indicate statistical significance at the 1%, 5% and 10% levels, respectively. The figures in () are
t statistics.

4.2.2. Size of the Enterprise

Based on the micro characteristics of the enterprises themselves, this paper tests the
heterogeneity according to the size of enterprises. Specifically, the sample was divided
into large enterprises (LEs) and micro-, small- and medium-sized enterprises (MSMEs)
according to the number of employees of enterprises in different industries, with reference
to the Measures for Classifying Statistically Large, Small, Medium and Micro Enterprises
(2017) issued by the National Bureau of Statistics [35]. The results from columns (3) and
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(4) of Table 5 show that the level of the digital economy of large enterprises significantly
improves supply chain efficiency at the 1% level, but the improvement effect for MSMEs is
not significant. This result suggests that the digital economy has a scale effect [58]. Large
enterprises can make full use of their advantages in terms of capital, talent, technology and
data to better exploit the amplifying multiplier effect of the digital economy on improving
supply chain efficiency.

4.2.3. Degree of Marketization in the Region where the Enterprise Is Located

The vast size of China, coupled with the obvious differences in the distribution and
inclination of resources and government policies in different regions, means that regions
with different degrees of marketization have certain differences in the degree of govern-
ment intervention, market environment and the rule of law environment. The degree of
marketization of the region in which an enterprise is located is an important factor influenc-
ing the stability of the supply chain [59,60]. Is the extent to which the digital economy of
energy enterprises contributes to supply chain efficiency also influenced by the degree of
marketization in the region? This paper is used the total marketization index in the “China
Marketization Index” compiled by Fan et al. (2011) to measure the degree of marketization
in the province where the company is located. The larger the value indicates that, the
higher the degree of marketization. As the index is only updated to 2016, this paper uses
the historical average growth rate method to calculate the index value for each province for
the remaining years. At the same time, the index is grouped according to the marketization
index. The median value of the index is taken by the year as the criterion for judging the
degree of marketization in each region. The enterprises with an index higher than the
median value in that year are classified as deep market-oriented enterprises (DMOEs),
while those below the median value in that year are classified as low market-oriented
enterprises (LMOEs). The empirical results are presented in columns (5) and (6) of Table 5,
where the digital economy significantly improves supply chain efficiency, but more so for
energy enterprises in the deep market-oriented group. The reason for this may be that in
deep market-oriented areas, catalyzed by the digital economy, knowledge and information
flows faster, information is more symmetrical, and therefore competition is more intense,
and upstream and downstream players in the supply chain enhance cooperation between
firms more [61], which in turn improves supply chain efficiency.

4.3. Endogenous Treatment

The findings of the previous study may face endogeneity problems resulting from
reverse causality. On the one hand, an increase in the level of the digital economy helps
to promote energy supply chain efficiency; on the other hand, companies with a more
efficient energy supply chain may also be more motivated to promote the deeper integra-
tion of the digital economy with the real economy. Based on this, this paper selects the
level of the digital economy of each prefecture-level city (diec_city) as the instrumental
variable. The Kleibergen–Paap rk LM statistic is significant at the 1% level, rejecting the
hypothesis of under-identification of instrumental variables, and the Cragg–Donald Wald F
statistic is greater than Stock–Yogo weak instrumental variable identification test at the 10%
level critical value, rejecting the weak instrumental variable hypothesis, thus indicating
that the instrumental variables selected for this paper are reasonably reliable. The first
stage regression results in column (1) of Table 6 show that the coefficient on diec_city is
significantly positive at the 1% level, indicating that the selected instrumental variables
satisfy the correlation requirement. Column (2) reports the results of the second stage
regression, where the coefficient on diec is significantly positive at the 1% level, satisfying
the baseline regression results and indicating that the findings of this paper still hold true
after controlling for endogeneity issues. The paper further selects a one-period lag of
the explanatory variable (L.diec) as the instrumental variable to test for the endogeneity
problem, and the results are shown in column (3) and column (4) of Table 6. The coefficient
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of diec is found to be significantly positive at the 5% level, indicating that the findings of
this paper are robust and reliable.

Table 6. Instrumental variable test results.

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

first stage second stage first stage second stage

VARIABLES diec esce diec esce

diec_city 0.737 ***

(0.182)

L.diec 0.893 ***

(0.0211)

diec 0.318 *** 0.0175 **

(0.0839) (0.00715)

control yes yes yes yes

Constant 0.194 −0.998 *** −0.00140 0.0175 **

(0.258) (0.0950) (0.161) (0.00715)

Kleibergen–Paap rk LM 8.735 ***
[0.003]

51.252 ***
[0.000]

Cragg–Donald Wald F 16.410
{16.38}

1796.177
{16.38}

Observations 1.008 1.008 896 896

R-squared 0.075 0.072 0.692 0.485
Notes: ***, ** indicate statistical significance at the 1%, 5% levels, respectively, and control is the control variable.
The figures in () are t statistics, and in [] are P statistics of Kleibergen–Paap rk LM test. The original assumption
of this test is that the instrumental variables cannot be fully identified. The figures in {} are critical values of
Cragg–Donald Wald F test.

4.4. Robustness Test
4.4.1. Changing the Measurement of Energy Supply Chain Efficiency

This paper uses the following two indicators as alternative indicators of energy supply
chain efficiency. First, inventory turnover is an important indicator reflecting the level of
supply chain management. The shorter the inventory turnaround period, the faster the
inventory can be converted into cash, indicating the higher the efficiency of the company’s
supply chain. Therefore, in the robustness test, the natural logarithm of the inventory
turnover period (lninventory) is selected to measure the supply chain efficiency. The inven-
tory turnaround period is calculated by the proportional relationship between operating
costs and average inventory over a year. Second, since the business cycle can reflect the
time taken by enterprises to complete the business process from purchasing inventory to
selling inventory and recovering cash, this paper measures supply chain efficiency by the
natural logarithm of the business cycle (lncycle). The business cycle is calculated from
the proportional relationship between operating costs and the closing balance of accounts
payable. The shorter the business cycle, the more efficient the supply chain of the enterprise.
Columns (1) and (2) of Table 6 report the regression results. The results show that the
coefficients are significantly negative at the level of 1%, indicating that the conclusions of
this paper are robust.

4.4.2. Changing the Measurement of the Level of Digital Economy

This paper adopts the following two methods to re-measure the digital economy.
First, five indicators are used to measure the level of the digital economy: mobile phone
penetration rate, Internet broadband access ports, year-end resident population, Internet
access port density and mobile Internet penetration rate. The data are standardized and
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then downscaled using the entropy value method to obtain the level of the digital economy
(diec_1). Second, through text analysis of listed companies’ annual reports, the frequency
of keywords related to the digital economy is used as its proxy variable to obtain the new
indicator of the level of the digital economy (diec_2). The corresponding regression results
are reported in columns (3) and (4) of Table 7. It can be found that the coefficient of diec is
significantly positive at the 1% level, regardless of the method used to measure the level of
the digital economy of enterprises, supporting that the findings of this paper are robust
and reliable.

Table 7. Robustness test.

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

VARIABLES lninventory lncycle esce esce

diec −0.0319 *** −0.0525 ***

(0.00763) (0.00694)

diec_1 0.358 ***

(0.0404)

diec_2 0.0209 ***

(0.00411)

control yes yes yes yes

Constant 0.775 2.453 *** −0.263 *** −0.0180

(0.477) (0.434) (0.0558) (0.0510)

Observations 1.008 1.008 1.008 1.008

R-squared 0.076 0.121 0.259 0.216

Number of id 112 112 112 112
Notes: *** indicates statistical significance at the 1% levels, and control is the control variable. The figures in () are
t statistics.

5. Mediation Effect Analysis

Through the previous analysis, the digital economy can promote energy supply chain
efficiency, and the specific mechanism of action needs to be further tested. This paper
examines the mechanism by which the digital economy affects energy supply chain effi-
ciency from the perspective of product markets. Technological innovation and industrial
agglomeration are taken as mediating variables in mechanism analysis, and a mediating
effect model is constructed to test its mechanism role. The specific model is as follows.

esceit = βi + β1diecit + β2controlit + εi + θi + µit (4)

Wit = ai + α1diecit + α2controlit + εi + θi + µit (5)

esceit = ϕi + ϕ1Wit + ϕ2diecit + ϕ3controlit + εi + θi + µit (6)

Wit denotes the mediating variables of this paper, which are industrial agglomeration
(ass) and technological innovation (inn). Based on the availability of data and comparability
among enterprises, the ratio of R&D expenditure to operating revenue is chosen to measure
the level of enterprise technological innovation. In addition, this paper uses location
entropy indexes to measure the industrial agglomeration of enterprises. The formula for
calculating industrial agglomeration is as follows.

ASSijkt =
Ljkt − Lijkt/Ljt

Lkt/Lt
(7)

k denotes industry; i denotes enterprise; j denotes city; t denotes year. Ljt is the total
number of people employed in the energy sector in city j in year t. Lkt is the employment
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number of industry k in year t. Lt is the total number of people employed in the energy in-
dustry nationally. If β1 and α1 pass the significance test, and ϕ2 is smaller or less significant
than β1, indicating a significant mediating effect.

Column (1) in Table 8 shows the results of the test of Equation (4), which indicates
the impact of the digital economy on energy supply chain efficiency. From the results in
column (1), the regression coefficient of the degree of the digital economy is 5.738 and
passes the significance test, indicating that the improvement of the level of the digital
economy can promote the improvement of energy supply chain efficiency. Hypothesis 1
is verified. Energy supply chain efficiency is different from the supply chain efficiency of
traditional enterprises, and the efficiency improvement is more reflected in the process
of production and transmission [62]. A digital economy, based on digital technology, can
further accelerate the speed of information dissemination and communication between the
upstream and downstream of the supply chain, effectively alleviating the “bullwhip effect”
in the production chain, thus promoting the accuracy of supply and demand matching and
the improvement of operational efficiency along the whole chain.

Table 8. Intermediary effect regression results.

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

VARIABLES esce ass esce inn esce

diec 5.738 *** 22.36 *** 5.139 *** 55.77 *** 5.259 ***

(1.892) (8.024) (1.897) (16.60) (1.894)

ass 0.0107 ***

(0.00381)

inn 0.0214 ***

(0.00789)

control yes yes yes yes yes

Constant −0.0467 −2.984 *** −0.0432 −0.325 0.0173

(0.0494) (0.209) (0.0492) (0.433) (0.0545)

Observations 1.008 1.008 1.008 1.008 1.008

R-squared 0.198 0.207 0.205 0.030 0.204

Number of id 112 112 112 112 112
Notes: *** indicates statistical significance at the 1% levels, and control is the control variable. The figures in () are
t statistics.

Columns (2) and (4) of Table 8 show the regression results of Equation (5), i.e., the
relationship between the digital economy and the mediating variables. The results in col-
umn (2) show that the digital economy promotes industrial agglomeration, and the higher
the level of the digital economy of enterprises, the more it contributes to the synergistic
agglomeration of local industries. The results in column (4) show that the digital economy
promotes technological innovation because the increased level of the digital economy
promotes cooperation and exchange between regions, which is conducive to knowledge
spillover and technology diffusion, thus promoting technological innovation. At the same
time, the digital economy relies on digital technology, whose characteristics such as “re-
programmability” and “data homogeneity” reduce the cost of data-based technological
innovation activities, thereby increasing the efficiency of technological innovation [20].

Columns (3) and (5) of Table 8 show the regression results of Equation (6). From the
regression results, the digital economy affects energy supply chain efficiency through in-
dustrial agglomeration and technological innovation, which confirms Hypotheses 2 and 3.
This indicates that the development of the digital economy not only contributes directly to
the efficiency of the energy supply chain but also indirectly promotes the efficiency of the
energy supply chain through industrial agglomeration and technological innovation. In
the context of the digital economy, industrial clusters enable enterprises to pool multiple
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resources to promote synergies [63]. Energy enterprises can improve supply chain efficiency
through synergies. At the same time, technological innovation facilitates energy enterprises
above a certain scale to allocate supply chain resources more scientifically [64], thus rapidly
improving supply chain efficiency. Hypotheses 2 and 3 are verified.

6. Conclusions and Policy Implications

In the context of the rapid development of the digital economy, promoting the deep
integration of the supply chain with the digital economy is both an important driver for
building a digital supply chain system and a key point for promoting the development
of China’s digital economy. With the panel data of 112 enterprises from 2011 to 2019, this
study evaluates the development level of the digital economy and energy supply chain
efficiency. Then, this paper employs a two-way fixed effects model and an intermediary
effect model to empirically investigate the effect of the digital economy on energy supply
chain efficiency and its internal mechanism. The main conclusions include: (1) Digital
economy plays a positive role in promoting energy supply chain efficiency. This conclusion
is verified by robustness tests and endogenous treatment. (2) The impact of the digital
economy on energy supply chain efficiency has heterogeneity. The effect of the digital
economy on promoting energy supply chain efficiency is more significant among large
enterprises, non-state enterprises and enterprises in high market-oriented regions.

Based on the conclusions, this paper puts forward the following recommendations
for enterprises and governments, respectively, in further promoting the digital economy
transformation of energy enterprises:

First, it is suggested that energy enterprises should seize the development opportu-
nities brought by the digital economy to the energy industry. On the one hand, energy
enterprises should gradually introduce digital technology into the production and oper-
ation process and promote the digital transformation of the supply chain. Specifically,
efforts should be made to utilize the upstream and downstream conduction effect of digital
technology to open channels for the circulation of data elements and promote the efficient
and collaborative development of energy enterprises upstream and downstream in the
supply chain. The digital supply chain not only requires the enterprises themselves to
increase digital investment but also requires close cooperation between upstream and
downstream energy enterprises. Therefore, it is suggested to accelerate the opening of data
channels for upstream and downstream enterprises in the supply chain, lead the flow of
talent, technology and capital with data flow, improve the accuracy of matching supply
and demand along the whole chain and reduce external coordination and transaction costs,
realize the integration of production, supply and sales and comprehensively improve the
efficiency of the supply chain. On the other hand, core enterprises in the energy industry
should be encouraged to build supply chain collaboration platforms to connect upstream
suppliers and downstream users. Core enterprises can guide upstream and downstream
enterprises to develop efficiently and collaboratively through accurate forecasting of end-
user demand and improve the rapid response capability of the supply chain. Furthermore,
it is suggested to use data elements throughout all aspects of the supply chain to promote
the digital transformation of business processes within enterprises. It is also important
that enterprises should encourage their employees to innovate, actively bring in advanced
technology talents and ensure the proportion of investment in research and development
to improve their technological innovation capacity.

Second, it suggested that the government accelerate the construction of digital supply
chain-related policies and systems. Specifically, several industry-representative digital
enterprises should be cultivated. Forming experience and practices that can be replicated
to drive more enterprises in the industry to realize the deep integration of the supply chain
and digital economy. What is more, according to the heterogeneity of enterprises and
cities, the development of the supply chain in the energy industry should be adapted to
local conditions and policies. It means that specific measures should be taken according
to the specific situation of the city, and for cities with a high degree of marketization,
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the “trickle-down effect” should be emphasized while also helping the “siphon effect”.
Moreover, different strategies should be adopted depending on the size of the enterprise
and the type of ownership. It is suggested to accelerate the market-oriented reform of
state-owned enterprises and provide certain policy support for enterprises that are more
affected by the digital economy. In addition, cooperation between enterprises should
be strengthened to give full play to the diffusion effect of the digital economy industry
agglomeration and the spillover effect of technological innovation. Local governments
can integrate different digital economy platforms to create an integrated digital economy
smart service platform to strengthen the mutual collaboration among energy enterprises
in the region. Additionally, the relevant authorities should encourage the exchange and
sharing of advanced technologies among different enterprises. It is suggested to organize
exchange seminars and advanced technological innovation competitions to promote the
dissemination of knowledge and technology.

This study has certain limitations. (1) this study is limited to 112 energy enterprises
because the data of some energy enterprises are not published, or the published data are
incomplete. In the future, the research can be further extended to more enterprises as
the area of data disclosure continues to expand. (2) this paper attempts to measure the
level of digital economization of an enterprise at the level of intangible assets, but the
measurement still cannot accurately quantify the level of development of an enterprise’s
digital economy. In the future, a more reasonable measurement method will be constructed
under the condition of technical feasibility and data availability. (3) this study is conducted
in a Chinese scenario with data from 112 energy companies in China. Whether the findings
can be generalized to other countries remains to be tested. In the future, a comparative
study with different country scenarios could be conducted simultaneously, which may
lead to more interesting conclusions. Finally, although the sample data before 2019 were
selected in this study considering the impact of the COVID-19 pandemic on enterprise
business conditions, as a relatively stable economic form during the COVID-19 pandemic,
the promotion effect of the digital economy on energy supply chain efficiency during the
pandemic is worth further analysis in the future.
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