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the Portuguese Engineer Professional Order. He has over 20 years of experience in the industry,

particularly in Production Planning, Process Control, and Quality Management in an international

company and in several national SMEs. He is a researcher and has published more than 100 articles

indexed in Scopus and Web of Science (WoS), in Quality Management, Sustainability, Lean Six Sigma,

and Safety.

vii



Luı́s Pinto Ferreira

Luı́s Pinto Ferreira earned his PhD in Manufacturing Engineering from the University of

Vigo (Spain), his MSc in Industrial Engineering—Logistics and Distribution from the School of

Engineering, University of Minho (Portugal), and his Bachelor’s Degree in Industrial Electronic

Engineering from the School of Engineering, University of Minho (Portugal). In both his Master’s

and Doctoral studies, simulation was used as a decision-support tool in the production area. He

has published more than 150 papers, 4 international edited books, has supervised more than 100

MSc students, and is currently co-supervising 4 PhD students, with work in the field of Industrial

Engineering and Management, particularly covering the topics of continuous improvement and

industrial simulation. He presents an h-index of 30 in Google Scholar (3549 citations) and 22 in

the SCOPUS profile (1628 citations). In 2004, he was awarded with the APDIO / IO 2004 prize,

distributed by the Operation Research Portuguese Association. He is a member of the External

Advisory Board of the European project Bio-Based Digital Twins (BBTwins), which is developing

a digital platform for the optimisation of agri-food value chain processes and the supply of quality

biomass for bioprocessing.

viii



Preface

Digital transformation is an unavoidable fact that can contribute decisively to increasing

sustainability in its different components: economic, environmental, and social. Although the

economic aspect is the one that normally stands out in terms of research, the environmental and

social aspects are increasingly important due to the increasing importance that they are having in

our daily lives as they interfere with extreme climate phenomena and our quality of life at work.

Therefore, this reprint assumes a decisive importance in this context, containing several works of

very high quality that address digital transformation, innovation, and sustainability, thus revealing

how the scientific community is attentive to and interested in these phenomena, contributing in a

decisive way to increasing the level of knowledge in these areas.

Francisco J. G. Silva, Maria Teresa Pereira, José Carlos Sá, and Luı́s Pinto Ferreira

Editors
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Abstract: Technological change has drastically shaped developments in the manufacturing and
service industries. Integrating Industry 4.0 technologies in business practice is an emerging trend for
future-oriented enterprises. By linking the TOE (technology-organization-environment) framework
with product innovation, process innovation, and company performance, this research proposes a
TOE-based innovation model to investigate Industry 4.0. The test results identified that Industry 4.0
technology adoption can be determined by compatibility, top management support, and competitive
pressures, unexpectedly, not cost or employee capability; technology adoption can only indirectly
influence company performance through mediation effects of product and process innovation. Results
also revealed that industry type and global trade could play moderation roles in the technology
adoption process: compared to the manufacturing industry, employee capability seems to be more
influential on technology adoption in the service industry; global trade activities cannot significantly
impact the technology adoption process, but trade companies are more likely to achieve more process
innovation after such adoption. This study can enrich the theoretical bases of Industry 4.0 and confer
a better understanding of the ongoing technological revolution in developing countries, which may
offer some new insights for practitioners and academics.

Keywords: Industry 4.0; innovation; technology adoption; TOE framework; global trade

1. Introduction

Nowadays, the ways people live, work, and connect with one another are being
profoundly changed by a technological revolution. In recent decades, the Fourth Industrial
Revolution (also known as Industry 4.0) has emerged across industries and countries.
Industry 4.0 was originally derived from the high-tech strategy of the German government,
which advocated automation, data exchange, and digitization of manufacturing [1]. The
core component of Industry 4.0 consists of digital technologies such as the Internet of Things
(IoT), big data, robotics, artificial intelligence (AI), smart sensors, blockchain technology,
cyber-physical systems (CPS) and so forth. Industry 4.0 provides a more comprehensive,
interconnected, and integrated approach to manufacturing, which can link the physical
world with the digital world and enable companies to collaborate better; it also allows
businesses to utilize real-time data to boost productivity and drive company growth [2].
In other words, the adoption of the advanced technologies of Industry 4.0 can empower
businesses to develop products more efficiently, decrease production costs, and achieve
competitive advantages [3]. These advanced Industry 4.0 technologies not only heavily
shape the production process but also the delivery of goods and services, which may have
far-reaching implications on productivity, labor skills, income distribution, and well-being—
even the environment [4].

The changes brought about by Industry 4.0 have fundamentally impacted both the
manufacturing and service industries. Even though previous studies have focused more
on the effects of Industry 4.0 within the manufacturing sector [5,6], changes have occurred
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simultaneously in the service sector. Industry 4.0 has resulted in vast transformations
across industries and countries. China, as one of the largest emerging economies, has
fully embraced such transformation by implementing Industry 4.0 technologies across
industries. On the one hand, in order to catch up with the so-called Fourth Industrial
Revolution, the Chinese government proposed Made in China 2025, a ten-year plan that
aims to promote the transformation of the manufacturing industry. Currently, Chinese
manufacturing companies are facing challenges both internally and externally. From
the internal perspective, there are numerous problems that need to be resolved urgently
within the industry such as rising production costs, insufficient investment into research
and development, and production method limitations; from the external perspective,
consumers have greater decision-making dominance, leading the manufacturing industry
to become more service-oriented. While the development of big data, cloud computing, 3D
printing, robots, and other technologies will subvert the previous manufacturing model
and motivate cross-industry integration [7]. On the other hand, industrial transformation
has also progressed extensively in the Chinese service industry. According to People’s
Daily (2019) [8], integration of the new generation of information technologies including
the Internet of Things, big data, cloud computing, and artificial intelligence will enable
the Chinese service industry to be smarter. It will also function to renew the content,
models and distribution of service, and provide customers with intelligent, personalized,
and high-value-added services. This transformation in the service industry includes the
creation of new service elements and the upgrading of the traditional service industry
through new technology adoption.

In recent years, an increasing number of studies have applied different technology
acceptance models to study new technology implementation. In this study, our model is
based on the TOE framework originally designed by Tornatzky and Fleischer (1990) [9].
This framework is said to be extremely suitable for analyzing different types of company-
level innovation adoption [10]; ergo, it should be one of the most appropriate frameworks
to study Industry 4.0 technology adoption. The TOE framework includes three aspects:
technological, organizational, and environmental contexts. Technological context places
emphasis on the implications of technological practice and structure on technology adoption
behavior; organizational context represents attributes of organizations that can encourage
or discourage technology adoption; environmental context concentrates on companies’
surroundings, including their competitors, government, and other external factors that
may influence technology [9]. TOE has been applied to investigate the adoption of different
types of high technologies in many studies, such as RFID technology [11], information
and communication technologies [12], cloud computing [13], smart farms [14], and so
forth. The adoption and commercialization of information technologies can bring new
opportunities and generate benefits for business; thus, a great number of companies
have been seeking continuously to increase productivity and strengthen their competitive
advantages through technological innovation [15]. As technology is the main driver
of improvement in productivity and product (service) development, the introduction
of Industry 4.0 technologies can be regarded as the key to innovation. For example, a
product innovation that improves the technical specifications of existing products may
meet consumer needs more suitably; process innovation that improves current methods
of producing or delivering products may create greater value for stakeholders [16]. Both
product and process innovation are significant to market expansion and can provide new
opportunities for profit generation [17]. Many companies, in fact, lean towards adopting
several Industry 4.0 technologies simultaneously, and by combining these technologies,
they can trigger product and process innovation to generate additional benefits. Integrating
Industry 4.0 technologies (IoT, ICT, big data and AI, robotics, and RFIDs etc.) in operational
activities can bring about more sustainable ways of doing business, accelerate product
development, decrease costs, and create competitive advantages in the market [4].

Therefore, it is of paramount importance to investigate Industry 4.0 technology adop-
tion by linking it with product innovation and process innovation to build a TOE-based
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innovation model. This study intends to address the following research gaps: (1) Previously,
the majority of studies examined the technological transformation of Industry 4.0 only
in developed counties such as Germany, Italy, and South Korea [5,18,19], and many of
them focused solely on the manufacturing industry in developed counties. However, few
studies have compared whether innovation (such as product and process innovation) and
antecedents of Industry 4.0 technology adoption are different across service and manufac-
turing sectors, especially in emerging economies such as China. (2) Insufficient empirical
studies have tested whether trading activities can serve to promote Industry 4.0 technology
adoption, its innovation processes and firm performance. (3) The majority of studies paid
more attention to the investigation of the antecedents of technology adoption [12,13,18–20],
but there is limited empirical evidence showing how product and process innovation can
play mediating roles between Industry 4.0 technology and company performance. How-
ever, it is vital to investigate Industry 4.0 in both manufacturing and service industries as
the service industry has taken up a growing proportion of national GDP and the digital
transformation of the service industry may have become equally important to economic
growth in many countries. Along with the growing number of companies being influenced
by technological diffusion through global trade and the current rising challenges of global
trade (trade protectionism, economic recession etc.), it is also meaningful to examine if such
trading activities can actually instigate any positive effects on Industry 4.0 technology adop-
tion, product innovation, process innovation and firm performance. By testing moderation
variables such as global trade and industry type in the proposed model, this study can
offer a tailored framework to study Industry 4.0 technology adoption more appropriately.
Additionally, an examination of the mediation role of product and process innovation will
also ultimately enhance understanding of the technological innovation under Industry
4.0. This study aims to link the TOE model (focusing on the adoption process) with firm
innovation and performance to establish a new innovation model to study the technological
innovation of Industry 4.0 more appropriately.

Overall, this study can enrich the theoretical basis regarding Industry 4.0 technology
adoption in developing countries, offer more practical insights for decision-makers to
formulate strategies, and motivate more companies to innovate through new technology
adoption. The research purposes are as follows: (1) identify the most important deter-
minants of Industry 4.0 technology adoption; (2) reveal the mediating roles of product
innovation and process innovation between technology adoption and firm performance by
building a TOE-based innovation model; (3) test whether Industry 4.0 technology adoption
process and the following technological innovations can be influenced by global trade and
industry type.

2. Literature Review
2.1. The TOE Framework

The TOE framework was originally designed to depict the adoption of various in-
formation technologies on an organizational level (Tornatzky & Fleischer, 1990) [9]. TOE
contains technological, organizational, and environmental factors, and it is deemed to be
more favorable than other adoption models toward technology adoption/use [21]. The
TOE framework places more emphasis on social and psychological aspects [20], and has
enjoyed stronger empirical and theoretical evidence than other frameworks [22,23]. This
framework is relatively appropriate and specific for company-level adoption, which fo-
cuses on factors that can offer significant details of organizational technology adoption [24].
By differentiating between internal characteristics and environmental factors, TOE can
provide a more comprehensive perspective than other models that overly concentrated
on technological aspects [25]. This framework was therefore considered appropriate for
investigating adoption and implementation of different innovation practices, and it has
received adequate theoretical and empirical support [26].

Based on the TOE framework, organizational technology adoption is dominated by
the following three aspects:

3
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• Technological context: this emphasizes both internal and external technology-related
elements that can impact organizational technology innovation [27]. In this study, we
define it as compatibility or cost of technology adoption.

• Organizational context: this reflects the characteristics, resources, and internal social
networks of a company that may influence technology adoption [28]. In this study,
we include several organizational variables such as top management support and
employee capability.

• Environment context: this refers to external factors that are beyond organizations’
control [9], which has been represented by factors such as competitive pressure in this
study.

By exploring potential drivers of Industry 4.0 technology adoption and linking the
TOE model with technological innovation and firm performance, this study intends to
build a new TOE-based innovation model to offer more insights into Industry 4.0 (Figure 1).
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2.2. Compatibility

During the adoption of a new technology, businesses may experience huge changes,
and such changes may cause resistance and other problems. Thus, it is important to ensure
these changes will be compatible with an organization [12]. The issue of compatibility can
be divided into technical compatibilities (fit with the current software or hardware) and
organizational compatibilities (fit with the current work practices and value system) [29].
Additionally, some scholars have pointed out that it can also be measured by whether a new
technology can align with existing norms or structures, infrastructures, and procedures
within the business system [20].

If Industry 4.0 technologies are compatible with an existing organizational struc-
ture, business system, customer needs etc., this will reduce the difficulties and uncertain-
ties of adoption. As a result, companies may be more willing to adopt such Industry
4.0 technologies.

2.3. Cost

Implementation of new technology may be expensive for many companies. Company-
level adoption of technology can be accompanied by exorbitant costs including huge startup
costs and software costs [30]. Such costs can be defined as the assessment of potential
loss during new technology adoption, which is continuously evaluated over time [31].
It may also include direct costs and indirect costs. Direct costs may be caused by the
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implementation of a new technology, the initial cost of implementing software or hardware,
and employee training; while indirect costs may be associated with temporary productivity
loss, operational costs of system transformation, and other relative costs resulting from
business system/procedure changes [30]. These can noticeably hinder the behavioral
intention to adopt an innovation [32,33].

Even though in recent years the prices of hardware and software products have
decreased greatly and these products have become more affordable to users, it is still
challenging to properly evaluate the benefits versus the costs of IT adoption. According
to Ngah et al.’s (2017) [10] research on Halal warehouse adoption, adoption costs can
negatively impact companies’ decisions regarding technology usage. However, such
findings can be contradictory with other studies, for example, Bhattacharya et al. (2018) [34]
have suggested that cost is not significantly associated with RFID adoption. It seems that
the relationship between cost and new technology adoption remains uncertain. This
study intended to further reveal whether higher anticipated costs of adoption can reduce
companies’ willingness to adopt Industry 4.0 technologies.

2.4. Employee Capability

Companies’ employees are extremely significant to the survival and success of busi-
nesses [30]. It is of paramount importance to have highly qualified employees in order
to appropriately carry out technological innovation [32]. If organizations have highly
qualified human resources, they can take the lead in new technology implementation
and technological innovation, because qualified personnel with adequate education and
innovative ability is indispensable to technical innovation, and it is particularly significant
in labor-intensive sectors where improvements and training in tacit skills are heavily reliant
on the involvement of employees [35].

As the main IT users within an organization, the knowledge, participation, and in-
volvement of employees in adopting a specific technology can impact the acceptance of
technology, but a lack of related training or skill with respect to new technology may
discourage technology usage [30]. The employee technology acceptance level can be
influenced by proper technical training and courses, and such training providing rela-
tive knowledge of technology use can be beneficial for technology implementation [15].
Employee knowledge and skill for technology innovation or implementation are crucial
components of organizational adoption behavior [18,36]. If employees are willing to im-
prove their skills/knowledge, engage in training, and actively use Industry 4.0 technologies,
it can strengthen organizational technology adoption.

2.5. Top Management Support

Top management, as the decision makers of an organization, plays a vital role in
encouraging employees to adopt new technology. Convincing them that the adoption can
attract more resources and be beneficial to the organization is enormously important [29].
Meanwhile, their attitudes and degree of support toward organizational change are also
considerably influential in technological innovation adoption, because their engagement,
plus the allocation of sufficient resources for new technology implementation, are critical;
they can also send positive signals to other organizational members and educate them about
the significance of adoption [24]. Their support is highly influential in creating a supportive
environment and offering relative resources to facilitate new technology adoption [32].

Several studies have emphasized the importance of top management support and
also suggested that it can serve as a primary predictor of organizational adoption behav-
ior [13,20,32]. If top management believes that Industry 4.0 technologies are beneficial
to the organization, they may be more willing to participate in adoption by building a
supportive environment, which may ultimately motivate the acceptance of the Industry
4.0 technologies internally. Therefore, we believe that top management support is an in-
dispensable variable which can impact organizational adoption decisions and reduce the
barriers to new technology implementation.
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2.6. Competitive Pressure

Companies’ competitive pressure mainly comes from the perception that competi-
tors may achieve competitive advantages by implementing a new technology [28]. Such
pressure has been regarded as a key motivator in new technology adoption, because by
adopting new technologies, companies can change the rules of competition as well as the
internal structure within an industry and find new ways to surpass their peers, and as such,
put themselves in a more favorable position [37]. Non-adopter companies, however, may
experience a lower level of organizational performance [29]; thus, they tend to adopt new
innovations to reduce the risks of being exposed to any competitive disadvantages [38]. The
business environment is quite dynamic, in order to maintain their competitive advantages,
companies will have to closely monitor competitors’ actions and adjust their strategies to fit
in with current business practices [20]. Facing up to increasing competition, organizations
always seek to remain competitive through technological innovation.

Competitive pressure was found to be a decisive predictor of new technology adoption
that can positively influence the adoption of various technologies [28,39]. New Industry 4.0
technologies can bring about greater opportunities for businesses that have taken the lead
in adopting such technologies and help them to achieve competitive advantages within
industries; thus, in order to achieve substantial success, companies will actively engage in
new technology adoption.

2.7. Product Innovation and Process Innovation

Any practice that is new to an organization can be regarded as an innovation, in-
cluding the introduction of new facilities, products, services, or processes [40]. New
technologies enormously drive productivity improvement in service companies [16]. Addi-
tionally, continuous technological innovation will also enhance product performance in
the manufacturing industry [7]. Companies can achieve innovation through the usage of
new technology to provide products (services) with more competitive advantages, which
usually means a lower cost or improved existing product (service) attributes [40].

Product (service) innovation is a process of introducing new products (services) that is
usually accompanied by improved technical specifications or software performance in com-
parison to current products, through which consumer demand may be satisfied to a greater
extent [41]. It can bring about opportunities to enhance organizational performance through
operational efficiency improvement, new market expansion, and profit growth [16]. Prod-
uct(service) innovation has frequently been carried out by those companies that have fully
embraced technological transformation. By introducing new and advanced Industry 4.0
technologies, product innovation can contribute to noticeably improved performance of
existing products or services and, consequently, drive market expansion or sales growth.

Technological innovation includes introducing a new idea into current product (ser-
vice) lines as well as adding new elements to the production or service process [42]. Thus,
not only product innovation but also process innovation can play an indispensable role
when it comes to technological innovation. Process innovation can be defined as the intro-
duction of production/delivery methods that are novel or significantly upgraded, and it
is closely connected with changes in the use of tools, working style, or installation of new
software [16]. Process innovation may bring about growth in productivity [17]. Both prod-
uct and process innovation have been confirmed to be significant in terms of improvements
in sales and profits [43]. The fourth industrial revolution has been comprehensively and
profoundly changing production and service processes. Through the implementation of
Industry 4.0 technologies, companies can enjoy more efficient ways to deliver services and
significantly increase the productivity of production (eg. using robots to produce goods or
serve customers).

2.8. Technology Adoption and Mediation Effects of Innovation

Innovation-leveraged company performance has been discussed by many studies
before [16,44]. However, the correlations of Industry 4.0 technology adoption, innovation
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(especially process and product innovation), and company performance have not ade-
quately been verified and remain relatively unclear. In this study, we assumed that the
adoption of advanced technology can have effects on company performance because new
technology adoption may enhance productivity or reduce production costs by replacing
old and costly technologies. It may bring about opportunities to improve company perfor-
mance through such means as customer satisfaction, sales volume, and so on. Meanwhile,
few studies have investigated the mediation effects of innovation between Industry 4.0
technology adoption and firm performance. As such, it is necessarily critical to provide
empirical evidence to unveil the internal relationships by exploring the mediation effects of
process and product innovation.

2.9. Moderation Role of Global Trade

Increasing usage of digital technologies can greatly decrease costs and bring firms
trade opportunities [45]. Using new technologies in the manufacturing process can boost
productivity, drive down costs, and accelerate technological diffusion [45]. The develop-
ment of the internet and digital technologies has leveraged the use of artificial intelligence
(AI), Internet of Things (IoT) and blockchain technology, which has created more opportu-
nities for businesses to enter new markets and participate in international trade [46]. In
other words, all enterprises can enjoy new opportunities for international trade through
technological innovation, which will make importers and exporters more likely to actively
adopt Industry 4.0 technology than companies with fewer needs to participate in global
trade.

Furthermore, when buyers and suppliers are doing business with each other, they are
inclined to exchange not only goods or services but also technical expertise and advanced
technology [45]. Companies that engage in global trading activities will be greatly moti-
vated to keep up with foreign trade partners in terms of technological innovation, and they
may have greater awareness and more up-to-date knowledge regarding new technology.
Having a higher propensity to be influenced by technological diffusion, trading companies
are more likely to adopt Industry 4.0 technologies that have been used by their overseas
partners. With the advantages of accessing foreign technological resources directly through
international trade, both importers’ and exporters’ (defined as global trade companies) tech-
nology adoption processes and company performance may differ from those companies
only doing business within their home countries (defined as non-global-trade companies).

Previously, insufficient studies have examined whether global trade companies act
differently in the adoption of Industry 4.0 technology compared to non-global-trade com-
panies, and there is insufficient evidence showing how such differences may affect product
innovation or process innovation of Chinese companies. In this study, participation in
global trade is considered a significant company characteristic that may have moderation
effects on Industry 4.0 technology adoption and innovation behavior, which is also newly
integrated with the TOE framework. Meanwhile, as the recent trade protectionism and
economic recession have brought huge barriers for international trade after the pandemic,
it is significant to validify the vital role of trade in promoting technology innovation and
it may encourage more companies to participate in global trade and boost the economic
recovery.

2.10. Moderation Role of Industry Type

The industry to which a business belongs can be influential in technology adoption.
The industrial environment, along with other factors such as organizational conditions,
technological features, and business structures, are remarkably important to organiza-
tional adoption behaviors [20]. Because different industries have different requirements
for information processing, these differences may influence company-level technology
adoption [47]. Meanwhile, companies tend to seek innovation and technology adoption
due to the pressure of losing advantages within an industry. Different industries may
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experience different levels of competitive pressure, resource access, and so forth, which
could also affect such adoption.

In the case of the service industry, this heavily depends on information processing
systems, while the manufacturing industry may rely more on material planning or resource
planning systems [12,47]. Salmeron and Bueno (2006) [48] argued that companies in the
same industry are more likely to adopt the same information systems or technologies,
share similar attitudes regarding technological changes, and their employees may also
have similar attitudes towards new technology usage. Other scholars have pointed out that
organizational investment in information technologies is not exactly the same across indus-
tries, and companies in less information-intensive industries are less willing to implement
information technologies [30]. In other words, the significance of new technology adoption
can be perceived at different levels across industries because of differences in company
characteristics and information intensity [49].

There may be a large number of differences across service and manufacturing indus-
tries in the adoption of Industry 4.0 technology. Consequently, companies from different
industries may engage in different innovation activities which lead to different levels of firm
performance. Some scholars suggested that product innovation may exhibit differences in
intensity between service and manufacturing sectors under Industry 4.0 [50]. However, it
still remains unclear how the service and manufacturing industries differ from each other
in other types of innovation (process innovation), Industry 4.0 technology adoption, and
firm performance.

Therefore, based on the aforementioned literature, we proposed the hypotheses as
shown in Table 1.

Table 1. Hypothesis.

Hypothesis

H1: Compatibility can positively impact upon Industry 4.0 technology adoption.

H2: Cost can negatively impact upon Industry 4.0 technology adoption.

H3: Employee capability can positively impact upon Industry 4.0 technology adoption.

H4: Top management support can positively impact upon Industry 4.0 technology adoption.

H5: Competitive pressure can positively impact Industry 4.0 technology adoption.

H6: Adoption of Industry 4.0 technology can positively impact upon product innovation.

H7: Product innovation can positively impact upon company performance.

H8: Adoption of Industry 4.0 technology can positively impact upon process innovation.

H9: Process innovation can positively impact upon company performance.

H10: Adoption of Industry 4.0 technology can directly impact upon company performance.

H11: Product innovation (a) and process innovation (b) mediate the relationship between technology adoption and company performance

H12: Participation in global trade can moderate relationships in the proposed model.

H13: Industry type can moderate relationships in the proposed model.

3. Methodology
3.1. Questionnaire

This study intended to investigate the determinants of Industry 4.0 technology adop-
tion and how such adoption can lead to innovation and better company performance. To
test the proposed hypotheses, we conducted a survey in China to collect research data.
Most of the survey items were designed according to the previous studies (Table 2), but a
few were slightly modified to fit the research purpose. To measure 9 variables as shown
in Figure 1 (competitive pressure, top management support, employee capability, cost,
compatibility, technology adoption, product innovation, process innovation, company
performance), a five-point Likert scale from “1 = strongly disagree” to “5 = strongly agree”
was used.
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Table 2. Factor Loading and Questionnaire Items.

Items Content Factor Loading Source

AD1 Our company holds a positive attitude towards the adoption of Industry 4.0
technologies 0.797

Maduku et al. (2016) [32]

AD2 Our company are willing to continue to use these Industry 4.0 technologies 0.834

AD3 Our company are willing to continue applying these Industry 4.0 technologies
across the business 0.873

AD4 Our company are willing to use these Industry 4.0 technologies to expand our
scope of business 0.868

AD5 Our company is satisfied with the newly adopted Industry 4.0 technology 0.851

CT1 Adopting these Industry 4.0 technologies may bring a financial burden to the
company 0.764

Maduku et al. (2016) [32]

CT2 Applying these Industry 4.0 technologies widely in business may require great
investment 0.835

CT3 Providing technical support for these Industry 4.0 technologies may require a
lot of funding 0.836

CT4 Training employees to be proficient in using these Industry 4.0 technologies
requires lots of investment 0.822

CT5 It takes a lot of time to train employees to use these Industry 4.0 technologies
proficiently 0.734

CP1 The adopted technology fits with the needs of the existing production/service
process 0.734

Yoon et al. (2020) [14]

CP2 The adopted technology fits with the needs of the existing management system 0.786

CP3 The adopted technology fits with the company’s existing organizational
structure 0.781

CP4 The adopted technology fits with the company’s existing technical needs 0.762

CP5 The adopted technology fits with the company’s current business needs 0.771

CP6 The adopted technology fits with the needs of the company’s existing customers 0.803

CPP1 The adoption of advanced technology is due to pressure within the industry to
upgrade technology 0.727

Jia et al. (2017) [28]

CPP2 The adoption of these Industry 4.0 technologies is to improve competitiveness
in the industry 0.833

CPP3 Adopting these Industry 4.0 technologies is an important strategy to compete in
the current market 0.845

CPP4 If these Industry 4.0 technologies are not introduced, customers may choose
competitors’ products 0.815

CPP5 If these Industry 4.0 technologies are not introduced, the company may suffer
competitive disadvantages 0.752

EC1 Most employees of the company are aware of the importance of introducing
advanced technology 0.778

Maduku et al. (2016) [32]

EC2 Most employees are willing to use these Industry 4.0 technologies 0.853

EC3 Most employees are willing to learn to use these Industry 4.0 technologies 0.864

EC4 Most employees are willing to actively use these Industry 4.0 technologies in
their daily work 0.854

EC5 Most employees are able to use these Industry 4.0 technologies after training 0.744

PF1 After adopting these Industry 4.0 technologies, customer satisfaction has
increased 0.826

Akgün et al. (2009) [51]

PF2 After adopting these Industry 4.0 technologies, the number of company
transactions has increased 0.795

PF3 After adopting these Industry 4.0 technologies, market expansion has
accelerated 0.844

PF4 After adopting these Industry 4.0 technologies, the company’s market share has
increased 0.770

PF5 After adopting these Industry 4.0 technologies, the company’s total sales have
increased 0.814
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Table 2. Cont.

Items Content Factor Loading Source

PCI1 After adopting these Industry 4.0 technologies, it is beneficial to the collection
and processing of product- or service-related information 0.784

Rajapathirana & Hui (2018) [11]

PCI2 After adopting these Industry 4.0 technologies, it provides production- or
service-related technical convenience 0.820

PCI3 After adopting these Industry 4.0 technologies, the production process or
service process has been simplified 0.795

PCI4 After adopting these Industry 4.0 technologies, the existing production process
or service process has been improved 0.809

PCI5 After adopting these Industry 4.0 technologies, the production process or
service process upgrade has been promoted 0.832

PCI6 After adopting these Industry 4.0 technologies, the cost of labor and resources
has reduced 0.730

PDI1 After adopting these Industry 4.0 technologies, deficiencies in existing products
or services have been improved 0.770

Rajapathirana & Hui (2018) [11]

PDI2 After adopting these Industry 4.0 technologies, the company is providing better
quality products or services 0.805

PDI3 After adopting these Industry 4.0 technologies, the company is providing more
valuable products or services 0.832

PDI4 After adopting these Industry 4.0 technologies, the company is providing more
competitive products or services 0.812

PDI5 After adopting these Industry 4.0 technologies, the company is providing
products or services that are more in line with new customer needs 0.799

PDI6 After these Industry 4.0 technologies, the company is providing products or
services that are more in line with new market trends 0.764

TS1 Top management believes that introducing Industry 4.0 technologies is
strategically important 0.812

Maduku et al. (2016) [32];
Wang et al. (2010) [52]

TS2 Top management is willing to invest in the introduction of advanced technology 0.843

TS3 Top management is willing to take responsibility in the process of introducing
technology 0.828

TS4 Top management encourages the updating of the company’s technology to
improve competitiveness 0.837

TS5 Top management actively encourages the use of advanced technology to gain
competitive advantages 0.826

TS6 Top management is willing to provide relevant training 0.808

Note: AD = adoption; CP = compatibility; CPP = competitive pressure; CT = cost; EC = employee capability;
PCI = process innovation; PDI = product innovation; PF = company performance; TS = top management support;
all the respondents were asked to answer the survey based on the Industry 4.0 technologies that were selected at
the beginning.

3.2. Data Collection and Sampling

In order to gain sufficient samples, the survey was created by using the Tencent online
survey system and randomly delivered to potential participants of manufacturing and
service firms only in the database through WeChat, one of China’s largest SNS (Social
Networking Services) platforms. It took about two months, from October to November
2020, more than 700 surveys were delivered but only a total of 340 completed questionnaires
were collected and later used in the data analysis. In order to test the conceptual model
and the significance of the hypotheses, we conducted a confirmatory factor analysis and
structural equation analysis (using SmartPLS3.2.8).

All participants had been working in companies that had applied at least one core
Industry 4.0 technology (or companies that are in the process of adoption). Managers
and company representatives who have some experience with adopting/using the Indus-
try 4.0 technologies participated in the survey. Actually, Industry 4.0 has included more
than 1200 enabling technologies and there is no universal definition of Industry 4.0 [5],
but in this study, core Industry 4.0 technologies refers to smart factories, big data, driver-
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less cars/equipment, AI, cloud computing, 3D printing, robotics, 5G, augmented reality,
virtual reality, sensors/automatic identification tech, Internet of Things, blockchain, cyber-
physical systems, and smart management systems, and participants were asked to choose
the adopted technology from multiple choices. According to the demographic charac-
teristics of the samples, around 70% of the companies had utilized more than one of the
aforementioned Industry 4.0 technologies and around 90% of them had introduced those
advanced technologies in 5 years. Among the samples, 57.65% represented service com-
panies from sectors such as Logistics, Wholesale and Retail, Tourism, Catering, Software
and Information Services, etc., and 42.35% were manufacturing companies from sectors
such as Textile and Garment, Biomedicine, Food and Beverage, Automobile, Electronic
Appliance Manufacturing, etc. In terms of participation in global trade, the survey subjects
consisted of exporting companies (23.24%), importing companies (12.94%), export and
import companies (18.53%) and non-global-trade companies (45.29%) (Table 3).

Table 3. Sample Profile.

Demographic Variables Frequency Percent

Time of using this technology

≤12 months 201 59.11

13–24 months (2 years) 68 20.00

25–36 months (3 years) 22 6.47

37–60 months (5 years) 16 4.71

>60 months (5 years) 33 9.71

Employee number

1–50 85 25.00

51–150 96 28.24

151–300 75 22.06

301–450 19 5.59

451–600 21 6.18

above 600 44 12.93

Industry type
Service industry 196 57.65

Manufacturing industry 144 42.35

Participation in global trade

Export company 79 23.24

Import company 44 12.94

Export and import company 63 18.53

Non-global-trade company 154 45.29

4. Results

In this study, the PLS-SEM (Partial least squares–structural equation modeling) ap-
proach was utilized to verify the established hypotheses. This study adopted Structural
Equation Modeling (SEM) using SmartPLS3.2.8 software and applied bootstrapping pro-
cedure of 5000-subsample suggested by Hair et al. (2016) [53]. The PLS-SEM method has
been frequently used in recent business studies. In general, PLS is suitable for analyzing
complex relationships because it minimizes factor uncertainty [54]. It is also a statistical
tool that can simultaneously perform an optimal evaluation of the measurement model and
the structural model, and has the advantage of being less constrained by the sample size
than the other structural equation program. It is also considered to be more appropriate
for exploratory research [14], as is the case in this study. Thus, the PLS-SEM method was
considered to be relatively suitable for the study purpose.
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4.1. Measurement Model

Reliability was first measured using Cronbach’s Alpha. The overall Cronbach’s Alpha
of each configuration was greater than 0.7. Generally speaking, Cronbach Alpha values
range from 0 to 1, and if values are greater than 0.7, it can be concluded that a strong
concentration exists between constructs [55]. Moreover, as suggested by Bagozzi and Yi
(1988) [56], if the Average Variance Extracted (AVE) level is above 0.5 and the Composite
Reliability (CR) level is above 0.7, it indicates good construct reliability of the conceptual
model. As shown in Table 4, the AVE and CR levels were all within the recommended levels.
Meanwhile, all the item loading levels were higher than 0.5 (Table 2). These all confirmed
the appropriate convergent validity of the measurement items in the confirmatory analysis.

For discriminant validity, as shown in Table 5, the AVE’s square root of each construct
was larger than the inter-construct correlations, meaning that the measurement items
enjoyed good discriminant validity [57].

Table 4. Construct Reliability and Validity.

Construct Cronbach’s Alpha CR AVE

Adoption 0.900 0.926 0.714

Compatibility 0.865 0.899 0.598

Competitive pressure 0.855 0.896 0.633

Cost 0.858 0.898 0.639

Employee capability 0.877 0.911 0.672

Company performance 0.869 0.905 0.656

Process innovation 0.884 0.912 0.633

Product innovation 0.885 0.913 0.636

Top management support 0.907 0.928 0.682

Table 5. Fornell-Larcker Criterion.

Construct 1 2 3 4 5 6 7 8 9

Adoption (1) 0.845

Compatibility (2) 0.760 0.773

Competitive pressure (3) 0.691 0.673 0.796

Cost (4) 0.557 0.584 0.636 0.799

Employee capability (5) 0.644 0.581 0.658 0.508 0.820

Company performance (6) 0.604 0.631 0.594 0.469 0.563 0.810

Process innovation (7) 0.722 0.698 0.647 0.538 0.599 0.738 0.796

Product innovation (8) 0.775 0.727 0.709 0.558 0.668 0.711 0.777 0.797

Top management support (9) 0.692 0.658 0.677 0.546 0.714 0.635 0.640 0.683 0.826

Finally, regarding the identification of CMB (common method bias), this study has
checked the variance inflation factors (VIFs) through collinearity statistics. According to
Kock (2015) [58], if the VIFs of the inner model based on a full collinearity test are no
more than 3.3, the research model can be confirmed as free of CMB. In this study, all of the
occurrences of VIFs are equal to or lower than the recommended threshold (range from
1~3.3), suggesting that our model is free of CMB.
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4.2. Structure Model Results
4.2.1. Hypotheses Testing Results

Table 6 and Figure 2 present the test results for all the hypotheses. Seven out of ten
hypotheses were confirmed to be significant. According to the results, hypothesis H1 was
accepted because compatibility (ß = 0.430, p < 0.001) is the most influential determinant
of adoption. As expected, top management support (ß = 0.176, p < 0.05) and competitive
pressure (ß = 0.170, p < 0.05) were found to be important to adoption, meaning H4 and
H5 were accepted. However, the cost of the technology (ß = 0.030, p > 0.05) and employee
capability (ß = 0.142, p > 0.05) did not have significant effects on technology adoption, so
H2 and H3 were rejected.
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H3 EC→ AD 0.142 0.074 1.904 0.057

H4 TS→ AD 0.176 0.079 2.228 0.026
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H8 AD→ PCI 0.722 0.039 18.437 0.000

H9 PCI→ PF 0.470 0.099 4.742 0.000

H10 AD→ PF −0.007 0.104 0.070 0.945

In addition, technology adoption was found to have direct effects on product inno-
vation (ß = 0.775, p < 0.001) and process innovation (ß = 0.722, p < 0.001), supporting H6
and H8. Company performance could be positively influenced by product innovation
(ß = 0.351, p < 0.001) and process innovation (ß = 0.470, p < 0.001), which would support
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H7 and H9, but technology adoption (ß = −0.007, p > 0.05) showed no direct implications
for company performance, meaning H10 was rejected.

4.2.2. PLS-MGA Moderation Test

This study selected participation in global trade and industry type as moderators. In
order to find out whether these had effects on the technology adoption process, innovation,
and company performance, this study applied Partial Least Squares Multi-Group Analysis
(PLS-MGA) for the group comparison. PLS-MGA is a non-parametric significance test
for group differences based on PLS-SEM bootstrap results. If the p-value should be less
than 0.05 or greater than 0.95, the difference in specific path coefficients across groups is
regarded as significant at the 5% probability of error level [59].

According to the results shown in Table 7, after adoption, global trade companies
seemed to experience greater process innovation than non-global-trade companies. Com-
panies in different industries also exhibited some differences in their technology adoption
processes. Employee capability in the service industry can play a more vital role in the
adoption decision. These findings indicated that H12 and H13 were partially supported.

Table 7. Multi-Group Analysis Results.

Hypotheses β (TR) β (NTR) p-Value
(TR vs. NTR) β (M) B (S) p-Value

(M vs. S)

H1 CP→ AD 0.488 0.352 0.195 0.572 0.363 0.075

H2 CT→ AD 0.069 0.013 0.300 0.102 −0.028 0.104

H3 EC→ AD 0.057 0.240 0.897 −0.092 0.263 0.998

H4 TS→ AD 0.178 0.186 0.539 0.263 0.113 0.145

H5 CPP→ AD 0.182 0.126 0.362 0.083 0.239 0.885

H6 AD→ PDI 0.767 0.781 0.592 0.769 0.773 0.514

H7 PDI→ PF 0.387 0.329 0.374 0.314 0.364 0.612

H8 AD→ PCI 0.789 0.631 0.021 0.760 0.703 0.224

H9 PCI→ PF 0.545 0.416 0.247 0.574 0.413 0.233

H10 AD→ PF −0.086 0.020 0.694 −0.055 0.021 0.647

Note: NTR = non-global-trade company; M = Manufacturing industry; S = Service industry; TR = global trade
company.

4.2.3. Mediation Test

This study intended to find out whether product innovation and process innovation
could have mediating effects on the relationship between technology adoption and company
performance. Mediation testing results, as shown in Table 8, indicated that technology adoption
could not be directly linked with company performance but through the mediation of product
innovation (indirect effects: β adoption→ product innovation→ company performance = 0.272, p < 0.001)
and process innovation (indirect effects: β adoption→ process innovation→ company performance = 0.340,
p < 0.001), it could significantly and indirectly influence company performance (Figure 3).
Thus, it could be said that product innovation and process innovation can act as mediators
between technology adoption and company performance, meaning H11(a) and H11(b)
were accepted.
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Table 8. Mediation Effects of Product Innovation and Process Innovation.

Path
First Stage Second Stage Direct Effects Indirect Effects Total Effects

AD→ PF Mediation
β p β p β p β p β p

AD→ PDI→ PF 0.775 0.000 0.351 0.000
−0.007 0.945

0.272 0.000
0.610 0.000

Yes

AD→ PCI→ PF 0.722 0.000 0.470 0.000 0.340 0.000 Yes

Note: AD = adoption; PCI = process innovation; PDI = product innovation; PF = company performance.
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5. Conclusion and Discussion
5.1. Discussions and Theoretical Implications

This study intended to investigate the determinants of adoption of Industry 4.0 tech-
nology, and how such adoption can drive innovation and company performance. A TOE
(technology-organization-environment) based innovation model was established by linking
the TOE model with product innovation, process innovation, and company performance.
Meanwhile, by testing the moderation effects of industry type and global trade with the
conceptual model, this study has served to enrich our understanding of Industry 4.0
technology adoption under a different context.

The findings showed that compatibility is the most influential factor that can positively
impact technology adoption, which was similar to Yoon et al.’s (2020) research on smart
farm adoption in Korea [14]. It may imply that ensuring that new technology is compatible
with existing production/service lines, management systems, technical systems, and so
forth is vital in making adoption decisions. This study also found that support from top
management is critically necessary to the adoption decision and this finding substantiates
Lin’s (2014) study on supply chain management system adoption [39]. In other words,
only with the support of top management to provide essential resources and training etc.,
adoption can be carried out successfully. Besides technological and organizational factors,
pressures from the external environment were also confirmed to be relatively important
in Industry 4.0 technology adoption. Companies may experience customer retention
difficulties if they fail to keep up with competitors. According to Bhattacharya and Wamba
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(2018) [34], companies may perceive pressure not to lose their competitive advantages over
competitors, which will force them to adopt new practices. Thus, we provided evidence
showing that compatibility, top management and competitive pressure are decisive drivers
of Industry 4.0 technology adoption. In this study, we assumed that cost may negatively
affect technology adoption, because using Industry 4.0 technologies may be accompanied
by huge costs of set-up, software purchases, or training and other related cost, all of these
costs might be regarded as obstacles to technology adoption. However, the results worked
against the arguments that cost can hinder technology adoption [14,32,33]. This study
indicated that cost might not be the relatively crucial factor in adoption decisions compared
with other factors for the surveyed company. In other words, when some companies
adopt technologies such as AI, cloud computing, 3D printing, robotics, 5G, augmented
reality and so forth, they may lay more emphasis on gaining competitive advantages,
production efficiency and profit growth but the cost may play a less dominant role in their
adoption decisions. Another possible reason might be the decreasing cost of introducing
digital technologies such as IoT and cloud computing [60], which may have made the
adoption of new technologies more affordable to some companies. Additionally, testing
results of the whole group showed that employee capability overall cannot play a decisive
role in adoption either. This differs from the view that having qualified personnel with
adequate IT knowledge and skills to participate in the technology adoption process can
ultimately stimulate adoption [18,32]. Such results indicated that recently, Industry 4.0
technologies might have already ignited tremendous changes in the workplace and with
the help of ongoing technological revolution and automation, there could be a declining
need for people’s participation, skills, or interaction during work. This finding offered
more empirical evidence that the Industry 4.0 technology adoption process has become
less demanding on people.

However, employee capability seems to function differently across industries in the
adoption process. The moderation testing result revealed that differences exist across in-
dustries during Industry 4.0 technology adoption process; industry type can moderate the
relationships between employee capability and technology adoption. Although many man-
ufacturing sectors such as furniture, textile and garment manufacturing etc. are intensively
relying on labor resources, in this study, the findings suggested that surprisingly, employee
capability tends to be less influential in the adoption decisions of manufacturing companies
than service companies. It means that Industry 4.0 adoption in the service industry may
depend more on employees’ skills, knowledge, participation, and abilities. Such findings
indicated that appropriate employee capability may be more vital to technology adoption
in the service industry than the manufacturing industry. Additionally, according to the
moderation test results, international trade activities seem to have no significant effects
on the antecedents of technology adoption, but compared to non-global-trade companies,
Industry 4.0 technology adoption has stronger effects on process innovation in global trade
companies. The overall innovation (combining product and process innovation) of global
trade companies also seems to be greater than that of non-global-trade companies. More
importantly, this study found that through innovation, the performance of global trade
companies was improved on a slightly larger scale than non-global-trade companies. This
study may provide empirical evidence showing that participation in international trade can
impact Industry 4.0 technology adoption and innovation process. One of the reasonable
explanations might be that global trade companies tend to have greater access to foreign
resources, Industry 4.0 technologies, and technical expertise. Through knowledge/resource
sharing with oversea partners, global trade companies may have a greater propensity to
stimulate innovation with newly adopted Industry 4.0 technologies and reinforce firm
performance.

More significantly, we confirmed the full mediation effects of product innovation and
process innovation. Industry 4.0 technology can promote better product performance,
production efficiency and so forth to generate huge product innovation and process inno-
vation. Based on our current knowledge, limited studies have ever verified the mediation
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of product and process innovation under the Industry 4.0 context. In accordance with the
results of the mediation test, technology adoption cannot be directly associated with firm
performance; but these adopted technologies could enhance firm performance indirectly
through the mediation of product and process innovation. This finding can serve to explain
the mechanism between Industry 4.0 technology adoption and firm performance. Thus,
after adoption, it is critically essential to apply these Industry 4.0 technologies to boost in-
novations such as upgrading the current service/production line, reinforcing the efficiency
of the existing production (service) process, and providing products (services) with better
quality. This result indicated that the effectiveness of adopted Industry 4.0 technologies
should be maximized through product and process innovation.

Overall, China has taken the lead in adopting Industry 4.0 among developing countries,
with new technology adoption being carried out actively within the country. Investigating
the determinants of Industry 4.0 technology adoption and exploring how such technology
adoption relates to innovation and company performance in China is extremely significant.
This study can offer more empirical evidence of technological transformation in developing
countries and proposes a TOE-based innovation model for follow-up research into Industry
4.0 across different types of companies and industries.

5.2. Managerial Implications

Our findings suggested that compatibility, top management support, and competitive
pressure are indispensable drivers of Industry 4.0 technology adoption. The result also
indicated that product and process innovation can mediate between technology adoption
and company performance. Companies in different industries or with global trading
experience showed differences in technology adoption and innovation. Based on these
findings, we have concluded the managerial implications focusing on the TOE (technology-
organization-environment) based innovation model as follows:

First of all, considering the technological aspect, compatibility acts as the strongest
predictor of technology adoption. Thus, companies that intend to adopt Industry 4.0 tech-
nologies might need to pay more attention to this. In order to generate benefits through
adoption, managers should ensure that adopted Industry 4.0 technology fits with the re-
quirements of current production/service processes, management systems, organizational
structures, and so forth; otherwise, such adoption may incur extra coordination costs. It is
also important to consider technical and customer needs, so as to choose the most suitable
technology. Instead of introducing several Industry 4.0 technologies at the same time,
companies may consider only adopting one or two technologies that can be integrated
easily with current systems to minimize coordination costs at the early stage. Companies
can cooperate with early adopters or oversea partners to gather more information about
Industry 4.0 adoption and get better prepared. This is helpful for choosing the most ap-
propriate technology and reducing potential coordination costs. Another possible solution
is to adopt advanced technologies that can be easily combined together to build digital
platforms and form synergies. For example, previous evidence showed integrating the
Internet of Things, cloud computing, big data and analytics to build digital supply chain
platforms can increase firm performance [61], which suggests that a combination of these
Industry 4.0 technologies may encounter fewer compatibility issues.

Secondly, when it comes to the organizational aspect, support from top management
is critical to the adoption process. Managers should be aware of the significance of tech-
nological innovation and continuously support new technology adoption by all means
(offering related resources, financial support etc.). They should also provide adequate
training programs for employees and give rewards to those who actively participate in the
training to encourage the usage of Industry 4.0 technologies.

Thirdly, referring to the environmental aspect, competitive pressure also plays a key
role in organizational technology adoption. Managers should be aware that competitive
pressure is not always a negative thing for businesses. Companies that tend to be more
sensitive to competitive pressure are more likely to enjoy the privileges of being the
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first mover in technology adoption and leading technological transformation within their
industry. However, companies that are late adopters of these Industry 4.0 technologies may
face risks of losing competitive advantages. Thus, companies should monitor technological
trends and actively participate in the adoption of Industry 4.0 technologies.

Fourthly, product and process innovation can fully mediate the relationship between
new technology adoption and firm performance. Simply adopting Industry 4.0 technologies
cannot improve firm performance significantly as expected. The key to improving business
performance is to take efforts to use Industry 4.0 technologies to innovate. Companies
should introduce the latest technologies with the aim of motivating product and process
innovation. It is essential to get familiar with current customer needs and market trends,
then use Industry 4.0 technologies to upgrade existing products (services) to offer customers
a superior and customized experience to meet their needs more promptly. More importantly,
utilizing these smart and automatic technologies to enhance information processing and
improve the efficiency of production (service) should also be the ultimate goal after the
adoption. Only through using Industry 4.0 technologies to support continuous innovation,
it can effectively impact firm performance and lead to market expansion, and sales growth.

Moreover, employee capability showed no significant effects on the adoption pro-
cess in the full sample model, but testing results of the moderation effects of industry
indicated that employee ability is still a comparatively significant factor for companies in
the service industry compared to the manufacturing industry. Therefore, service-based
companies should make great efforts to educate and stimulate employees’ awareness of
the significance of new technology adoption. They should also provide sufficient support,
relevant education, and customized training to employees before and after the adoption
in order to help them become familiar with these Industry 4.0 technologies. Particularly,
in the service industry, giving some appropriate guidelines (e.g., an easy-to-understand
operation manual) and hiring a few in-house technical experts to help employees use those
Industry 4.0 technologies may be extremely necessary at the early stages of adoption.

Finally, in contrast to non-global-trade companies, global trade companies’ adoption
behavior can lead to greater improvement in the innovation process, especially process
innovation. Because global trade companies will likely have more extensive access to
various oversea resources and technical expertise, they may also have a higher propensity
to adopt Industry 4.0 technologies and leverage greater technological innovation. As a
result, technological innovation drives higher productivity, lower production costs, and
better product performance, which would help companies to enjoy more sales growth and
market expansion compared to non-global-trade companies. Particularly, the pandemic
has caused tremendous disruptions for lots of economies, and some countries have turned
to trade protectionism [62], but in this study, we confirmed that participating in global
trade can actually promote Industry 4.0 technology adoption and its following innovation.
Thus, it is necessarily important for companies to participate in global trade and seek ways
to build more connections with foreign partners to exchange resources, knowledge, and
technical expertise. Eventually, global trade companies might achieve more technological
innovation, enjoy better company performance and recover from economic recession
through Industry 4.0 technologies.

6. Limitations and Suggestions for Future Studies

All in all, this study provided a more comprehensive understanding of technology
adoption and innovation in China during the Industry 4.0 era. In addition, it offered
insights for companies through which they could adjust their strategies for new technology
adoption. By identifying the implications of industry type and global trade, this study may
prominently contribute to the current knowledge of organizational technology adoption.

However, this study also has some limitations. First of all, the sample could be more
diverse. It might be interesting to do a comparison study across several countries to
generalize the findings. Secondly, this study may be limited to offering a comparatively
general perspective on Industry 4.0. Instead of focusing on a single technology, this
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study tried to be more inclusive and gain insight into the overall patterns of Industry 4.0
technology adoption. Introducing and combining several Industry 4.0 technologies together
during adoption has become a common phenomenon for many companies. As such,
companies that have adopted (or companies that are in the process of adopting) one or
more of the aforementioned Industry 4.0 technologies were included during the sampling
process. However, in future studies, it could also be interesting to study the company-level
adoption of a specific technology or digital platforms based on the combination of several
technologies, which might lead to some different findings. Lastly, this study only discussed
process innovation and product innovation, but future studies might also investigate other
types of innovations such as organizational innovation, which may produce some other
interesting findings.
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Abstract: In the knowledge economy era, innovation has become a key emphasis for urban competi-
tions. This paper constructs a theoretical research framework that integrates the basic understandings,
influencing factors and ensuing results of intercity innovative competition relations. On the basis
of data from the general programs of the National Natural Science Foundation of China from 2005
to 2019, this paper constructs intercity innovative competition relations in China, analyses their
spatial distribution and quantitative characteristics, and quantitatively investigates the impact of
urban innovation capacity and multidimensional proximity (e.g., geographical proximity, institu-
tional proximity and cognitive proximity) on intercity innovative competition relations through a
negative binomial model. The study obtained the following findings: (1) In terms of the overall
intercity innovative competition relations, the intensity of China’s intercity innovative competition
relations gradually increased from 2005 to 2019, with a spatial clustering towards cities with high
administrative ranks (e.g., municipalities directly under the central government, sub-provincial cities
and provincial capitals); Beijing is always at the centre of innovative competition relations, but its
standing has slightly slipped in recent years. (2) From the perspective of disciplines, cities can become
benchmarks in particular fields of innovative competitions by competing according to their disci-
plinary strengths; intercity innovative competition relations in China vary across various academic
disciplines. (3) In terms of influencing factors, urban innovation capacity has significant positive
effects on intercity innovative competition relations; geographical proximity, institutional proximity
and cognitive proximity all have significant positive effects on innovative competition relations;
and interactions occur between multidimensional proximities, including a complementary effect
between geographical proximity and institutional proximity, a substitutive effect between cognitive
proximity and geographical proximity, and a substitutive effect between cognitive proximity and
institutional proximity.

Keywords: innovative competition; competition relations; intercity; urban innovation capacity;
multidimensional proximity

1. Introduction

In the context of economic globalization, competitions among cities for resources
and markets are intensifying, leading to an increasing emphasis on intercity competition
relations in urban studies [1,2]. Previous studies have always compared the strategic
positioning of cities, qualitatively analysed the comprehensive intercity competition re-
lations, and proposed strategies to comply with the competition relations and promote
urban development [3–5]. In recent years, scholars have proposed a quantitative method
for constructing intercity competition relations based on the theory of ecological niche.
Based on this method, scholars have empirically explored intercity competition relations
in manufacturing [6]. The research findings indicate that distances and political levels of
cities impact intercity competition relations. With the advent of the knowledge economy
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era, China’s economy is increasingly driven by innovation instead of input and investment.
Innovation has become an important focus point for urban competitions [3,7]. In this
context, the study of intercity innovative competition relations is of great value in guiding
urban innovation development.

The theories of innovative competition have a long history. Since the 1970s, scholars
belonging to the Neo-Schumpeterian School, such as Kamien and Schwartz, have discussed
the two-sided effects of the impact of innovative competition relations on enterprise innova-
tion. Although monopolistic enterprises are capable of technical innovation, they are unable
to motivate significant innovation because they are not threatened by competitors, which
prevents large technological breakthroughs. However, when innovative competitions are
excessively intense, enterprises are generally limited in scale, making them difficult to
raise the funds needed for innovation, and also challenging to develop the broad markets
required for innovation, thus hindering significant innovation [8,9]. Porter’s externality
theory, on the other hand, proposed that innovation benefits from knowledge spillovers
generated by competitions [10]. Subsequently, scholars have explored the forms and char-
acteristics of innovative competitions around innovation entities such as enterprises and
universities. They proposed that innovative competitions, which manifest as competitions
for rare innovation resources, can cause mutual incentives and learning among innovation
entities [11,12]. Excessive competitions may cause small-sized innovation entities to lose
confidence in winning, resulting in a slacking attitude [13]. Competition failures may also
result in talent losses [14]. Based on these theories, this paper proposes that innovative
competitions are the competitions for rare innovation resources (e.g., markets, funds, and
talents). Moderate innovation competitions can stimulate motivation and knowledge
spillovers and continuously drive innovation.

Currently, studies on innovative competition relations have primarily concentrated
on micro-scale innovation entities such as individuals [13], universities [11], and enter-
prises [15]. Scholars have conducted substantial research on the construction, structural
characteristics, and performance impact of innovative competition relations among micro-
level entities. Two approaches have emerged for the construction of innovative competition
relations: the first one is to construct innovative competition relations by weighing the
frequency of direct contests in activities related to interest division [13]; the second one
is to reflect competitions through similarity, measuring potential innovative competition
relations by examining the similarity in funding distribution and patent application top-
ics [11,16,17]. In terms of structural characteristics, previous studies have always started
from the development behaviours of micro-level entities such as enterprises, analysed the
quantitative characteristics of innovative competition relations among these micro-level en-
tities, and identified key innovation competitors [16–19]. For example, Luo discovered that
Baidu’s strongest innovation competitors in the field of autonomous driving are Huawei
and LG [19]. In terms of performance impact, scholars have used quantitative models
such as negative binomial regression models and multiple regression models to investi-
gate the impact of the centrality and intensity of innovative competitions on innovation
performance [11,13].

In conclusion, current studies have made some progress, but there are still some
research gaps: (1) Studies on intercity competition relations have placed little emphasis
on innovative competition relations. As the competitive advantages of cities have shifted
towards innovation-driven, knowledge and technology become the most important re-
sources. It is crucial to focus on the dimension of innovation, clarify the current status
of intercity innovative competition relations, and provide guidance for the healthy and
sustainable development of intercity innovative competition relations. (2) Studies on
innovative competition relations mostly focus on micro-level entities, with few studies
exploring intercity innovative competition relations at the macro level. Moreover, studies
on innovative competition relations among micro-level entities have not yet been separated
from the perspective of individual development to yield more general findings. Cities
serve as incubators of innovation, providing essential spaces and human capital for in-
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novation. The innovation of micro-level entities is nurtured within cities [20,21] and is
influenced by macro-level innovation development strategies. Therefore, it is necessary to
extend the study of innovative competition relations to the intercity level. Based on this,
the paper interprets the basic understandings, influencing factors, and ensuing results of
intercity innovative competition relations. On the basis of data from the general programs
of the National Natural Science Foundation of China, this paper constructs intercity in-
novative competition relations in China and conducts an in-depth analysis of the spatial
characteristics and influencing factors of intercity innovative competition relations.

2. Theoretical Framework

This paper constructs a theoretical research framework that integrates the basic un-
derstandings, influencing factors and ensuing results of intercity innovative competition
relations (Figure 1).
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Figure 1. Theoretical research framework of intercity innovative competition relations.

In terms of the basic understandings of intercity innovative competition relations, this
paper proposes that intercity innovative competition relations manifest as cities competing
for limited innovation resources (e.g., markets, funds, and talents). Due to the finite nature
of these innovation resources, cities will compete with each other to gain a larger share of
innovation resources. When one city successfully gains innovation resources, it will take
up the slot that other cities can obtain, resulting in intense innovative competition relations
among cities.

Intercity innovative competition relations are influenced by multidimensional proxim-
ity. According to multidimensional proximity theory of evolutionary economic geography,
the degree of knowledge interaction between entities and the degree of similarity between
entities are closely related [22]. Geographical proximity is the level of spatial proximity
between various entities. Cities with close spatial distances always share similar resource
endowments and natural environments. In order to exploit comparable resource advan-
tages and solve consistent environmental challenges, cities with close spatial distances
may pursue similar innovation directions. In addition, nearby cities have lower costs of
interaction and communication, making them easier to obtain information about their
competitors, which may also increase the risk of technological spillovers on their own [11],
thus magnifying innovative competitions. Institutional proximity is firstly used to describe
how much various entities’ policy regimes resemble each other [23]. However, innovation
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development in China is always actively guided by the governments, with characteristics
of administrative hierarchy. Cities with higher administrative ranks (e.g., municipalities
directly under the central government, sub-provincial cities and provincial capitals) are
in better positions to offer more attractive innovation policies [24] and intensifying inno-
vative competitions. Cognitive proximity refers to whether different entities have similar
cognition, interpretations and evaluations when faced with the same situations, reflecting
the degree of similarity in knowledge backgrounds [25]. Similar knowledge backgrounds
will make cities easier to learn the competitors’ innovation processes and more inclined to
compete for scarce research resources [11]. Theoretically, the influence of multidimensional
proximity on intercity innovative competition relations may be intertwined. Geographical
proximity may maintain or strengthen the benefits of institutional proximity (complemen-
tary effect), enabling the formation of intercity innovative competition relations through
complementary mechanisms. Cognitive proximity may substitute for geographical proxim-
ity and institutional proximity (substitutive effect), reducing the ‘friction costs’ of spatial
and institutional distance, thus fostering innovative competition relations among cities
with spatial distances and institutional heterogeneity.

Intercity innovative competition relation is a double-edged sword for urban innovation
capacity while urban innovation capacity serves as the driving force behind intercity
innovative competition relations. On the one hand, the existence of competitors encourages
cities to consistently pursue innovation. Cities will attempt to comprehend the innovation
patterns of their competitors, engage in imitation and learning, and generate knowledge
spillovers in this process [10], all of which will promote urban innovation capacity. On the
other hand, excessive competitions will weaken cities’ strengths in financial support and
market expansion, making them difficult to achieve significant innovation [8,9]. Excessive
competitions may also lead to a loss of confidence and a slacking attitude, thereby hindering
innovation [13]. Meanwhile, as the results of competitions can be won or lost, some cities
may experience talent losses after failing in innovative competitions, leading to a decrease in
their innovation capacities [14]. Urban innovation capacity, as the driving force of intercity
innovative competition relations, provides cities with sufficient advantages to launch
new rounds of innovative competitions, enabling them to gain more resources in future
innovative competitions, which further promotes the formation of intercity innovative
competition relations.

3. Materials and Methods
3.1. Data Sources

Funding competition is an important aspect of innovative competition. This paper
selects data from the general programs of the National Natural Science Foundation of
China (NSFC), which have limited budgets, to construct intercity innovative competition
relations in China. The NSFC invests only a certain amount of money in each discipline
annually, which is why programs compete with each other to obtain more funding [11]. If
these programs belong to different universities and research institutions, then innovative
competition relations are formed between these universities and research institutions.
Intercity innovative competition relations can be viewed as the macro spatial depiction of
cross-city innovative competitions among micro-level entities. If these universities and
research institutions are located in different cities, intercity innovative competition relations
are also formed between these cities.

As the funding for a general program of NSFC is mostly around 600,000 RMB, with a
generally balanced allocation, this study used the number of direct competitions between
programs in different cities as the weight to construct intercity innovative competition
relations in China. As illustrated in Figure 2, the first step is to identify all NSFC programs,
the universities and research institutions to which they belong, and the cities where they
are located. The second step is to calculate the number of direct competitions between
cities in a discipline. Since programs will compete with other programs in the same
discipline for limited funding, if there are m programs located in city i and n programs
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located in city j within a particular discipline, then city i and city j would have engaged
in m × n innovative competition instances in that discipline. Finally, the total number of
intercity innovative competition instances across all disciplines is aggregated to construct
the intercity innovative competition relations in China.
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Figure 2. The diagram of the construction of intercity innovative competition relations.

This paper collects data from the general program of NSFC from 2005 to 2019, in-
cluding project names, disciplinary categories and affiliated institutions. The data was
obtained from the LetPub website (http://www.letpub.com.cn/, accessed on 30 April
2023). As the funding scope of NSFC is limited to the Chinese Mainland, the data does
not include Hong Kong, Macao and Taiwan. This paper separated the data into three
time windows—2005–2009, 2010–2014 and 2015–2019—because of the randomness and
fluctuation of the number of general programs each year in different cities.

3.2. Research Methods
3.2.1. Social Network Analysis

Social network analysis is a method for studying the characteristics of networks from
a relational perspective. In this study, we used social network analysis to investigate
the characteristics of intercity innovative competition relations. The indicators of social
network analysis are shown in Table 1.

Table 1. The indicators of social network analysis.

Indicators Meaning of Indicators Calculation Formula Explanation of Indicators

Network Density

Network density is the ratio of a
network’s actual connections to

the maximum feasible number of
connections. It characterizes the
closeness of intercity innovative

competition relations.

D = 2L
n(n−1)

D is the network density; L is the
actual number of connections in a
network; and n is the number of

city nodes. The threshold for
network density is [0, 1].

Degree Centrality

If a city has a high degree
centrality, it occupies a central
position in the city network,

possessing more power, status,
and the ability to

aggregate resources.

Ci = ∑
j

Rij

Ci is the degree centrality of city i;
and Rij is the number of

innovative competition relations
between city i and city j.
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3.2.2. Negative Binomial Regression Model

Since the dependent variable of this paper is the number of intercity innovative
competitions, which is a countable variable, and the number of programs funded by NSFC
varies greatly by city, the variance of the dependent variable is significantly higher than the
expectation, indicating the presence of overdispersion. Thus, the use of a negative binomial
regression model is appropriate to identify the influencing factors of intercity innovative
competition relations [26]. The equation for this model is represented as follows:

Rij = α + β1UIC + β2GEOij + β3 INSij + β4COGij + β5CAP + β6RDI + εij (1)

where α is the constant term, β1, β2 . . .. . . βn are the regression coefficients of the indepen-
dent variables; and εij is the random error term.

The independent variables consist of four components. The first set of independent
variables is urban innovation capacity (UIC). This paper measures UIC by multiplying the
number of applications for the general programs of NSFC between pairs of cities.

The second set of independent variables is the multidimensional proximity variables.
This paper follows three types of proximity: geographical proximity, institutional proximity
and cognitive proximity. The measurement methods of these multidimensional proximity
variables are shown in Table 2.

Table 2. The measurement methods of multidimensional proximity variables.

Multidimensional Proximity Variables Measurement Methods

Geographical proximity (GEOij)

This paper calculates the Euclidean distance between the centres of two innovative
competition cities through the geosphere package in R language and implements

standardisation referring to existing research [24]. The calculation formula is as follows:
GEOij = 1 − ln(dij/maxdij)

where maxdij indicates the maximum distance between cities in China. GEOij takes a
value of 1 or above; a large value corresponds to a high degree of geographical

proximity between cities.

Institutional proximity (INSij)

Referring to existing studies [27], this paper assesses institutional proximity by
examining the administrative-level relationship between cities. If both cities have
higher administrative ranks, then the value is 3; if only one of the two cities has a

higher administrative rank and the other is an ordinary city, then the value is 1; if both
cities are ordinary cities, then the value is 0.

Cognitive proximity (COGij)

Referring to existing studies [28], this paper firstly collects the distribution series of
general programs of the NSFC in each discipline and then illustrates cognitive
proximity by calculating the closeness of the application directions of general
programs of the NSFC between cities according to the cosine similarity rule.

The third set of independent variables is the interaction terms of multidimensional
proximity, which are the products of pairwise combinations of geographical proximity,
institutional proximity and cognitive proximity, reflecting the interaction effects between
multidimensional proximity [29,30]. If the coefficient of the interaction term is negative,
then a substitutive effect occurs between the two proximity variables; if it is positive,
then a complementary effect occurs. All interaction term variables are centred before
multiplication to minimise the issue of covariance between the interaction term variables
and the independent variables.

The fourth set of independent variables is the control variables. This paper sets two
control variables after synthesising previous research [31,32]. The first variable is human
capital (CAP). Talents are the main executors of scientific research. The aggregation of
talents can promote knowledge innovation and technology transfer. More abundant human
capital corresponds to stronger innovative competitions of the city. This paper measures
CAP by multiplying the number of scientific research, technical service and geological
survey personnel between pairs of cities. The second variable is R&D investment (RDI).
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R&D investment is the booster of urban innovation and development. The level of R&D
investment largely reflects the competitive advantage in urban innovation. This paper
measures RDI by multiplying the ratio of scientific expenditures to local fiscal budget
expenditures in pairwise cities. The above data are derived from the China City Statistical
Yearbook and are represented by the average of five-year data for each city during the
periods of 2005–2009, 2010–2014 and 2015–2019.

4. Results
4.1. Characteristics of Intercity Innovative Competition Relations in China
4.1.1. Gradually Rising Intensity of Intercity Innovative Competition Relations in China

The analysis of the quantitative characteristics and social network indicators of China’s
intercity innovative competition relations (Table 3) reveals that from 2005 to 2019, the
number of intercity innovative competition relations in China increased by 11.5 times, while
the number of cities involved in innovative competition relations in China increased from
150 to 197, and the network density increased from 0.15 to 0.28, indicating that the intensity
of intercity innovative competition relations in China gradually increased. Since the 18th
National Congress, China has vigorously implemented innovation-driven development.
The 19th National Congress report also made significant decisions to establish a global
leader in science and technology. It suggests focusing on the forefront of global science
and technology, advancing fundamental research and making significant strides towards
innovative and forward-thinking basic research. As innovation-related strategies and
policies continued to be implemented in China, universities and research institutions in
various cities focused on the frontiers of science and technology and conducted innovative
research. As a result, intercity innovative competitions intensified.

Table 3. The quantitative characteristics and social network indicators of China’s intercity innovative
competition relations from 2005 to 2019.

Quantitative Characteristics and Social Network Indicators
of Innovative Competition Relations 2005–2009 2010–2014 2015–2019

The number of innovative competitions 5,269,947 44,374,262 60,657,509
The number of cities in innovative competition relations 150 192 197

Network density 0.15 0.28 0.28
The number of innovative competitions involving cities with

high administrative ranks 5,231,039 43,940,744 60,020,918

The percentage of innovative competitions involving cities with
high administrative ranks 99.26% 99.02% 98.95%

The number of innovative competitions involving both cities
with high administrative ranks 4,410,928 36,095,257 48,981,916

The percentage of innovative competitions involving both cities
with high administrative ranks 83.70% 81.34% 80.75%

4.1.2. Clustering of Intercity Innovative Competition Relations in China towards Cities
with Higher Administrative Ranks

Figure 3 depicts the spatial pattern of innovative competition relations in China from
2005 to 2019. The pattern shows a concentration towards cities with high administrative
ranks (e.g., municipalities directly under the central government, sub-provincial cities and
provincial capitals).
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The percentage of Chinese cities with high administrative ranks in intercity innovative
competition relations from 2005 to 2019 was analysed, and the results are shown in Table 3.
While the percentage of Chinese cities with high administrative ranks in intercity innovative
competitions is on the decline, it still remains high, suggesting that institutional hierarchy
may affect intercity innovative competition relations. Universities and research institutions
are usually clustered in cities with high administrative ranks, forming close innovative
competition relations. In addition, cities with high administrative ranks have stronger
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support from the governments, thereby motivating the development of innovation through
a range of policies and initiatives and encouraging universities and research institutions in
these cities to compete in innovation.

With regard to individual city nodes, the top 10 cities in terms of centrality in in-
novative competitions from 2005 to 2019 were all cities with high administrative ranks
(Table 4). Beijing, Shanghai and Nanjing routinely hold the top three spots, attracting a
large number of innovative talents because of the abundance of universities and research
institutions, resulting in fierce innovative competitions. From 2005 to 2019, the centrality of
innovative competitions increased in Guangzhou and Changsha but decreased in Wuhan,
Xi’an and Hefei.

Table 4. Top 10 cities in terms of centrality in innovative competitions from 2005 to 2019.

2005–2009 2010–2014 2015–2019

City
Centrality in
Innovative

Competitions
City

Centrality in
Innovative

Competitions
City

Centrality in
Innovative

Competitions

Beijing 2,227,518 Beijing 15,179,363 Beijing 19,164,325
Shanghai 1,035,246 Shanghai 9,143,353 Shanghai 12,780,678
Nanjing 722,837 Nanjing 5,818,906 Nanjing 8,679,340
Wuhan 616,176 Guangzhou 5,220,426 Guangzhou 8,116,602
Xi’an 512,183 Wuhan 5,160,496 Wuhan 7,177,656

Guangzhou 506,820 Xi’an 4,554,071 Xi’an 6,061,432
Hangzhou 454,838 Hangzhou 3,859,669 Hangzhou 4,990,209

Hefei 371,155 Changsha 3,151,986 Changsha 3,961,060
Chengdu 332,780 Chengdu 2,750,964 Chengdu 3,947,738

Tianjin 324,528 Tianjin 2,697,680 Tianjin 3,835,319

For analysis, the top 1, 3 and 10 connected cities are chosen based on the quantity
of innovative competitions for each city node. Table 5 lists the cities in the top 1, 3 and
10 innovative competition relations of other cities. The numbers in parentheses indicate
how many cities consider the listed city as their top 1, 3 or 10 city nodes for innovative
competitions. The cities involved in the top 1, 3, and 10 innovative competition relations
are all cities with high administrative ranks, thereby further verifying that innovative
competition relations are dominated by cities with high administrative ranks in China.

4.1.3. Beijing at the Centre of Innovative Competition Relations, yet with a Slight Decline in
Its Position

Most cities’ top 1 innovative competition relations are centred on Beijing, accord-
ing to statistical analysis of the top 1 relations. As the centre of science and culture in
China, Beijing has unique advantages. It benefits from active government funding, vibrant
innovation atmospheres, numerous universities and research institutions, concentrated
high-quality talents, high outputs of core research papers and comprehensive coverage of
research across diverse domains of knowledge. These elements contribute to its remarkable
innovative competitiveness [33]. Therefore, universities and research institutions in Beijing
are able to form innovative competition relations with those in other cities. From 2005
to 2019, Beijing’s position in top-level innovative competition relations declined slightly.
Beijing’s proportion of top 1 relations was 98%, 96% and 91% in 2005–2009, 2010–2014 and
2015–2019, respectively, showing a slight decline over time. Table 6, which depicts the
innovative competition relations between the top 10 city pairs in 2005–2019, reveals the
following trends: From 2005 to 2009, the 10 strongest innovative competition relations in
China were all related to Beijing. However, in the following decade, other city pairs with
high administrative ranks, such as Guangzhou and Shanghai, and Nanjing and Shanghai,
emerged at the forefront of innovative competition relations. A rising number of cities
are concentrating on establishing themselves as technology and innovation centres, hence
intensifying innovative competition relations [34].
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Table 5. Rank of city connectivity in the top 1, 3 and 10 innovative competition relations from 2005
to 2019.

Top 1 Connected
Cities Top 3 Connected Cities Top 10 Connected

Cities

2005–2009 Beijing (147)
Shanghai (3)

Beijing (149)
Shanghai (128)

Nanjing (90)
Guangzhou (19)

Xi’an (15)
Wuhan (13)

Hangzhou (13)
Hefei (6)

Lanzhou (5)
Tianjin (3)

Beijing (149)
Shanghai (144)
Wuhan (144)
Nanjing (142)

Guangzhou (141)
Hangzhou (135)

Xi’an (120)
Tianjin (95)

Chengdu (92)
Hefei (84)

2010–2014
Beijing (185)
Shanghai (5)
Qingdao (2)

Beijing (189)
Shanghai (158)
Nanjing (111)

Guangzhou (44)
Wuhan (32)
Xi’an (11)

Changsha (7)
Hangzhou (5)
Qingdao (4)

Shenyang (4)

Beijing (191)
Shanghai (190)
Nanjing (187)
Wuhan (186)

Guangzhou (181)
Hangzhou (175)

Xi’an (165)
Changsha (123)
Chengdu (100)
Tianjin (100)

2015–2019

Beijing (180)
Shanghai (14)
Qingdao (2)
Harbin (1)

Beijing (195)
Shanghai (160)
Nanjing (106)

Guangzhou (50)
Wuhan (28)
Xi’an (26)

Qingdao (5)
Shenyang (5)
Changsha (3)

Harbin (3)

Beijing (196)
Wuhan (194)

Shanghai (193)
Nanjing (189)

Xi’an (181)
Guangzhou (181)
Hangzhou (174)
Changsha (126)

Tianjin (110)
Chengdu (108)

Table 6. Innovative competition relations between the top 10 city pairs from 2005 to 2019.

2005–2009 2010–2014 2015–2019

City 1 City 2
Number of
Innovative

Competitions
City 1 City 2

Number of
Innovative

Competitions
City 1 City 2

Number of
Innovative

Competitions

Beijing Shanghai 292,265 Beijing Shanghai 1,933,965 Beijing Shanghai 2,436,375
Beijing Nanjing 205,185 Beijing Nanjing 1,315,461 Beijing Nanjing 1,772,439
Beijing Wuhan 171,311 Beijing Wuhan 1,123,563 Beijing Guangzhou 1,445,014
Beijing Xi’an 135,766 Beijing Guangzhou 1,026,202 Beijing Wuhan 1,420,771
Beijing Guangzhou 134,479 Beijing Xi’an 934,910 Guangzhou Shanghai 1,234,036
Beijing Hangzhou 120,085 Beijing Hangzhou 785,369 Beijing Xi’an 1,170,687
Beijing Hefei 110,029 Guangzhou Shanghai 701,000 Nanjing Shanghai 993,512
Beijing Chengdu 88,539 Beijing Changsha 637,418 Beijing Hangzhou 919,603
Beijing Tianjin 80,707 Nanjing Shanghai 629,774 Shanghai Wuhan 824,850
Beijing Changsha 79,489 Beijing Chengdu 582,473 Beijing Chengdu 756,181

4.1.4. Cities as Benchmarks in Innovative Competitions by Fully Leveraging Disciplinary
Strengths in Competitions

Apart from cities that serve as scientific and cultural centres that possess strong
innovative competitiveness, some cities have evolved as leaders in innovative competitions
by competing on the basis of their disciplinary strengths. Table 5 shows that in 2010–2014
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and 2015–2019, two cities’ universities and research institutions competed strongly with
those in Qingdao. They are Sanya in Hainan Province and Qinzhou in Guangxi Province
(Figure 4). Based on an examination of the particular disciplines in which Qingdao and the
two cities’ universities and research institutions engaged in innovative competitions, it is
discovered that from 2015 to 2019, the field of marine science saw the highest concentration
of innovative competitions between Qingdao’s universities and research institutions and
those in Sanya and Qinzhou, at 97.45% and 75.06%, respectively. Qingdao, Sanya and
Qinzhou are located on the coast, with abundant marine resources and well-developed
marine industry chains. Therefore, universities and research institutions of these cities
have more practical opportunities for marine technology innovation, resulting in fierce
innovative competitions. This finding indicates that cognitive proximity is also a significant
factor in shaping intercity innovative competition relations in China. More importantly,
Qingdao has risen to the top of innovative competitions by leveraging its strengths in the
field of marine science, demonstrating that cities have the potential to become benchmarks
in innovative competitions in specific fields by fully leveraging their disciplinary strengths
in competitions. This finding opens up new development opportunities for cities with
special disciplinary advantages.
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4.1.5. Higher Average Number of Innovative Competitions between Cities That Are
Geographically Close to Each Other

The average number of innovative competitions between cities at close spatial dis-
tances is higher under the same institutional relationship, according to an analysis of the
average number of innovative competitions between cities of different distances from
2005 to 2019 (Table 7). This finding suggests that geographical proximity affects intercity
innovative competition relations in China. This may be due to the fact that similar resource
endowments exist in geographically close cities, prompting universities and research in-
stitutions to engage in innovation in the same direction to explore these resources. For
example, Fuxin and Daqing, located in the north-eastern region of China, are rich in mineral
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resources, leading to intense innovative competitions among their universities and research
institutions in metallurgy and mining. Additionally, cities with close spatial distances
often have similar natural environments and face consistent environmental challenges such
as soil erosion and fragile ecological environments. This prompts their universities and
research institutions to solve the challenges through similar innovation paths. For instance,
Lanzhou and Xi’an, located around the Loess Plateau, are facing similar challenges like
geological fragmentation and soil erosion, resulting in innovative competitions among their
universities and research institutions in environmental earth sciences. Furthermore, geo-
graphical proximity may also increase the risk of unconscious spillover of tacit knowledge
to other cities [35], making it easier for universities and research institutions in adjacent
cities to acquire competitors’ key technologies, thus intensifying innovative competitions.

Table 7. Average number of innovative competitions between cities of different distances from 2005
to 2019.

Year Intercity Distance

Average Number of Innovative Competitions

Both Cities Are Cities with
Higher Administrative Ranks

One of the Two Cities Has a
Higher Administrative Rank and

the Other Is an Ordinary City

Both Cities Are
Ordinary Cities

2005–2009

0–500 km 8.15 287.65 9971.92
500–1000 km 7.55 260.23 9466.95

1000–1500 km 4.69 206.18 9029.64
1500–2000 km 4.26 123.65 5188.02

Above 2000 km 0.88 50.73 1733.44

2010–2014

0–500 km 55.53 2185.20 77,585.81
500–1000 km 47.07 1840.83 77,208.10

1000–1500 km 25.74 1407.36 71,399.71
1500–2000 km 24.83 839.83 42,194.09

Above 2000 km 10.64 370.65 12,604.52

2015–2019

0–500 km 80.38 2982.91 104,912.78
500–1000 km 63.41 2557.76 103,375.63

1000–1500 km 38.71 1947.41 96,144.78
1500–2000 km 32.27 1140.12 60,160.59

Above 2000 km 10.83 434.07 17,122.34

4.1.6. Significant Differences in the Intensity of Intercity Innovative Competitions in China
among Various Academic Disciplines

The general programs of NSFC contain eight academic departments: the Depart-
ment of Mathematical and Physical Sciences, the Department of Chemical Sciences, the
Department of Life Sciences, the Department of Earth Sciences, the Department of Engi-
neering and Materials Sciences, the Department of Information Sciences, the Department
of Management Sciences and the Department of Medical Sciences. On the basis of an
analysis of intercity innovative competition relations in various academic departments in
China (Figure 5), innovative competition relations show the characteristics of clustering
towards cities with high administrative ranks in each academic department. However, the
intensity of innovative competitions among various academic departments has significant
differences. The Department of Medical Sciences and the Department of Engineering
and Materials Sciences had stronger innovative competition relations from 2015 to 2019,
whereas the Department of Management Sciences and the Department of Chemical Sci-
ences had relatively weaker relations. This condition occurred because China’s science
and technology innovation concentrates on the global technological frontiers, key national
demands and the health of the populace [36]. The global technological frontier and key
national demands currently relate to novel materials, whilst medical research is focused
on improving human health. Numerous universities and research institutions are actively
conducting forward-looking research and nurturing breakthrough discoveries in these two
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domains, sparking fierce innovative competitions. In addition, fewer innovative compe-
titions in chemistry and management science take place because of the modest technical
advancement and saturated markets in these two fields.
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4.2. Influencing Factors of Intercity Innovative Competition Relations in China

Firstly, a correlation analysis of the independent variables is conducted. All the corre-
lation coefficients between the independent variables were less than 5, indicating that no
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obvious problem of multicollinearity occurs among the independent variables. Secondly,
negative binomial regression models for the three time windows of 2005–2009, 2010–2014
and 2015–2019 are built. These models are created based on control variables and the
independent variables of urban innovation capacity (Models 1, 3 and 5). Then, multidi-
mensional proximity variables and their interaction terms were included as independent
variables (Models 2, 4 and 6). All the models pass the chi-square test. The alpha coefficients
also pass the chi-square test and z-test. The results of the negative binomial regression
models are reported in Table 8.

Table 8. Parameter estimation results of the negative binomial regression.

2005–2009 2010–2014 2015–2019

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Proximity
GEOij 0.199 *** 0.184 *** 0.120 ***
INSij 2.028 *** 2.001 *** 2.102 ***

COGij 11.272 *** 12.108 *** 11.799 ***

Interaction
terms

GEOij × INSij 0.360 *** 0.357 *** 0.212 ***
GEOij × COGij −1.616 *** −1.462 *** −1.200 ***
INSij × COGij −5.031 *** −5.312 *** −5.791 ***

Urban
innovation

capacity
UIC 15.808 *** 2.772 *** 2.125 *** 0.369 *** 1.605 *** 0.473 ***

Control
variables

CAP 0.209 *** 0.051 *** 0.173 *** 0.041 *** 0.078 *** 0.011 ***
RDI 0.816 *** 0.128 *** 5.262 *** 1.264 *** 49.260 *** 26.065 ***

Constant term 2.887 *** −0.928 *** 4.393 *** 0.658 *** 4.389 *** 0.810 ***
Alpha 6.101 2.458 5.862 3.053 6.275 3.348

Log likelihood −39,368.252 −35,068.247 −81,141.277 −75,221.020 −85,785.897 −79,908.967

Note: *** represents significance at the 1% level.

4.2.1. Impact of Urban Innovation Capacity on the Intercity Innovative
Competition Relations

Urban innovation capacity plays a significant role in the formation of intercity innova-
tive competition relations. In Models 1, 3 and 5, the coefficients of urban innovation capacity
on intercity innovative competition relations are significantly positive, indicating that the
stronger the urban innovation capacity, the higher the probability of intercity innovative
competition relations. Cities with leading innovation capacity tend to be more dominant in
the competitions for limited innovation resources, motivating them to continuously engage
in innovative competitions. From 2005 to 2019, the impact coefficients of urban innovation
capacity on intercity innovative competition relations dropped steadily, showing a decrease
in the degree of influence of urban innovation capacity on intercity innovative competition
relations. In recent years, cities with weaker innovation capacity also have the opportunity
to participate in intercity innovative competition relations.

4.2.2. Impact of Multidimensional Proximity on the Intercity Innovative
Competition Relations

Intercity innovative competition relations are significantly influenced by geographical
proximity, institutional proximity and cognitive proximity. In Models 2, 4 and 6, geographi-
cal proximity has a significantly positive impact on innovative competition relations. This
finding indicates that universities and research institutions in geographically close cities
have stronger innovative competition relations. This finding validates the observation that
the intensity of innovative competitions decreases with the increase in distance. Institu-
tional proximity also has a significantly positive effect on innovative competition relations,
indicating that effective policy regimes can promote the concentration of innovative activi-
ties in cities with high administrative ranks, resulting in more intense intercity innovative
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competitions. This idea further supports the notion that cities with high administrative
ranks dominate the innovative competition relations in China. Cognitive proximity also
plays a significant role in promoting innovative competition relations, indicating that cities
with comparable disciplinary backgrounds are more likely to form innovative competition
relations. This may be because universities and research institutions in two cities with simi-
lar knowledge bases will be more interested in each other’s innovation progress, leading
to intense innovative competition relations. This finding demonstrates characteristics of
intercity innovative competition relations that are distinct from those observed in existing
research on intercity competition relations in manufacturing.

In terms of the evolution mechanism of the multidimensional proximity factors, the
coefficients of geographical proximity consistently dropped from 2005 to 2019, showing that
its influence on the dynamics of innovative competitions diminished. This situation may oc-
cur because of the low technological development level in the early years when the transfer
of tacit knowledge required intimate contact to be achieved. In recent years, with the rapid
development of information technology and transportation infrastructure, communication
and interaction between cities have become increasingly convenient. Universities and re-
search institutions in distant cities can also easily acquire and learn from competitors’ core
technology and knowledge, reducing the impact of geographical proximity. Meanwhile, the
coefficients of institutional proximity and cognitive proximity did not change considerably,
maintaining positive and constant impacts on innovative competition relations.

4.2.3. Interactive Influences of Multidimensional Proximity

A complementary effect occurs between geographical proximity and institutional prox-
imity, a substitutive effect occurs between cognitive proximity and geographical proximity,
and a substitutive effect occurs between cognitive proximity and institutional proximity.
The interaction terms’ coefficients in Models 2, 4 and 6 show how multidimensional proxim-
ity factors interact with each other. The coefficients of the interaction terms of geographical
proximity and institutional proximity are all significantly positive, suggesting the presence
of complementary effects. This idea indicates that, when geographical proximity acts as
a moderator, institutional proximity will encourage more innovative competitions. The
coefficients of the interaction terms of cognitive proximity and geographical proximity, as
well as cognitive proximity and institutional proximity, are both significantly negative, indi-
cating a substitutive effect. The results imply that cities with similar academic backgrounds
may engage in innovative competitions even if they are geographically distant or have low
administrative ranks.

5. Conclusions and Discussion

This paper constructs a theoretical research framework that integrates the basic un-
derstandings, influencing factors and ensuing results of intercity innovative competition
relations. On the basis of data from the general programs of NSFC from 2005 to 2019,
this paper constructs intercity innovative competition relations in China and conducts an
in-depth analysis of the spatial characteristics and influencing factors of intercity innovative
competition relations. The study’s conclusions are as follows:

With regard to the characteristics of China’s intercity innovative competition relations,
firstly, the intensity of intercity innovative competition relations in China gradually in-
creased from 2005 to 2019, with spatial clustering towards cities with high administrative
ranks (e.g., municipalities directly under the central government, sub-provincial cities and
provincial capitals). Secondly, Beijing is always at the centre of innovative competition rela-
tions, but other cities with higher administrative ranks have steadily risen to prominence
and significantly weakened Beijing’s position in recent years. Thirdly, universities and
research institutions in cities with similar disciplinary advantages are more likely to form
innovative competition relations. Therefore, competitions based on disciplinary strengths
provides cities with the potential to become benchmarks in specific fields of innovative
competitions. Fourthly, cities with close spatial distances have a higher average number
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of innovative competitions. Finally, the intensity of intercity innovative competitions in
China varies significantly among various academic departments due to the impact of
technological frontiers and national demands.

With regard to the influencing factors of intercity innovative competition relations
in China, firstly, urban innovation capacity has a significant positive effect on intercity
innovative competition relations, but its influence has diminished in recent years. Secondly,
geographical proximity, institutional proximity and cognitive proximity all contribute
to the formation of innovative competition relations. While geographical proximity’s
influence on intercity innovative competition relations gradually diminished, institutional
and cognitive proximity continued to have positive and stable effects on these relations.
Finally, interactions take place between different proximity factors, with a complementary
effect between geographical proximity and institutional proximity, a substitutive effect
between cognitive proximity and geographical proximity, and a substitutive effect between
cognitive proximity and institutional proximity.

While some of the findings of this study are consistent with previous studies, it also ex-
hibits distinct characteristics that distinguish it from both macro-level intercity competition
relations and micro-level innovative competition relations. Compared with research on
intercity competition relations in manufacturing, this study reveals that intercity innovative
competition relations are more likely to be formed in cities with close spatial distances and
high administrative ranks, which is consistent with the research conclusion that intercity
competition relations in global manufacturing are concentrated within regions and dom-
inated by the capital cities [6]. However, what is more valuable is that this study finds
that cognitive proximity can promote intercity innovative competition relations, and cities
can leverage their disciplinary advantages to become benchmarks of innovative competi-
tions in specific fields, opening up new development opportunities for cities with special
disciplinary advantages. Compared with research on micro-level innovative competition
relations, this study goes beyond specific developmental behaviours of individual entities
and instead ascends to the overall level of cities to identify commonalities, laying the
groundwork for proposing innovation development strategies at the city level.

It can be observed in this study that moderate intercity innovative competition rela-
tions can promote urban innovation capacity, and urban innovation capacity can foster the
formation of new rounds of intercity innovative competition relations, ultimately leading
to continuous accumulation and self-reinforcement of innovation capacity. In order to
continuously improve urban innovation capacity through moderate intercity innovative
competition relations, this paper proposes two proposals for development: Firstly, multidi-
mensional proximity has significantly positive effects on intercity innovative competition
relations. With the objective existence of geographical proximity and cognitive proximity,
it is crucial to leverage the role of institutional proximity. Cities with weaker innovative
competitions should be encouraged to propose preferential innovation policies (e.g., talent
recruitment policies, innovation activity subsidies, etc.) to continuously incentivise inno-
vation activities. Secondly, cities have the potential to become benchmarks in innovative
competitions in specific fields by fully leveraging their disciplinary strengths in innovative
competitions. It is necessary to provide special support for the cultivation of advantageous
disciplines for cities that excel in specific disciplines. By deeply engaging in innovative
competitions based on their disciplinary strengths, cities can become leaders in innovation
in specific fields.

The data used in this study has certain limitations. The NSFC data do not disclose
programs that did not get funding and the exact branches or affiliations to which the
programs belong, which may lead to biased results. Furthermore, since the NSFC mainly
funds universities and research institutes, it represents fewer social innovation forces such
as enterprises. Future research can consider integrating patent data and data on enter-
prise innovation into the discussion to generate more comprehensive findings. It is worth
noting that while intercity innovative competition relations can stimulate motivation and
knowledge spillovers, some studies suggested that excessive competitions may pose sig-
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nificant obstacles for small-sized innovation entities in fundraising and market expansion.
Additionally, excessive competitions may also cause small-sized innovation entities to
lose confidence in winning, resulting in a slacking attitude that will stifle creativity [13].
Moreover, as the results of competitions can be won or lost, some cities may experience
talent losses and a decrease in innovation capacity after failing in innovative competitions.
Future research can further explore the innovation performance of intercity innovative com-
petition relations and optimize innovative competition mechanisms. Furthermore, intercity
innovative competitions and cooperations coexist, both of which jointly influence urban
innovation capacity and may affect and transform each other. Cities can seek opportunities
for future innovative cooperations during the innovative competition process, and new
innovative competition relations may also emerge during innovative cooperations [37].
Future research can further explore intercity innovative co-opetition relations and propose
beneficial mechanisms for intercity innovative co-opetition.
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Abstract: Multi-scale urban innovation networks are important channels for intra- and inter-city
knowledge spillovers and play an important role in urban industrial innovation and growth. How-
ever, there is a lack of direct evidence on the impact of multi-scale urban innovation networks on
industrial development. Drawing upon the “buzz-and-pipeline” model, this paper analyzes the
impact of multi-scale urban innovation networks on industrial development by taking the automobile
manufacturing industry in China’s five urban agglomerations as an example. Firstly, based on the
Form of Correlation between International Patent Classification and Industrial Classification for
National Economic Activities (2018) and co-patents, we construct urban innovation networks on
three different geographical scales, including intra-city innovation networks, inter-city innovation
networks within urban agglomerations, and innovation networks between cities within and beyond
urban agglomerations. Then, we employ the ordinary least squares model with fixed effects at the
urban agglomeration level to explore the impact of urban multi-scale knowledge linkages on the
development of the automobile manufacturing industry and the results showed that urban innovation
networks at three different geographical scales have different impacts on industrial development.
Specifically, intra-city innovation networks have a facilitating effect on industrial development, while
both inter-city innovation networks within urban agglomerations and innovation networks between
cities within and beyond urban agglomerations have an inverted U-shaped impact on industrial
development. The interactions between urban innovation networks on three different geographical
scales have a negative effect on industrial development. Simultaneously, the agglomeration level
of urban industry plays a positive moderating role in the impacts of multi-scale urban innovation
networks on industrial development.

Keywords: urban innovation networks; knowledge spillovers; buzz-and-pipeline; automobile
manufacturing industry; co-patents; urban agglomerations

1. Introduction

According to the new growth theory, knowledge spillover is a crucial endogenous
variable for economic growth [1,2], which has become a consensus among economic geogra-
phers. Traditionally, knowledge spillover was deemed a highly localized phenomenon [3,4]
with strong distance decay [5]. Face-to-face encounters and interactions based on geo-
graphic proximity are conducive to the acquisition of tacit knowledge which is difficult
to disseminate through formal channels [6–8]. Co-located innovation actors can access
new knowledge and innovations through frequent learning, thereby stimulating economic
growth of enterprises and regions.

Nevertheless, this view has been increasingly challenged by many studies [9,10], which
have indicated that knowledge can spread over long distances through mechanisms such
as foreign direct investment [11,12], labor mobility [13,14], and technological proximity [15].
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Findings for selected industries show that innovation comes mainly from the inflow remote
knowledge [16,17]. Bathelt et al. [9] pioneered the “buzz-and-pipeline” model, which
combines localization and distant knowledge spillovers in one explanatory framework.
They argue that both the buzz of local networks and the “pipeline” of global networks
are key to the success of business clusters, and that the two models play different roles in
driving firm and cluster growth.

Within the “buzz-and-pipeline” framework, some studies have paid attention to the
knowledge spillover of multi-scale innovation networks [10,18–20]. However, existing
studies have mainly focused on the impact of innovation networks on urban innovation
capability, while exploring the impact of multi-scale innovation networks on industrial
development has gained relatively few attentions. This is a very important research
topic. Since localized and distant knowledge spillovers vary by industry [10,21], urban
innovation networks at different geographical scales may have differential impacts on
industry development.

This paper addresses this gap in the literature by taking China’s automobile manu-
facturing industry as an example. Firstly, the automobile industry is already an industry
driven by open innovation [22], whose innovation and development increasingly relies on
the integration of knowledge and technology across regions and domains [23]. Secondly,
China is the largest country in the world in terms of automobile production. According
to the International Automobile Association, China’s automobile production accounted
for about 31.8% of the global total in 2022. Therefore, it is representative to explore the
impact of multi-scale urban innovation networks on industrial development by taking
China’s automobile manufacturing industry as an example. Specifically, this paper takes
the cities in China’s five major urban agglomerations as research objects, and then based
on the co-patents constructs urban innovation networks on three different geographical
scales, including intra-city innovation networks, inter-city innovation networks within
urban agglomerations, and innovation networks between cities within and beyond urban
agglomerations. Furthermore, we employ the econometric model to explore the knowledge
spillover effect of multi-scale urban innovation networks.

The rest of the paper is organized as follows: In the next section we review the
existing literature. We then describe the data and methods used and further present the
results, which include the characterization of multi-scale urban innovation networks in
the automobile manufacturing industry of China’s five urban agglomerations and the
estimated results of their impact on industrial development. Finally, this paper offers
conclusions and outlines the policy implications of the findings and potential directions for
future research.

2. Literature Review
2.1. The Geography of Knowledge Spillovers

Since the work of Jaffe [24], the research perspective of knowledge spillovers has
gradually shifted from the firm level to the geographical unit. Traditionally, new knowledge
is argued to be incompletely encoded, and access to its tacit component which is difficult to
disseminate through formal communication relies heavily on face-to-face interaction [6–8].
Thus, early knowledge spillovers are considered highly localized [3,4]. The relevant scholars
have pointed out that talents, firms, universities, and research institutions located in the
same geographic location interact through face-to-face exchanges, which are conducive to
promoting innovation output and economic growth within a region. Many studies have
verified the geographic attenuation effect of knowledge spillovers for different regions
through a variety of methods [7,25,26].

However, empirical evidence suggests that geographical proximity is not a necessary
condition for knowledge spillovers [12,16,17]. For example, Gertler and Levitte [16] focuses
on the biotechnology industry and find that high-value innovations are mainly derived
from knowledge spillovers at a distance. Thus, distant knowledge spillovers received
widespread attention [9,10]. The researchers argue that without external knowledge inflow,
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the exchange, sharing, and reorganization of local knowledge may lead to diminishing
the value of knowledge, ultimately resulting in technology lock-in and reduced local
innovation capacity [4,27]. Distant knowledge inflow would bring more heterogeneous and
complementary knowledge sources, which is helpful to break local technological lock-in
and facilitate the formation of breakthrough innovations [9,17,28].

Some research has explored the impact of industry heterogeneity based on a harmo-
nized research framework combining localized and distant knowledge spillovers [10,19].
Malerba et al. [19] focus on six large industrialized countries and discover that national
and international, intersectoral and intersectoral R&D spillovers vary across chemicals,
electronics, and machinery industries. The study about metropolitan counties in the US
by Kekezi et al. [10] also suggests that localized and distant knowledge spillovers vary
by sector.

2.2. Research on Urban Innovation Networks

Urban innovation networks have received more attention under the rapid develop-
ment of urban network research. Matthiessen et al. [29,30] earlier investigated the charac-
teristics and influence factors of global urban innovation networks by co-authored papers.
Subsequently, lots of scholars have conducted research on urban innovation networks in
different regional and socioeconomic contexts, such as North America [31], Europe [32],
and East Asia [33–35].

The research scales of urban innovation networks are increasingly diversified, grad-
ually shifting from the global scale [29,30] to the regional [32], urban agglomeration [35],
and intra-city scales [36]. Moreover, a group of scholars has paid attention to the multi-
scale attributes of innovation networks [18,20,33,34]. For instance, taking China’s Yangtze
River Delta region as an example, Li and Phelps [33,34] constructed the framework of
multi-scale urban innovation networks on global, national, and megapolitan scales, and
comprehensively analyzed the differentiated characteristics and mechanisms of the innova-
tion network of the Yangtze River Delta region at different scales. Furthermore, they also
constructed a finer-scale urban innovation network by taking intra-city special economic
zones as the research object [36].

Recently, studies on the performance of urban innovation networks have become
increasingly popular. These studies have mainly focused on the relationship between
urban innovation networks and innovation performance [18,20,31,37], while fewer stud-
ies have focused on the relationship between urban innovation networks and industrial
development. For example, based on the “buzz-and-pipeline” framework, Cao et al. [18]
explored the impact of intra- and inter-regional innovation networks on urban innovation
capacity through Chinese cities, and Ren et al. [20] have analyzed intra- and inter-city
innovation networks. Operti and Kumar [37] focused on the U.S. Metropolitan Statistical
Areas (MSAs) and explored the relationship between regional innovation and multi-scale
urban innovation networks.

2.3. Relationships between Multi-Scale Urban Innovation Networks and Industrial Development

Multi-scale urban innovation networks are strategic platforms for knowledge ex-
change, sharing and reorganization, and play a crucial role in the process of regional
knowledge spillovers, which is important for industrial development. However, the char-
acteristics of knowledge flows usually vary according to different geographical scales of
innovation networks, which may have heterogeneous impacts on industrial innovation
and development. The “buzz-and-pipeline” model proposed by Bathelt et al. [9] provides
a good analytical framework for the relationship between urban innovation networks at
different geographical scales and industrial development. According to the “buzz-and-
pipeline” model and existing studies [18,20], in this paper, intra-city innovation networks
are deemed analogous to “local buzz”, while innovation networks between cities within and
beyond urban agglomerations are deemed analogous to “global pipelines”, and inter-city
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innovation networks within urban agglomerations are deemed to have dual characteristics
of buzz and pipelines.

Cities are considered to be innovation machines that not only serve as containers for
innovation agents, but also provide an environment for the exchange of knowledge and
ideas [38]. Innovation actors within cities are prone to form intensive local interactions
or “buzz” due to being in the same location and sharing the same social institutions,
values, and cultural atmosphere [39]. “Buzz” facilitates the generation of new knowledge
and ideas, which is important for enhancing industrial competitiveness and promoting
industrial growth [9]. However, excessive “buzz” may lead to “information overload” on
the one hand, causing innovation actors to suffer from a lack of direction and difficulty in
decision making [18]. On the other hand, the value of local knowledge will continue to
diminish, resulting in technological lock-in and decline [9], which finally would reduce the
competitiveness of local industries.

Pipelines are seen as important ways to reduce the dangers of technology lock-in
thanks to over-intensive local interactions [9,27]. On the one hand, through “pipelines”,
intra-city innovation actors have access to new knowledge, technologies, and ideas that
are locally unavailable, which are conducive to radical innovation [17], thus enhancing
industrial competitiveness. On the other hand, in addition to new knowledge technologies
and ideas, “pipelines” can also bring new information on market demand [40], external
investment, and specialized labor [41], which may be more important for industrial devel-
opment. However, excessive “pipelines” can be equally harmful to the development of
urban industries. Specifically, when a city’s external linkages are significantly higher than
its internal linkages, the city may lose their status as innovation agents and its development
may be controlled by external cities [18,42]. Therefore, this paper hypothesizes that:

H1. Multi-scale urban innovation networks have an inverted U-shaped impact on industrial
development.

Generally, “buzz” and “pipelines” are deemed to work together, but there is no
consensus among scholars on the effects of synergy [9,37,43,44]. Bathelt et al. [9] and
Bathelt [43] point out that there are complementary effects between the “buzz” and the
“pipeline” and both them can bring unique competitive advantages to regions, clusters, and
firms, which are supported by some empirical studies [16,18,45]. However, some research
has recently found that “buzz” and “pipelines” are substitutes for each other [37,44],
because over-connectivity imposes high operation and maintenance costs on actors, leading
to “information overload” and “mobilization failure” [37,44]. In addition, another study
has shown that the effects of “buzz” and “pipelines” interactions vary by the type of
innovation [20]. Based on the existing studies, we suggest that “buzz” and “pipelines”
interactions may have both positive and negative effects on industrial development, which
may be related to the type of industry, the characteristics of the region, and other factors. In
this paper, the automobile manufacturing industry characterized by high inputs, high costs,
complex supply chains, and excessive linkages will further increase the cost to companies,
which may be harmful to industrial development. Hence, this paper hypothesizes that:

H2. The interaction of multi-scale urban innovation networks has a negative impact on industrial
development.

The impact of multi-scale urban innovation networks on industrial development may
be influenced by the agglomeration level of urban industry. A higher agglomeration level of
urban industry would produce stronger localized externalities which play a positive role in
the development of firms and regional economic growth [46,47]. Based on existing theories
and studies, there are at least two ways in which the agglomeration level of urban industry
affects the role of multi-scale urban innovation networks in industrial development. Firstly,
cities with a higher agglomeration level of industry, indicating that the city has gathered a
larger number of factors such as talent, knowledge, and technology in the industrial field,
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has the ability to identify, absorb, and reorganize knowledge and information quickly input
through multi-scale urban innovation networks, which can enhance the competitiveness of
the city’s industries, thus promoting industrial development. Secondly, a higher agglom-
eration level of an industry can lead to stronger economies of scale in the industrial field,
which can reduce the maintenance and operation costs of multi-scale urban innovation
networks and improve industrial efficiency. Thus, this paper hypothesizes that:

H3. The level of urban industrial agglomeration plays a positive moderating role in the process of
the influence of multi-scale urban innovation networks on industrial development.

3. Materials and Methods
3.1. Study Area

This paper takes five urban agglomerations in China as research regions (Figure 1).
The five urban agglomerations, which consist of 107 cities at the prefecture level and above,
include the Beijing-Tianjin-Hebei region (BTH), the Yangtze River Delta region (YRD),
the Guangdong-Hong Kong-Macao Greater Bay Area (GBA), the Chengdu-Chongqing
region (CHC), and the Middle Reaches of the Yangtze River region (MRY). The five urban
agglomerations are representative as they are the most innovative regions in China and
have the highest development level of the automobile manufacturing industry in China.
According to the fourth economic census yearbook of China and relevant provinces, the
number of legal entities in the automobile manufacturing industry in the five major urban
agglomerations in 2018 was 59,600, and the business revenue of the automobile manufac-
turing industry above the scale was CNY 574,148.9 million, which accounted for 68.0% and
72.8% of the national share, respectively. Meanwhile, the rapid development of China’s
high-speed rail stimulates frequent interactions of urban innovation actors within and
across the city and urban agglomeration, which has led to increasingly dense innovation
linkages between cities.

Figure 1. Study area.
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3.2. Materials

Innovation output is an important indicator of the level of innovation. Among the
many types of data on innovation outputs, patent data are most widely used in recent stud-
ies [20,34] and have been confirmed to have significant spatial correlation with innovation
activities [6,48]. This paper thus constructs multi-scale urban innovation networks of the
automobile manufacturing industry through co-patent data.

Due to the volatility and randomness of single year co-patent data, this paper ag-
gregates the time span to the period 2016–2018, and the steps for data collection and
processing are as follows. Firstly, based on the Form of Correlation between International
Patent Classification and Industrial Classification for National Economic Activities (2018)
(hereinafter referred to as the 2018 Form of Correlation), the four-digit code patents of
the automobile manufacturing industry (Table 1) were obtained from the China National
Intellectual Property Administration (CNIPA). Secondly, we extracted information such as
patent classification code, application year, applicant, inventor, and address through text
analysis of the invention patent bulletin. Thirdly, we screened co-patents of the automobile
manufacturing industry according to the applicant. Finally, we geocoded the acquired
co-patents using Python and obtained the electronic atlas of automobile manufacturing
invention patents using ArcGIS 10.8.

Table 1. The statistics of corresponding four-digit patent types of automobile manufacturing industry.

Industry Codes and Types The Four-Digit Code Patent Types

36 Automobile manufacturing industry

B60K, B62D, F02B, F02D, F02M, A01D, A61G,
A62C, B60F, B60P, B60V, B64D, B65F, F41H,
B60L, B60M, B61D, F16F, B60B, B60D, B60G,
B60J, B60N, B60R, B60S, B60T, B60W, H01R

3.3. Methods
3.3.1. Constructing Multi-Scale Urban Innovation Networks

In this paper, we construct urban innovation networks on three different geographical
scales, including intra-city innovation networks, inter-city innovation networks within
urban agglomerations, and innovation networks between cities within and beyond urban
agglomerations. Intra-city innovation networks are constituted by the innovation linkages
within cities measured by the number of co-patents with cities. Inter-city innovation net-
works within urban agglomerations are formed by the innovation linkages among cities
within urban agglomerations. Innovation networks between cities within and beyond
urban agglomerations are constituted by the innovation linkages among cities within the
urban agglomerations and the cities beyond the urban agglomerations in China. It is worth
emphasizing that the four-digit code patent types of the automobile manufacturing indus-
try may also appear in other industries from the 2018 Form of Correlation. For example, the
four-digit code patent type B60K appears in the instrument and meter manufacturing indus-
try in addition to the automobile manufacturing industry. Therefore, there is a significant
bias that the number of co-patents in the urban automobile manufacturing industry directly
measures according to the number of co-patents of the automobile manufacturing industry
involving all four-digit code patent types [20,49]. In order to reduce this effect, this paper
constructs multi-scale urban innovation networks of the urban automobile manufacturing
industry by structurally parsing the 2018 Form of Correlation in the following steps.

Firstly, we constructed a patent-industry relationship matrix for all two-digit industry
types corresponding to four-digit patent types in light of the 2018 Form of Correlation, and
calculated the proportion of the number of occurrences of each four-digit patent in the
automobile manufacturing industry to the total number of occurrences of that four-digit
patent in the relationship matrix.

Secondly, the number of co-patents of each four-digit code patent type in automobile
manufacturing in each urban agglomeration on three different geographical scales is
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counted based on the electronic atlas of automobile manufacturing invention patents. What
should be noted is that this paper applies a method of full counting to aggregate the times
of connectivity between two cities drawing on the existing studies [33].

Finally, the innovation linkages on three different geographical scales are calculated
based on the number of co-patents of each four-digit code patent type in the urban automo-
bile manufacturing industry and the proportion of the frequency of each four-digit code
patent type included in the automobile manufacturing industry to the total frequency of
the four-digit code patent type in the 2018 Form of Correlation, and the formula is:

CITYti = ∑N
l=1 alCITYlti (1)

MEGti = ∑M
j=1 ∑N

l=1 alMEGltij (i 6= j) (2)

COUti = ∑S
g=1 ∑N

l=1 alCOUltig (i 6= g) (3)

CITYti is the innovation linkages of intra-city innovation networks for city i in the
urban agglomeration t. al indicates the proportion of the frequency of the four-digit
code patent l in the automobile manufacturing industry to the total frequency of l in the
relationship matrix. CITYlti denotes the number of co-patents of four-digit code patent l
within city i of the urban agglomeration t, and N is the total number of four-digit code
patent types included in the automobile manufacturing industry. MEGti denotes the
innovation linkages of inter-city innovation networks within urban agglomerations for city
i in the urban agglomeration t. MEGltij indicates the number co-patents of four-digit code
patent l between city i and city j within urban agglomeration t, and M is the number of
cities that have co-patents with city i in urban agglomeration t. COUti is the innovation
linkages of innovation networks between cities within and beyond urban agglomerations
for city i in the urban agglomeration t. COUltig is the number of co-patents of four-digit
code patent l between city i in the urban agglomeration t and city g beyond the urban
agglomeration t in China. S is the number of cities that have co-patents with city i in the
urban agglomeration t beyond the urban agglomeration t in China.

3.3.2. Model

In order to measure the knowledge spillover effect of multi-scale urban innovation
networks on the development of industry, this paper introduces the following multiple
linear regression model:

Yi = β0 + β1X1i + β2X2i+ . . .+βpXpi + δi + εi (4)

Yi and Xpi are the explanatory and explanatory variable, separately. p is the number
of explanatory variables, β0 is the constant term, βp is the regression coefficient, δi is the
fixed effect of urban agglomeration, and εi is the random perturbation term. Specifically,
in this paper, we take the operating income of the automobile manufacturing industry
above the urban scale in 2018 as the explanatory variable, and the innovation linkages on
three different geographical scales as the core explanatory variables. Additionally, we also
include the control variables affecting the development of urban automobile manufacturing
in the regression model.

First, we considered the impact of the level of urban automobile manufacturing
agglomeration (EPAMI), which mainly promotes regional industrial development by local-
ization externalities [47]. In this paper, it is approximated by the proportion of the average
annual number of employees of automobile manufacturing enterprises above the urban
scale to the average annual number of employees of manufacturing enterprises above the
urban scale.

Second, we employ the GDP per capita (PGDP) as the proxy of urban economics
which determines the intensity of capital investment in urban innovation, and thus plays
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a crucial role in the improvement of urban innovation capability [18,20]. In addition, the
urban economic level also expresses the market size of the city, which is one of the most
important drivers for urban industrial development.

Third, knowledge, technology, and talent are important factors that drive the develop-
ment of urban industries [50]. The government’s investment in science, technology, and
education can not only alleviates the financing pressure of enterprises and reduces the
cost of acquiring knowledge and technology, but also provides enterprises with sufficient,
high-quality labor. In this paper, we choose the proportion of the city government’s S&T
and education expenditures to the government’s financial expenditures (SE) to represent
the degree of the city’s S&T and education investment.

Fourth, given the industry attributes of the automobile manufacturing industry, we
control the effect of the city’s industrialization level, which is a comprehensive reflection
of the city’s industrial production factor level, innovation capacity, and market compet-
itiveness. Generally, the better the city’s industrial development foundation, the more
conducive it is to the development of the city’s manufacturing industry. We use the propor-
tion of added value of the secondary industry to GDP (SGDP) as a proxy indicator for the
level of urban industrialization.

Finally, higher foreign investment can not only provide external funds for the develop-
ment of city industries [20] and promote the expansion of industrial scale, but also facilitate
the acquisition of external knowledge spillover effect and enhance the technological inno-
vation capacity of urban industries, thus promoting industrial development [51]. To control
the influence of foreign investment, we adopt the actual amount of foreign investment
utilized in the year share in GDP (FDI) as a control variable.

To minimize the effect of heteroskedasticity, this paper takes logarithms for all the
above variables. In particular, the strength of urban innovation linkages at the three
different geographical scales is taken to be logarithmic by adding 1.

Except for co-patent data, the other data are mainly from the fourth economic census
yearbook of China and the province where each city is located and the China Urban
Statistical Yearbook in 2018, with a few cities with missing data supplemented by the
statistical yearbook of the city. Table 2 summarizes the data sources of selected variables.

Table 2. The data sources of variables.

Variables Label Data Source

Urban industrial development level DEV

Economic census yearbooks for China and related
provinces including Hebei, Jiangsu, Zhejiang,

Anhui, Guangdong, Hubei, Hunan, Jiangxi, and
Sichuan in 2018

Innovation linkages of intra-city
innovation network CITY

The CNIPA database
Innovation linkages of inter-city innovation

networks within urban agglomerations MEG

Innovation linkages of innovation networks
between cities within and beyond

urban agglomerations
COU

Urban industrial agglomeration level EPAMI

Economic census yearbooks for China and related
provinces including Hebei, Jiangsu, Zhejiang,

Anhui, Guangdong, Hubei, Hunan, Jiangxi, and
Sichuan in 2018

Urban economic development level PGDP

China Urban Statistical Yearbook in 2018
S&T and education investment SE
Urban industrialization level SGDP

Foreign investment FDI
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4. Results
4.1. Characteristics of Multi-Scale Urban Innovation Networks in the Automobile Manufacturing
Industry of Five Urban Agglomerations

Tables 3 and 4 list the top 20 cities and city pairs in terms of the innovation linkages
on three different geographical scales, and Figures 2 and 3 show inter-city innovation
networks within urban agglomerations and innovation networks between cities within
and beyond urban agglomerations in the automobile manufacturing industry of five urban
agglomerations, respectively.

Table 3. Top 20 cities of the five urban agglomerations in terms of innovation linkages at different scales.

Geographical Scales City Innovation
Linkages

Urban
Agglomerations

Intra-city innovation networks

Beijing 203.46 BTH
Shanghai 125.00 YRD

Hangzhou 66.63 YRD
Shenzhen 54.93 GBA

Chongqing 44.20 CHC
Changzhou 28.33 YRD
Guangzhou 22.95 GBA

Zhuhai 21.65 GBA
Nanjing 19.52 YRD
Suzhou 17.75 YRD
Tianjin 11.89 BTH

Changsha 11.76 MRY
Wuhan 9.75 MRY
Foshan 8.50 GBA

Huizhou 8.46 GBA
Ningbo 7.77 YRD

Dongguan 7.75 GBA
Yancheng 7.69 YRD

Hefei 7.49 YRD
Zhenjiang 6.73 YRD

Inter-city innovation networks within urban
agglomerations

Hangzhou 231.58 YRD
Ningbo 138.52 YRD
Taizhou 69.93 YRD

Shenzhen 64.64 GBA
Beijing 49.57 BTH

Huizhou 48.05 GBA
Shanghai 22.10 YRD

Shijiazhuang 21.61 BTH
Guangzhou 18.83 GBA

Tianjin 14.86 BTH
Nanjing 13.47 YRD
Jinhua 12.33 YRD

Dongguan 12.07 GBA
Suzhou 10.11 YRD

Hong Kong 8.65 GBA
Xingtai 6.74 BTH
Hefei 6.61 YRD

Langfang 5.69 BTH
Yancheng 5.54 YRD
Baoding 5.43 BTH

48



Systems 2024, 12, 5

Table 3. Cont.

Geographical Scales City Innovation
Linkages

Urban
Agglomerations

Innovation networks between cities within and beyond
urban agglomerations

Beijing 212.49 BTH
Shenzhen 98.35 GBA
Suzhou 86.44 YRD

Hangzhou 53.91 YRD
Changzhou 43.23 YRD

Wuhan 34.56 MRY
Nanchong 29.91 CHC
Shanghai 28.69 YRD
Nanjing 26.75 YRD

Hefei 24.08 YRD
Guangzhou 23.86 GBA

Chengdu 23.55 CHC
Chongqing 21.32 CHC

Tianjin 20.91 BTH
Huizhou 16.06 GBA

Nanchang 15.10 MRY
Changsha 14.08 MRY

Wuxi 11.17 YRD
Langfang 10.00 BTH
Zhuzhou 9.33 MRY

Table 4. Top 20 city pairs of the five urban agglomerations in terms of innovation linkages at different
scales.

Geographical Scales City Pairs Innovation Linkages Urban Agglomerations

Inter-city innovation networks
within urban agglomerations

Hangzhou–Ningbo 136.47 YRD
Hangzhou–Taizhou 69.93 YRD
Shenzhen–Huizhou 46.94 GBA

Beijing–Shijiazhuang 14.30 BTH
Beijing–Tianjin 13.56 BTH

Hangzhou–Jinhua 12.31 YRD
Hong Kong–Shenzhen 8.60 GBA
Guangzhou–Dongguan 6.67 GBA

Beijing–Langfang 5.69 BTH
Shanghai–Suzhou 5.45 YRD

Shenzhen–Dongguan 4.46 GBA
Shanghai–Hangzhou 4.32 YRD

Beijing–Baoding 4.06 BTH
Beijing–Xingtai 3.74 BTH

Guangzhou–Shenzhen 3.52 GBA
Beijing–Cangzhou 3.33 BTH

Nanjing–Hangzhou 3.06 YRD
Shijiazhuang–Xingtai 2.99 BTH
Guangzhou–Foshan 2.70 GBA

Guangzhou–Jiangmen 2.45 GBA

Innovation networks between
cities within and beyond

urban agglomerations

Suzhou–New Taipei 63.23 YRD–Other
Hangzhou–Nanchong 29.91 YRD–CHC
Shenzhen–Changzhou 23.26 GBA–YRD
Changzhou–Huizhou 16.06 YRD–GBA

Beijing–Wuhan 15.59 BTH–MRY
Beijing–Hefei 14.94 BTH–YRD

Beijing–Nanjing 14.39 BTH–YRD
Beijing–Shenzhen 11.96 BTH–GBA
Beijing–Changsha 10.46 BTH–MRY
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Table 4. Cont.

Geographical Scales City Pairs Innovation Linkages Urban Agglomerations

Innovation networks between
cities within and beyond

urban agglomerations

Beijing–Chongqing 9.54 BTH–CHC
Shenzhen–Langfang 9.50 GBA–BTH

Shenzhen–New Taipei 9.26 GBA–Other
Beijing–Suzhou 9.18 BTH–YRD

Hangzhou–Xiangtan 8.16 YRD–MRY
Beijing–Chengdu 8.02 BTH–CHC

Beijing–Hangzhou 7.66 BTH–YRD
Wuxi–Changchun 7.60 YRD–Other
Chongqing–Hefei 7.21 CHC–YRD
Shenzhen–Suzhou 7.09 GBA–YRD
Nanchang–Taiyuan 6.79 MRY–Other

Figure 2. Urban innovation network of automobile manufacturing industry of the five urban agglom-
erations at the urban agglomeration scale.

The cities with higher innovation linkages in the intra-city innovation networks are all
core cities of urban agglomerations or cities with higher levels of economic development
(Table 3). Furthermore, we can observe that those cities are mainly located in the YRD
and GBA. Specifically, among the top 20 cities, 11 are core cities of urban agglomerations,
and 15 have a GDP of over RMB 1 trillion. There are 15 cities located in the YRD and
GBA, with nine and six in the YRD and GBA, respectively. This is in line with our expecta-
tions. The YRD and GBA are the catchment areas of China’s automobile manufacturing
clusters, and the core cities of urban agglomerations and cities with higher levels of eco-
nomic development cluster a larger number of automobile manufacturing enterprises and
their upstream and downstream service enterprises, universities, research institutes, and
productive service organizations, providing the basis for the formation of the automobile
manufacturing innovation network. Meanwhile, these cities have attracted many talents,
with rich knowledge, well-developed transportation and communication facilities, which
support the development of dense innovation networks within the cities.
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Figure 3. Urban innovation network of automobile manufacturing industry of the five urban agglom-
erations at the national scale.

For inter-city innovation networks within urban agglomerations, the cities with strong
innovation linkages are mainly located in the YRD, BTH, and GBA, and the network density
of these urban agglomerations is significantly higher than that of the other two. Showed
as Tables 3 and 4, the top 20 cities in terms of innovation linkages are all located in the
YRD, BTH, and GBA, with the numbers of nine, six, and five, respectively, and the top
20 city pairs of innovation linkages are also all located in the YRD, BTH, and GBA, with
the numbers of six, seven, and seven, respectively. The results are mainly due to the fact
that compared with the cities within CHC and MYR, the cities within BTH, YRD, and GBA
are widely well endowed with rich talents, stock of knowledge and excellent infrastructure.
Moreover, since the Chinese government has paid earlier attention to the three urban
agglomerations of BTH, YRD, and GBA, their cooperation system is also more developed
which weakens barriers to cross-city cooperation within urban agglomerations.

The cities with higher innovation linkages in the innovation networks between cities
within and beyond urban agglomerations are the cities with stronger levels of development
and specialized cities dominated by automobile manufacturing. Specifically, core cities of
urban agglomerations account for 13 of the top 20 cities in terms of innovation linkages.
These cities not only have gathered a large number of automobile manufacturing enter-
prises, innovative talents, universities, and research institutions, but also have stronger
knowledge reserves and innovation capabilities, thus becoming the main objects of cooper-
ation for other cities. Small and medium-sized cities such as Nanchong and Langfang have
stronger innovation linkages mainly because they are deeply embedded in the production
network of China’s automobile manufacturing industry, creating a competitive advantage
of specialization. For example, with Zhejiang Geely Holding Group, a leading automobile
manufacturing company headquartered in Zhejiang, having invested in a plant in Nan-
chong in 2014, Nanchong has gradually developed into one of the key manufacturing bases
for new energy vehicles in China. Figure 3 suggests that the cities with strong innovative
connections with cities within an urban agglomeration are mainly located in the other four
urban agglomerations. Statistically, the number of city pairs with inter-city innovation
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cooperation within the five urban agglomerations accounts for 65.1% of the total number
of city pairs in five urban agglomerations.

4.2. The Knowledge Spillover Effect of Multi-Scale Innovation Networks on the Development of
Automobile Manufacturing Industry

Table 5 lists the estimated results of the OLS model with fixed effects at the urban
agglomeration level. Models 1–3 test the relationship between multi-scale urban innovation
networks and the development of the automobile manufacturing industry. Models 4–6
examine the synergistic effect between urban innovation networks on three different ge-
ographical scales by adding interaction terms to regression models. Models 7–9 focus on
the moderating role of the industrial agglomeration level in the process of the influence
of multi-scale urban innovation networks on industrial development by introducing the
interaction terms between multi-scale urban innovation networks and the agglomeration
level of the automobile manufacturing industry.

Table 5. The estimation results.

Variables Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9

CITY 0.453 * 0.332 ** 0.358 ** 0.457 ** 0.566 *** 0.389 ** 0.827 *** 0.287 * 0.278 *
(0.235) (0.163) (0.170) (0.184) (0.214) (0.166) (0.275) (0.171) (0.156)

MEG 0.206 * 0.642 *** 0.203 * 0.363 *** 0.208 * 0.424 *** 0.227 ** 0.666 *** 0.236 **
(0.113) (0.219) (0.115) (0.119) (0.112) (0.111) (0.097) (0.212) (0.097)

COU 0.243 ** 0.238 ** 0.521 *** 0.263 ** 0.341 *** 0.384 *** 0.292 ** 0.300 ** 0.831 ***
(0.121) (0.119) (0.190) (0.123) (0.129) (0.127) (0.116) (0.119) (0.232)

CITY × CITY −0.033
(0.052)

MEG ×MEG −0.094 **
(0.041)

COU × COU −0.078 *
(0.044)

CITY ×MEG −0.086 **
(0.043)

CITY × COU −0.090 **
(0.044)

MEG × COU −0.118 ***
(0.039)

CITY × EPAMI 0.200 **
(0.085)

MEG × EPAMI 0.162 **
(0.077)

COU × EPAMI 0.196 ***
(0.067)

EPAMI 0.881 *** 0.875 *** 0.862 *** 0.856 *** 0.858 *** 0.835 *** 0.808 *** 0.771 *** 0.759 ***
(0.081) (0.076) (0.081) (0.078) (0.080) (0.077) (0.092) (0.109) (0.092)

PGDP 0.337 0.246 0.341 0.326 0.329 0.333 0.293 0.298 0.304
(0.249) (0.252) (0.238) (0.246) (0.245) (0.244) (0.239) (0.235) (0.238)

SE 0.807 0.639 1.040 0.834 0.960 0.982 0.756 0.886 0.748
(0.722) (0.693) (0.706) (0.715) (0.706) (0.696) (0.700) (0.701) (0.692)

SGDP 0.581 0.760 0.352 0.391 0.274 0.261 1.104 * 0.859 1.055 *
(0.586) (0.536) (0.535) (0.547) (0.553) (0.523) (0.565) (0.523) (0.535)

FDI 0.149 * 0.160 ** 0.143 * 0.148 * 0.146 * 0.149 * 0.126 0.152 * 0.123
(0.081) (0.078) (0.081) (0.079) (0.080) (0.078) (0.082) (0.083) (0.080)

Cons 3.222 2.984 4.253 * 3.846 4.550 * 4.395 * 1.259 2.397 1.104
(2.624) (2.513) (2.504) (2.495) (2.535) (2.467) (2.418) (2.477) (2.470)

Megalopolis FE Yes Yes Yes Yes Yes Yes Yes Yes Yes
Obs 107 107 107 107 107 107 107 107 107
R2 0.848 0.854 0.851 0.852 0.852 0.857 0.854 0.853 0.856

Note: 1. Robust standard errors are in parentheses; 2. *** p < 0.01, ** p < 0.05, * p < 0.1.

Model 1 shows that the coefficient of intra-city innovation networks is significantly
positive, while its square term is negative but not significant, indicating that intra-city
innovation networks do not exhibit nonlinearity and that the impact of intra-city innovation
networks on the development of the automobile manufacturing industry is monotonically
positive. This is inconsistent with H1, but supports this viewpoint on the importance of
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buzz for urban economics [52,53]. Buzz may promote industrial development in these
ways by facilitating the absorption of local knowledge by innovators and reducing risks
and transaction costs in the innovation process. In Models 2 and 3, the coefficients of
inter-city innovation networks within urban agglomerations and innovation networks
between cities within and beyond urban agglomerations are significantly positive, and
their square terms are significantly negative. The results show that inter-city innovation
networks within urban agglomerations and innovation networks between cities within and
beyond urban agglomerations have an inverted U-shaped effect on the development of
the automobile manufacturing industry, which is consistent with H1. The result suggests
that although inter-city innovation networks within urban agglomerations and innovation
networks between cities within and beyond urban agglomerations play a positive role in
the development of the automobile manufacturing industry, the intensity of cooperation
will limit further development of the automobile manufacturing industry when it reaches a
certain limit, which is mainly due to the fact that overly intensive external links will, on
the one hand, increase the difficulty of knowledge integration and reduce the marginal
output of innovation, and on the other hand, increase the city’s external dependence on
innovation and industrial development, causing it to lose its initiative and dominance in
industrial development.

Models 4–6 in Table 4 show that the interactions between urban innovation networks
on different geographical scales have a negative impact on the development of the auto-
mobile manufacturing industry. The results reflect the substitution effects among urban
innovation networks on different geographical scales on the development of the automobile
manufacturing industry, which is in line with the findings of Operti and Kumar [37] and
Zhang et al. [44]. For the automobile manufacturing industry, excessive urban innovation
connections may increase the cost of innovation actors, leading to “information overload”,
“decision-making difficulties”, and “mobilization failure”, which is detrimental to industrial
innovation and thus limits the development of industries.

Models 7–9 show that the coefficients of the interaction terms between urban innova-
tion networks at different geographical scales and the agglomeration level of the urban
automobile manufacturing industry are all positive and have statistical significance, which
verifies H3. The results indicate that with the improvement of the agglomeration level of
the urban automobile manufacturing industry, the impact of urban innovation networks at
different geographical scales on the development of automobile manufacturing industry
is constantly increasing. The improvement in the agglomeration level of the urban auto-
mobile manufacturing industry, promoting the accumulation of talents, knowledge, and
technology in related fields, can enhance the ability and efficiency of identifying, absorb-
ing, and restructuring knowledge input through multi-scale urban innovation networks.
Simultaneously, it can reduce the operation and maintenance costs of multi-scale urban
innovation networks.

4.3. Robustness Tests

In this paper, we test the robustness of the results by replacing the core variables.
Specifically, we use the average of co-patents in the automobile manufacturing industry on
the three different geographical scales from 2016 to 2018 as the core explanatory variable
for the robustness test. Table 6 presents the results of the robustness test, which support the
previous conclusions.
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Table 6. The estimation results of robustness tests.

Variables Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9

AVCITY 0.848 ** 0.427 * 0.491 ** 0.699 ** 0.922 *** 0.569 ** 1.141 *** 0.349 0.343
(0.349) (0.216) (0.234) (0.275) (0.319) (0.231) (0.421) (0.257) (0.237)

AVMEG 0.211 1.082 *** 0.210 0.527 *** 0.221 0.612 *** 0.260 ** 0.915 *** 0.272 **
(0.153) (0.322) (0.161) (0.148) (0.154) (0.127) (0.123) (0.309) (0.130)

AVCOU 0.299 * 0.286 * 0.933 *** 0.365 ** 0.535 *** 0.604 *** 0.411 ** 0.418 ** 1.132 ***
(0.174) (0.159) (0.239) (0.169) (0.171) (0.170) (0.160) (0.168) (0.353)

AVCITY × AVCITY −0.130
(0.087)

AVMEG × AVMEG −0.231 ***
(0.073)

AVCOU × AVCOU −0.217 ***
(0.071)

AVCITY × AVMEG −0.231 ***
(0.067)

AVCITY × AVCOU −0.243 ***
(0.075)

AVMEG × AVCOU −0.303 ***
(0.064)

AVCITY × EPAMI 0.310 **
(0.136)

AVMEG × EPAMI 0.253 **
(0.118)

AVCOU × EPAMI 0.277 **
(0.108)

EPAMI 0.896 *** 0.891 *** 0.861 *** 0.858 *** 0.858 *** 0.824 *** 0.848 *** 0.816 *** 0.816 ***
(0.085) (0.079) (0.084) (0.082) (0.084) (0.082) (0.094) (0.106) (0.096)

PGDP 0.438 * 0.351 0.421 * 0.414 * 0.411 * 0.394 * 0.455 * 0.445 * 0.460 *
(0.248) (0.253) (0.231) (0.242) (0.240) (0.235) (0.236) (0.230) (0.234)

SE 0.922 0.678 1.279 * 0.981 1.161 * 1.167 * 0.927 1.072 0.895
(0.732) (0.694) (0.704) (0.712) (0.698) (0.679) (0.714) (0.712) (0.706)

SGDP 0.486 0.919 0.258 0.323 0.157 0.195 1.160 * 0.920 1.111 *
(0.601) (0.585) (0.541) (0.567) (0.551) (0.526) (0.621) (0.582) (0.603)

FDI 0.145 * 0.178 ** 0.120 0.146 * 0.128 0.141 * 0.130 0.154 * 0.130
(0.081) (0.081) (0.082) (0.079) (0.080) (0.077) (0.084) (0.084) (0.083)

Cons 2.906 1.614 4.190 3.566 4.555 * 4.399 * −0.061 1.263 −0.099
(2.760) (2.568) (2.625) (2.586) (2.623) (2.534) (2.543) (2.605) (2.599)

Megalopolis FE Yes Yes Yes Yes Yes Yes Yes Yes Yes
Obs 107 107 107 107 107 107 107 107 107
R2 0.841 0.851 0.849 0.850 0.849 0.858 0.845 0.844 0.846

Note: 1. Robust standard errors are in parentheses; 2. *** p < 0.01, ** p < 0.05, * p < 0.1.

5. Conclusions and Discussion
5.1. Conclusions

Knowledge spillovers and urban innovation networks have received increasing at-
tention from scholars, but there are still few studies that combine them to explore the
knowledge spillover effect of multi-scale innovation networks. Thus, taking the automobile
manufacturing industry in China’s five urban agglomerations as an example, this paper
examines the knowledge spillover effect of multi-scale urban innovation networks on
industrial development based on the “buzz-and-pipeline” model.

In this paper, based on the 2018 Form of Correlation and co-patent data, we firstly con-
struct urban innovation networks on three different geographical scales for the automobile
manufacturing industry, including intra-city innovation networks, inter-city innovation
networks within urban agglomerations, and innovation networks between cities within
and beyond urban agglomerations. Compared with existing studies [18,20], we synthesize
three different geographical scales. Here, intra-city innovation networks are deemed analo-
gous to ‘’local buzz’, while innovation networks between cities within and beyond urban
agglomerations are deemed analogous to ‘’global pipelines” and inter-city innovation
networks within urban agglomerations are deemed to have dual characteristics of buzz and
pipelines. In China, it is more realistic to consider the impact of urban innovation networks
on three different geographical scales. On the one hand, the administrative boundaries
of cities still play an important role with regard to the flow of elements in China. In fact,
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time and institutional cost of elements flow within city is significantly lower than that
of inter-city. On the other hand, with the rapid development of China’s economy and
the continuous improvement of reginal infrastructure since 2000, cooperation between
cities has become increasingly close. Simultaneously, the Chinese government pays great
attention to the integration of urban agglomerations, and continuously breaks down the
institutional barriers to facilitate mobility. Therefore, urban agglomerations nowadays have
become an important economic spatial entity in China.

This empirical study finds that the cities with stronger innovation linkages in the
intra-city innovation networks are mainly the core cities of urban agglomerations and cities
with higher levels of economic development. The cities with higher innovation linkages in
the inter-city innovation networks within urban agglomerations are mainly located in the
BTH, YRD, and GBA. For the innovation networks between cities within and beyond urban
agglomerations, in addition to the core cities of urban agglomeration, small and medium-
sized cities with the advantage of specialization in automobile manufacturing also show
higher innovation linkage intensity. The knowledge spillover effect of urban innovation
networks varies with different geographical scales. Intra-city innovation networks have
a facilitating effect on industrial development, while both inter-city innovation networks
within urban agglomerations and innovation networks between cities within and beyond
urban agglomerations have an inverted U-shaped impact on industrial development. The
interactions between urban innovation networks at three different geographical scales are
has a negative effect on industrial development. Simultaneously, the agglomeration level
of urban industry plays a positive moderating role in the process of multi-scale urban
innovation networks acting on industrial development.

5.2. Discussion

The “buzz-and-pipeline” model provides a good theoretical framework for the study
of the knowledge spillover effect of multi-scale urban innovation networks, while relevant
empirical studies are still scarce. Although some studies have analyzed the impact of
urban innovation networks on urban innovation [18] and industry-specific innovation [20]
based on this model, few studies have focused on the knowledge spillover effect of urban
multiscale innovation networks on industrial development. In this paper, we deepen the
existing research based on the “buzz-and-pipeline” model to explore the impact of multi-
scale urban innovation networks on industrial development. In terms of the construction
method of industrial innovation networks, we all know that the commonly used four-digit
code patents may appear in different industrial categories, and it tends to overestimate the
level of innovation cooperation in industry based solely on the correspondence between
the industry and four-digit code patents to construct industrial innovation networks [20,49].
Therefore, Ren et al. [20] reduce the effect with a more detailed categorization. In this paper,
we employ a new approach to reduce the influence through a structured interpretation of
the 2018 Form of Correlation. On this foundation, based on the actual situation in China, we
simultaneously incorporate three different geographical scales into the “buzz-and-pipeline”
analytical framework to investigate the knowledge spillover effect of urban multiscale
innovation networks on industrial development.

The empirical findings have some policy implications. Firstly, urban industrial ag-
glomeration level and opening up level play a positive role in the development of urban
automobile manufacturing industry. Therefore, local governments should continuously
improve the agglomeration level and opening-up level of the urban automobile manufac-
turing industry. Secondarily, all urban innovation networks on three different geographical
scales have a positive impact on the development of the urban manufacturing industry. Pol-
icymakers should pay attention to building an ecological environment that is conducive to
the development of urban innovation networks in the automobile manufacturing industry
on three different geographical scales. Thirdly, among the urban innovation networks on
three different geographical scales, our results show that the intra-city innovation networks
provide motivation for the development of the manufacturing industry, and there is a lot
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of room for this positive effect to grow. Thus, more attention should be paid to enhance
intra-city automobile manufacturing industry innovation networks through measures of
promoting the construction of transportation and information facilities, establishing in-
novative action subject cooperation organizations and reducing the transaction costs of
knowledge and technology industries within cities. Thirdly, when strengthening the inter-
city innovation networks within urban agglomerations and innovation networks between
cities within and beyond urban agglomerations, it is important to enhance the quantity and
quality of automobile manufacturing talents, research institutions, and service organiza-
tions within the city, which can reduce the negative impact of excessive connectivity by
enhancing the city’s ability to integrate, absorb, and transform knowledge.

Of course, this paper also has some limitations in the research methods and ideas,
which need to be constantly updated with the application of new technologies and means
and the enrichment of data types. For instance, there are many data types used to construct
urban innovation networks, while we only applied the widely used co-patents. In the
meantime, we only consider the knowledge spillover effect of three different geographical
scales, but we do not take into account the impact of global scale innovation networks.
Additionally, the improvement of the basic theory of the knowledge spillover effect of
urban innovation networks, the optimization of the measurement methods and the impact
of urban innovation networks on different dimensions such as economy, society, and
environment will also be the focus of subsequent research.

Author Contributions: Conceptualization, W.X.; methodology, W.X. and J.L.; software, J.L.; valida-
tion, W.X. and J.L.; formal Analysis, W.X. and J.L.; resources, J.L.; data curation, J.L.; writing—original
draft preparation, J.L.; writing—review and editing, W.X.; visualization, J.L.; supervision, W.X. and
J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by The General Project of Basic Science (Natural Science) Research
in universities of Jiangsu Province (Grant No. 22KJB560025) and The General Project of Philosophy
and Social Science Research in Colleges and Universities in Jiangsu Province (Grant No. 2021SJA0143).

Data Availability Statement: The data in the paper are all open source and from the statistical data
from the China National Intellectual Property Administration (SIPO), the fourth economic census
yearbook of China and the province where each city is located and the China Urban Statistical Yearbook
in 2018, with a few cities with missing data supplemented by the statistical yearbook of the city.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Lucas, R.E. On the Mechanics of Economic-Development. J. Monet. Econ. 1988, 22, 3–42. [CrossRef]
2. Romer, P.M. Increasing Returns and Long-Run Growth. J. Polit. Econ. 1986, 94, 1002–1037. [CrossRef]
3. Henderson, J.V. Understanding Knowledge Spillovers. Reg. Sci. Urban Econ. 2007, 37, 497–508. [CrossRef]
4. Moreno, R.; Miguelez, E. A Relational Approach to the Geography of Innovation: A Typology of Regions. J. Econ. Surv. 2012, 26,

492–516. [CrossRef]
5. Jaffe, A.B.; Trajtenberg, M.; Henderson, R. Geographic Localization of Knowledge Spillovers as Evidenced by Patent Citations. Q.

J. Econ. 1993, 108, 577–598. [CrossRef]
6. Audretsch, D.B.; Feldman, M.P. R&D Spillovers and the Geography of Innovation and Production. Am. Econ. Rev. 1996, 86,

630–640. [CrossRef]
7. Toth, G.; Juhasz, S.; Elekes, Z.; Lengyel, B. Repeated Collaboration of Inventors across European Regions. Eur. Plan. Stud. 2021,

29, 2252–2272. [CrossRef]
8. Van der Wouden, F.; Youn, H. The Impact of Geographical Distance on Learning through Collaboration. Res. Policy 2023,

52, 104698. [CrossRef]
9. Bathelt, H.; Malmberg, A.; Maskell, P. Clusters and Knowledge: Local Buzz, Global Pipelines and the Process of Knowledge

Creation. Prog. Hum. Geogr. 2004, 28, 31–56. [CrossRef]
10. Kekezi, O.; Dall’Erba, S.; Kang, D. The Role of Interregional and Inter-Sectoral Knowledge Spillovers on Regional Knowledge

Creation across US Metropolitan Counties. Spat. Econ. Anal. 2022, 17, 291–310. [CrossRef]
11. Bournakis, I.; Tsionas, M. Productivity with Endogenous FDI Spillovers: A Novel Estimation Approach. Int. J. Prod. Econ. 2022,

251, 108546. [CrossRef]

56



Systems 2024, 12, 5

12. Li, P.; Bathelt, H. Spatial Knowledge Strategies: An Analysis of International Investments using Fuzzy Set Qualitative Comparative
Analysis (fsQCA). Econ. Geogr. 2021, 97, 366–389. [CrossRef]

13. De Matos, C.M.; Goncalves, E.; Freguglia, R.D.S. Knowledge Diffusion Channels in Brazil: The Effect of Inventor Mobility and
Inventive Collaboration on Regional Invention. Growth Chang. 2021, 52, 909–932. [CrossRef]

14. Dong, X.; Zheng, S.; Kahn, M.E. The Role of Transportation Speed in Facilitating High Skilled Teamwork across Cities. J. Urban
Econ. 2020, 115, 103212. [CrossRef]

15. Maggioni, M.A.; Uberti, T.E.; Usai, S. Treating Patents as Relational Data: Knowledge Transfers and Spillovers across Italian
Provinces. Ind. Innov. 2011, 18, 39–67. [CrossRef]

16. Gertler, M.S.; Levitte, Y.M. Local Nodes in Global Networks: The Geography of Knowledge Flows in Biotechnology Innovation.
Ind. Innov. 2005, 12, 487–507. [CrossRef]

17. Trippl, M.; Toedtling, F.; Lengauer, L. Knowledge Sourcing beyond Buzz and Pipelines: Evidence from the Vienna Software Sector.
Econ. Geogr. 2009, 85, 443–462. [CrossRef]

18. Cao, Z.; Derudder, B.; Dai, L.; Peng, Z. ‘Buzz-and-pipeline’ Dynamics in Chinese Science: The Impact of Interurban Collaboration
Linkages on Cities’ Innovation Capacity. Reg. Stud. 2022, 56, 290–306. [CrossRef]

19. Malerba, F.; Mancusi, M.L.; Montobbio, F. Innovation, International R&D Spillovers and the Sectoral Heterogeneity of Knowledge
Flows. Rev. World Econ. 2013, 149, 697–722. [CrossRef]

20. Ren, C.; Wang, T.; Wang, L.; Zhang, Y. ‘Buzz-and-Pipeline’ Dynamics of Urban Dual Innovation: Evidence from China’s
Biomedical Industry. Appl. Geogr. 2023, 158, 103048. [CrossRef]

21. Baum, C.F.; Loof, H.; Nabavi, P.; Stephan, A. A New Approach to Estimation of the R&D-Innovation-Productivity Relationship.
Econ. Innov. New Technol. 2017, 26, 121–133. [CrossRef]

22. Zhang, B.; Ji, Y. Patent Actor-Network Formation from Regional Innovation to Open Innovation: A Comparison between Europe
and China. Eur. Plan. Stud. 2023, 31, 925–946. [CrossRef]

23. Llopis-Albert, C.; Rubio, F.; Valero, F. Impact of Digital Transformation on the Automotive Industry. Technol. Forecast. Soc. Chang.
2021, 162, 120343. [CrossRef] [PubMed]

24. Jaffe, A.B. Real Effects of Academic Research. Am. Econ. Rev. 1989, 79, 957–970.
25. Anselin, L.; Varga, A.; Acs, Z. Local Geographic Spillovers between University Research and High Technology Innovations.

J. Urban Econ. 1997, 42, 422–448. [CrossRef]
26. Autant-Bernard, C.; LeSage, J.P. Quantifying Knowledge Spillovers using Spatial Econometric Models. J. Reg. Sci. 2011,

51, 471–496. [CrossRef]
27. Boschma, R.A. Proximity and Innovation: A Critical Assessment. Reg. Stud. 2005, 39, 61–74. [CrossRef]
28. Balland, P.; Boschma, R. Complementary Interregional Linkages and Smart Specialisation: An Empirical Study on European

Regions. Reg. Stud. 2021, 55, 1059–1070. [CrossRef]
29. Matthiessen, C.W.; Schwarz, A.W.; Find, S. The Top-Level Global Research System, 1997-1999: Centres, Networks and Nodality.

an Analysis Based on Bibliometric Indicators. Urban Stud. 2002, 39, 903–927. [CrossRef]
30. Matthiessen, C.W.; Schwarz, A.W.; Find, S. World Cities of Scientific Knowledge: Systems, Networks and Potential Dynamics. An

Analysis Based on Bibliometric Indicators. Urban Stud. 2010, 47, 1879–1897. [CrossRef]
31. Breschi, S.; Lenzi, C. Co-Invention Networks and Inventive Productivity in US Cities. J. Urban Econ. 2016, 92, 66–75. [CrossRef]
32. Balland, P.; Boschma, R.; Crespo, J.; Rigby, D.L. Smart Specialization Policy in the European Union: Relatedness, Knowledge

Complexity and Regional Diversification. Reg. Stud. 2019, 53, 1252–1268. [CrossRef]
33. Li, Y.; Phelps, N. Megalopolis Unbound: Knowledge Collaboration and Functional Polycentricity within and beyond the Yangtze

River Delta Region in China, 2014. Urban Stud. 2018, 55, 443–460. [CrossRef]
34. Li, Y.; Phelps, N.A. Megalopolitan Glocalization: The Evolving Relational Economic Geography of Intercity Knowledge Linkages

within and beyond China’s Yangtze River Delta region, 2004-2014. Urban Geogr. 2019, 40, 1310–1334. [CrossRef]
35. Ma, H.; Li, Y.; Huang, X. Proximity and the Evolving Knowledge Polycentricity of Megalopolitan Science: Evidence from China’s

Guangdong-Hong Kong-Macao Greater Bay Area, 1990–2016. Urban Stud. 2021, 58, 2405–2423. [CrossRef]
36. Li, Y.; Zhang, X.; Phelps, N.; Tu, M. Closed or Connected? The Economic Geography of Technological Collaboration between

Special Economic Zones in China’s Suzhou-Wuxi-Changzhou Metropolitan Area. Urban Geogr. 2023, 44, 1995–2015. [CrossRef]
37. Operti, E.; Kumar, A. Too Much of a Good Thing? Network Brokerage within and between Regions and Innovation Performance.

Reg. Stud. 2023, 57, 300–316. [CrossRef]
38. Florida, R.; Adler, P.; Mellander, C. The City as Innovation Machine. Reg. Stud. 2017, 51, 86–96. [CrossRef]
39. Bathelt, H.; Zhao, J. Conceptualizing Multiple Clusters in Mega-City Regions: The Case of the Biomedical Industry in Beijing.

Geoforum 2016, 75, 186–198. [CrossRef]
40. Bathelt, H.; Cohendet, P. The Creation of Knowledge: Local Building, Global Accessing and Economic Development-toward an

Agenda. J. Econ. Geogr. 2014, 14, 869–882. [CrossRef]
41. Kerr, W.R. Breakthrough Inventions and Migrating Clusters of Innovation. J. Urban Econ. 2010, 67, 46–60. [CrossRef]
42. Morrison, A.; Rabellotti, R.; Zirulia, L. When Do Global Pipelines Enhance the Diffusion of Knowledge in Clusters? Econ. Geogr.

2013, 89, 77–96. [CrossRef]
43. Bathelt, H. Buzz-and-Pipeline Dynamics: Towards a Knowledge-Based Multiplier Model of Clusters. Geogr. Compass 2007, 1,

1282–1298. [CrossRef]

57



Systems 2024, 12, 5

44. Zhang, S.; Zhang, N.; Zhu, S.; Liu, F. A Foot in Two Camps or Your Undivided Attention? The Impact of Intra- and Inter-
Community Collaboration on Firm Innovation Performance. Technol. Anal. Strat. 2020, 32, 753–768. [CrossRef]

45. Boschma, R.A.; Wal, A.L.J.T. Knowledge Networks and Innovative Performance in an Industrial District: The Case of a Footwear
District in the South of Italy. Ind. Innov. 2007, 14, 177–199. [CrossRef]

46. Beaudry, C.; Schiffauerova, A. Who’s Right, Marshall or Jacobs? The Localization Versus Urbanization Debate. Res. Policy 2009,
38, 318–337. [CrossRef]

47. De Groot, H.L.F.; Poot, J.; Smit, M.J. Which Agglomeration Externalities Matter Most and Why? J. Econ. Surv. 2016, 30, 756–782.
[CrossRef]

48. Acs, Z.J.; Anselin, L.; Varga, A. Patents and Innovation Counts as Measures of Regional Production of New Knowledge. Res.
Policy 2002, 31, 1069–1085. [CrossRef]

49. Zhang, Z.; Luo, T. Knowledge Structure, Network Structure, Exploitative and Exploratory Innovations. Technol. Anal. Strat. 2020,
32, 666–682. [CrossRef]

50. Han, F.; Ke, S. The Effects of Factor Proximity and Market Potential on Urban Manufacturing Output. China Econ. Rev. 2016,
39, 31–45. [CrossRef]

51. Tang, L.; Zhang, Y.; Gao, J.; Wang, F. Technological Upgrading in Chinese Cities: The Role of FDI and Industrial Structure. Emerg.
Mark. Financ. Trade 2020, 56, 1547–1563. [CrossRef]

52. Bathelt, H.; Turi, P. Local, Global and Virtual Buzz: The Importance of Face-to-Face Contact in Economic Interaction and
Possibilities to Go beyond. Geoforum 2011, 42, 520–529. [CrossRef]

53. Storper, M.; Venables, A.J. Buzz: Face-to-Face Contact and the Urban Economy. J. Econ. Geogr. 2004, 4, 351–370. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

58



Citation: Binsaeed, R.H.; Grigorescu,

A.; Yousaf, Z.; Condrea, E.; Nassani,

A.A. Leading Role of Big Data

Analytic Capability in Innovation

Performance: Role of Organizational

Readiness and Digital Orientation.

Systems 2023, 11, 284. https://

doi.org/10.3390/systems11060284

Academic Editors: Francisco J.

G. Silva, Maria Teresa Pereira, José

Carlos Sá and Luís Pinto Ferreira

Received: 15 May 2023

Revised: 26 May 2023

Accepted: 31 May 2023

Published: 1 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

systems

Article

Leading Role of Big Data Analytic Capability in Innovation
Performance: Role of Organizational Readiness and
Digital Orientation
Rima H. Binsaeed 1, Adriana Grigorescu 2,3,* , Zahid Yousaf 4 , Elena Condrea 5 and Abdelmohsen A. Nassani 1

1 Department of Management, College of Business Administration, King Saud University,
P.O. Box 71115, Riyadh 11587, Saudi Arabia; rbinsaeed@ksu.edu.sa (R.H.B.); nassani@ksu.edu.sa (A.A.N.)

2 Department of Public Management, Faculty of Public Administration, National University of Political Studies
and Public Administration, Expozitiei Boulevard, 30A, 012104 Bucharest, Romania

3 Academy of Romanian Scientists, Ilfov Street 3, 050094 Bucharest, Romania
4 Higher Education Department, Government College of Management Sciences, Mansehra 21300, Pakistan;

muhammadzahid.yusuf@gmail.com
5 Department of Economics, Faculty of Economic Science, Ovidius University of Constant,a, Mamaia Boulevard,

124, 900527 Constanta, Romania; elena.condrea@univ-ovidius.ro
* Correspondence: adriana.grigorescu@snspa.ro; Tel.: +40-724253666

Abstract: The advancement of technology offers various opportunities for business organizations
to achieve sustainable growth. Through emerging technologies, business organizations are able to
collect and analyze essential information vital for the acceleration of innovation. Therefore, this study
investigated how big data contribute to the innovation activities of manufacturing entrepreneurs
in terms of big data analytic capability (BDAC). The aim of this study was to relate BDAC to
organizational readiness and innovation performance (IP). Moreover, we examined the mediating
role of organizational readiness between BDAC and IP. We also examined the strengthening role
of digital orientation. To collect the study data, we approached 494 frontline managers of the
manufacturing sector of Saudi Arabia. The collected data were analyzed using statistical techniques
such as descriptive, correlation, and hierarchical regression techniques. We found that BDAC plays a
vital role in developing organizational readiness and IP. The findings also proved that organizational
readiness has a significant effect on IP. The results revealed that organizational readiness mediates
between BDAC and IP.

Keywords: big data analytic capability; organizational readiness; innovation performance; digital
orientation

1. Introduction

The emerging technologies in the field of business organization have strategic im-
portance for both researchers and management [1]. These advanced technologies have
stimulated and increased the competitiveness of the business world in recent decades.
Nowadays, managing big data has become a challenge and gained strategic importance for
all kinds of business organizations [2]. The adoption of new technologies brings advantages
in terms of managing big data and contributes to the innovation process of mastering big
data. The strategic importance of big data has attracted the attention of all kinds of business
organizations. In fact, using big data enables business organizations to make realistic
decisions which are supported by evidence instead of intuition [3]. In the current decade,
the notion of BDAC has become the focus of managers and scholars. BDAC refers to a
firm’s capacity to manage, process, and analyze big data [4]. However, there has been
limited discussion regarding the outcomes of BDAC and approaching and utilizing the
advantages of big data. Therefore, the aim of this study was to highlight the capabilities
that enable organizations to collect, process, manage, and disseminate valuable information
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among the players of the organization. BDAC represents a foundational and critical role
for mastering big data and is referred to as the capability of an organization to effectively
unitize these resources to solve problems of quality, decrease costs, set the most suitable
prices, identify and retain customers, and gain competitive advantages over other firms in
big data environments [5].

This study investigates how BDAC predicts organizational readiness and the IP mech-
anism of organizations [6]. Thus, based on the sociomaterialism perspective, the current
study describes the predicament conceptualization dimensions of BDAC (administration
(management), technology (technical), and HR resources) and highlights the importance
of these dimensions to organizational readiness to achieve high efficiency in operations
and maximum profit and competitive advantages over others in the industry [2]. In line
with the assumptions of sociomaterialism and the information technology perspective, the
current study aimed to investigate how BDAC is associated with organizational IP and the
link between BDAC and organizational readiness.

Most organizations effectively utilize BDAC to achieve innovation performance [7].
BDAC broadly reflects a way to renovate business processes through which organizations
do business [8]. Through BDAC, organizations are able to collect a variety of information
necessary for innovation activities [9]. Existing studies have identified the potential of
BDAC to change administration practice as well as theory [4], to bring about the next revolu-
tion in management [10] and innovation [11], and to reduce expenses and create value [12]
and competitive advantages [13]. We examined the role of BDAC in the improvement of
innovation performance.

It is self-evident that BDAC is critical for an organization to perform innovative
work [14]. Some researchers claim that investment in BDAC are a myth; by utilizing this
capability, an organization can upgrade its IP [15]. BDAC enhances an organization’s ca-
pacity to utilize organizational data and resources for strategic decisions [16]. Researchers
claim that the methods of internal business are vital with BDAC and a firm’s IP [17,18].
Organizational readiness is one of the important factors that indicate the responses of an or-
ganization when changes occur [5]. The management dimension of BDAC gives directions
to the organization to prepare all its resources using data analytics and hence is considered
business knowledge [19]. This information and knowledge play a comprehensive role in a
firm’s culture as well as the processes to make competitive decisions [20]. Similarly, the
technological capability dimension of BDAC shows the technological knowledge of an or-
ganization; we can consider this the actual capabilities of a firm to satisfy the requirements
of clients, promote new products and services, and prepare for big changes [21]. Finally,
BDA talent abilities include utilizing human resources effectively and the ability to absorb
changes and take action according to real-time knowledge of market changes [19].

We also argue that the connection between BDAC and IP is composite rather than
straightforward. Because it involves the preparation of an organization to undergo changes
using BDAC, organizational readiness is an important factor for a firm’s IP. Organizational
readiness is concerned with the abilities of organizations that enable them to quickly
implement and adopt changes to counter market movements [22]. All three dimensions
of BDAC—management, talent, and technological capabilities—promote organizational
operations, strategies, decision making, and the effective unitizing of the talent in the
workforce, which are important indicators of the organizational readiness to absorb a
change. Therefore, we also investigated the mediating role of organizational readiness in
the BDAC and IP link.

Furthermore, digital orientation refers to business strategic orientation concerned
with processes, practices, and activities that stimulate an organization’s innovation-related
decision making [23]. Digital orientation facilitates an organization regarding innovative-
ness, risk taking, and proactiveness for the generation and proper execution of innovative
activities [24]. IP has strategic importance for an organization, which is facilitated by digital
orientation [25,26]. In line with these arguments, the current study also considered the
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moderating effect of digital orientation on the connection between organizational readiness
and IP.

This study considered the direct impact of BDAC on organizational readiness and IP.
Furthermore, the mediation of organizational readiness between BDAC and IP was also
examined. Finally, the moderating effect of digital orientation was tested on the connection
between organizational readiness and IP. The next section highlights the association be-
tween the study constructs. In the third section of the manuscript, we discuss the methods
applied for testing the study hypotheses. The fourth section presents the results based
on various statistical techniques. The last section contains the discussion of the obtained
results and the conclusion.

2. Materials and Methods
2.1. BDAC and IP

BDAC is the capability of an organization to effectively utilize resources to solve prob-
lems of quality, decrease costs, set the most suitable price, identifies and retains customers,
and gain competitive advantages over other firms in big data environments [5]. Big data
offers a great opportunity in statistics that includes media data, real-time evidence, a huge
capacity of data, new knowledge-driven data, and community broadcasting data [27]. IP
is concerned with the extent to which an organization uses creative ideas to change its
procedures, products, and processes that increase the value of products and services [28].
BDA helps business organizations to recognize the potential opportunities for improve-
ment in their business procedures, processes, and products [8]. The big data mechanism
is leading business organizations to focus their attention on the administration of both
external and internal data in order to seize potential opportunities suitable for improving
business performance [29]. Manyika et al. [14] suggested the importance of big data for pro-
ductivity, innovation, and competition. BDAC makes it possible to collect, use, and analyze
quickly generated, large-sized, and diverse data to support business decision making and
develop infrastructures and business practices [2]. Researchers (e.g., [30,31]) have argued
that BDAC has a significant role in an organization aiming to pursue transformational
value creation opportunities and increase IP.

H1. BDAC is positively associated with IP.

2.2. BDAC and Organizational Readiness

Organizational readiness is the capability of a firm to use, implement, and gain
competitive advantages by implementing the latest technology and business processes [32].
The readiness of an organization is the changes in the key driving strength to modify
the old-style processes in the corporate atmosphere [33]. Usually, firms use big data
management and investigation systems, mostly a database management system, to analyze
and store and then design decision making [34]. The organizing of big data is the key
that specifies the organizational readiness; the firm’s properties play a very dynamic role
in using big data analytics and management capabilities to forecast the readiness factor
of the company [35]. The scope, nature, and scale of big data analytics management
capability to manage data flow within an organization as well as outside it is a controlling
factor that indicates the readiness of the firm [36]. Organizations use different tactics to
handle big data analytics informational issues in warehouses and database centers, which
indicate organizational readiness [37,38]. Researchers have found that new technology
heavily depends upon technology compatibility and found advantages in using big data
analytics [39,40]. Organizational leaders need to consider and implement a modern solution
to big data analytics, determine how appropriate the solution is with current systems, and
check the benefits of the change [41].

Therefore, organizations with BDAC are more likely to implement the latest technolo-
gies to collect valuable information [42], analyze, and make decisions using big data. This
ability to draw exclusive and imperative conclusions links big data and organizational
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readiness [43]. The availability of financial, technological, and human resources is a major
factor affecting the readiness of firms assessing big data [44].

H2. BDAC is positively associated with organizational readiness.

2.3. Mediating Role of Organizational Readiness

Organizational readiness is the degree to which firms can manage, support, or react
to changes occurring in the business environment [40]. A sense of readiness to business
changes has a positive effect on innovative activities [45]. Organizational members with
appropriate analytical skills are sufficiently intelligent to manage their tasks at high levels
and can quickly apply their ability to new tasks due to proper training through the firm’s
advance readiness techniques [46].

Consequently, in order to maximize big data analytics, an organization needs to ad-
vance employees’ high-level skills that permit them to use a new group of analytical tools to
analyze and produce valuable insights from big data [21]. According to Manyika et al. [14],
BDAC is considered a critical factor in using big data, managing the organization trusting
in big data environments that boost the skills of workers, and increasing the proficiency of
successfully executing big data analytics. Motwani et al. [47] argued that organizational
readiness to adopt new changes develops organizational skills to share information, learn
new knowledge, and make decisions using BDAC. According to Shahrasbi and Pare [48],
employees of organizations are enthusiastic to use new technology, and management has
confirmed that their workers have a shared commitment and the skill to implement changes
to expand the innovation of the organization.

Organizational readiness plays a mediating role in the BDAC and IP links. Organiza-
tional readiness facilitates the formulation and implementation of innovation strategies [49].
The cause behind this connection is the BDAC of an organization to leverage both internal
and external information to enhance IP thorough organizational readiness [50,51]. Or-
ganizational readiness in response to BDAC positively influences IP [52,53]. Moreover,
organizational readiness is vital for IP, and plays a major role in the BDAC and IP link. The
mediating role of organizational readiness with the aid of BDAC facilitates the organizing
of big data and information, which is the base of IP. This fact shows that BDAC significantly
predicts IP via organizational readiness. IP increases through readiness to changes, and
organizational readiness is derived from BDAC [52]. However, BDAC plays an important
role in the development of organizational readiness which in turn enhances IP.

H3. Organizational readiness is positively associated with IP.

H4. Organizational readiness positively mediates the BDAC and IP link.

2.4. Moderating Role of Digital Orientation

Digital orientation is concerned with the adoption of practices, activities, and pro-
cesses based on the latest technology through which organizations are able to make decision
regarding market entry and innovation. Digital orientation is concerned with the orga-
nization’s responsiveness to the newest ideas or a capacity to accept new ideas through
product development [54]. Organizations with digital orientation contribute significantly
to strategic and innovative business decisions as compared with those that lack digital
orientation [55,56]. A higher strength of digital orientation will result in the innovative
behavior of an organization [57]. Organizations with organizational readiness are more
inclined to search for new ideas and formulate innovation activities which are significant
for the outcomes of IP [58,59]. Therefore, we formulate the following hypothesis:

H5. The connection between organizational readiness and IP is moderated by employee
digital orientation.

62



Systems 2023, 11, 284

The hypothesis synthesis and the research theoretical framework is presented
in Figure 1.

Figure 1. Theoretical framework.

2.5. Methodology

A cross-sectional design was applied in order to execute the research activities. Corre-
lation statistics were used to confirm the association among study constructs. Correlation
analysis highlighted the direction of the relationship among study constructs. For the
purpose of analyzing collected data and testing the study hypotheses, we applied the
Structural Equation Modeling (SEM) approach.

Sample and Procedure

The study population consisted of managers in the manufacturing sector whom we
approached regarding the administration of the manufacturing sector. A list of
2342 frontline managers was received from the officials of the manufacturing sector of
Saudi Arabia. Only 862 line mangers were selected with the help of a systemic sam-
pling technique. With the help of research assistants during the data collection process,
562 responses were received. Finally, 494 responses were considered for the final analyses
and testing of the study’s formulated hypotheses. Table 1 presents the characteristics of
study respondents.

2.6. Study Measurements

BDAC was used as an independent variable and measured with 25 items in the study
survey. This 25-item scale was adapted from the research of Mikalef et al. [56]. The items
for the measurement of BDAC were adapted from the research of Kim et al. [57] and Karimi
et al. [58]. The sample items included “in our firm, business analysts and line people meet
frequently to discuss the issues relating to the business” and “our analytics personnel are
very capable”. Organizational readiness was measured with a six-item scale adapted from
the work of Claiborne et al. [59]. The sample items included “We understand that specific
changes may improve outcomes” and “When changes are necessary, management provides
a clear plan for implementing”. The items used for the measurement of organizational
readiness produced a Cronbach’s α value of 0.79. The responses regarding IP were obtained
with the help of 11 items adapted from the work of Alegre and Chiva [60]. The sample
items included “We introduce new solutions that offer good and cheap products/service”.
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These items generated an alpha value of 0.84. Finally, the moderator construct, i.e., dig-
ital orientation, was measured with the help of a four-item scale formulated by Khin
and Ho [61].

Table 1. Respondents’ characteristics.

N %

Age (in years)

20–25 91 18.42
26–30 129 26.11
31–35 141 28.54
35–40 96 19.43

Above 40 37 7.48

Experience

5–10 97 19.64
11–15 112 22.67
16–20 163 32.99

More than 20 122 24.70

Education

10 years 22 4.53
12 years 67 13.56
14 years 111 22.47
16 years 143 28.95

More than 16 years 151 30.57
Source: Authors’ synthesis.

3. Results

Table 2 contains the outcomes of the correlation. The findings revealed that BDAC
has a significant positive direction towards organizational readiness, digital orientation,
and IP (0.35 **; 0.23 *; and 0.29 **, respectively). Furthermore, organizational readiness
has a positive direction towards digital orientation and IP (0.32 ** and 0.27 *, respectively).
Finally, digital orientation, which moderates the organizational readiness and IP link, is
also positively correlated with IP (0.19 *).

Table 2. Correlation.

Mean SD 1 2 3 4 5 6 7 8

Gender 0.9 0.81 1
Respondent age 34 --- 0.09 1
Work experience 2.7 0.84 0.08 0.03 1
Education level 2.8 0.91 0.06 0.05 0.04 1

Big data analytic
capability 3.8 0.93 0.09 0.12 * 0.08 0.07 1

Organizational
readiness 3.5 0.91 0.05 0.09 0.04 0.05 0.35 ** 1

Digital orientation 3.9 0.95 0.03 0.07 0.06 0.09 0.23 ** 0.32 ** 1
Innovation

performance 3.7 0.90 0.08 0.03 0.04 0.09 0.29 ** 0.27 ** 0.19 ** 1

Note: SD (Standard Deviation); * p < 0.005 and ** p < 0.001. Source: Authors’ computation.

3.1. Constructs’ Reliability and Validity

Table 3 presents the outcomes of reliability and validity. We also analyzed the study’s
variables using a confirmatory factor analysis (CFA). Model fitness was established, and
our proposed model was compared with the best model. In contrast to the other three
models we tried, our four-factor model suited the data well. The overall fitness of the
model was shown by the following fit keys: 2 = 1032.58, df = 465, 2/df = 2.221, CFI = 0.93,
GFI = 0.92, and RMSEA = 0.05.
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Table 3. Reliability and Validity.

Items Alpha FL CR AVE

Big Data Analytic Capability 10 0.81 0.72–0.92 0.83 0.69
Organizational Readiness 07 0.79 0.74–0.89 0.81 0.72
Innovation Performance 04 0.84 0.71–0.91 0.86 0.70

Digital Orientation 06 0.78 0.70–0.94 0.82 0.68
Source: Authors’ computation.

3.2. Hypothesis Testing

Table 4 shows the outcomes for the direct impact of BDAC on IP and organizational
readiness. The findings of the path analysis provide statistical proof of the impact of BDAC
on IP at a significant level (0.26 *). On the basis of these findings, we accepted H1. Table 4
also contains the outcomes of the direct effect of BDAC on organizational readiness. The
findings provide statistical proof of the impact of BDAC on organizational readiness at a
significant level (0.41 *). On the basis of these findings, we accepted H2. Finally, Table 4 also
contains the outcomes of the direct effect of organizational readiness on IP. The findings
provide statistical proof of the impact of organizational readiness on IP at a significant level
(0.33 *). On the basis of these findings, we accepted H3.

Table 4. Results of Path Analysis.

Specification Estimate LL UP

Direct impact
BDAC→ IP 0.26 * 0.13 0.18

BDAC→ Organizational
Readiness 0.41 * 0.22 0.34

Organizational Readiness→ IP 0.33 * 0.25 0.40
Note: * p < 0.005. Source: Authors’ computation.

Table 5 shows the indirect effect of organizational readiness between BDAC and IP.
To run the mediating test, we followed the techniques of Preacher and Hayes (2008) [54].
The mediating effect is valid and with a significant value. The results analytically proved
that organizational readiness acts as a mediator (0.19 *). Thus, H4 was proved, and it was
proved that the BDAC and IP link is mediated through organizational readiness.

Table 5. Results for the indirect effect of organizational readiness.

Specification Estimate LL UP

Standardized direct impact
Big Data Analytic Capability→ IP 0.13 −0.05 0.27

Big Data Analytic Capability→ Organizational Readiness 0.44 * 0.39 0.58
Organizational Readiness→ IP 0.33 * 0.19 0.50

Standardized indirect effects
Big Data Analytic Capability→ Organizational Readiness→ IP 0.19 * 0.07 0.27

Note: * p < 0.005. Source: Authors’ computation.

To analyze the relationship between organizational readiness and IP, we utilized
a hierarchical regression analysis to test the moderating influence of digital orientation.
Table 6 shows the moderating effect of digital orientation on the causal relationship between
organizational readiness and IP. The results show that digital orientation has an important
and beneficial moderating impact on the association between organizational readiness and
IP (0.26 **). This led to the acceptance of H5.
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Table 6. Outcomes of hierarchical regressions.

Step 1 Step 2 Step 3

Moderation of Digital Orientation
Organizational Readiness 0.32 ** 0.36 **

Digital Orientation 0.25 ** 0.29 **
Organizational Readiness × Digital Orientation 0.26 **

R2 0.009 0.191 0.198
Adjusted R2 0.003 0.159 0.175

∆ R2 0.007 0.163 0.028
∆ F 4.172 79.63 17.13

Note: ** p < 0.001. Source: Authors’ computation.

4. Discussion

The current study examines the outcome of BDAC on organizational readiness and IP.
The findings proved the intervening effect of organizational readiness on the connection
of BDAC and IP. The statistics revealed that BDAC positively predicted IP. These findings
confirmed the results of previous researchers who documented the IP of organizations in
the presence of the BDAC of organizations. IP is based on updated information about the
market, product, and customers. Innovation activities in the form of products and processes
require new information about the prevailing situation in the specific industry. BDAC
enables business organizations to effectively utilize the existing resources and provide
media data, real-time evidence, and new knowledge-driven data that are essential for
increasing IP [31]. Shan et al. [29] and Ciampi et al. [2] suggested in their studies that
the BDAC increases IP. Their results proved that BDAC provides innovative ideas for
the organization.

The results of H2 proved that BDAC significantly predicts organizational readiness.
Organizational BDAC is the key that specifies organizational readiness; a firm’s proper-
ties play a very dynamic role in using big data analytics and management capabilities to
forecast the readiness factor of the company. The capability regarding the data flow within
an organization as well as outside it is a controlling factor, which indicates the readiness
of a firm [35,36]. The findings of the current study support the findings documented by
previous researchers who suggested that BDAC enables a business to make use of valu-
able information for the alignment of organizational resources for the betterment of the
organization [42]. Organizations with BDAC are more likely to respond to the required
changes. Goss and Veeramuthu [44] demonstrated that BDAC is an important predictor of
organizational readiness. The findings related to H2 proved that BDAC significantly influ-
ences organizational readiness. The findings suggested that BDAC predicts organizational
readiness; therefore, researchers in relevant fields must consider this relationship.

The results of H3 proved that organizational readiness significantly predicts IP. The
findings of the current study support the findings documented by previous researchers
who suggested that organizational readiness enables a business to make use of valuable
information for the alignment of organizational resources for the betterment of the or-
ganization and IP [49]. The findings related to H3 proved that organizational readiness
significantly influences IP. The findings suggested that organizational readiness predicts
IP. H4 was formulated for testing the intervening role of organizational readiness in the
BDAC and IP link. The statistical outcomes revealed that BDAC had a significant indirect
association with IP. The mediating role of organizational readiness between BDAC and IP
was also confirmed. The findings of the indirect effect of organizational readiness suggested
that BDAC plays a critical role in the development of organizational readiness, which in
turn enhances the level of IP. Finally, H5 proposed that digital orientation plays a role in
enhancing the relationship between organizational readiness and IP. The findings show that
the interaction term, such as organizational readiness× digital orientation, has a significant
effect on the organizational readiness and IP link.
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4.1. Theoretical Implications

The statistical outcomes suggest the contribution of the current study to the existing
body of knowledge. This research adds to the existing literature of innovation management
in significant ways. This research endeavor significantly adds to the existing literature by
formulating a research model that tested the BDAC as a determinant of organizational
readiness and IP. Limited research was found in the literature that considered the techno-
logical factors for boosting the IP of organizations. Moreover, we investigated how BDAC
develops organizational readiness and innovation activities. There is not even a single
study which presents such a relation.

The importance of this survey consists in its review of BDAC in producing organiza-
tional readiness. Organizational readiness for change is critical to enhance the organiza-
tional stance regarding innovative behavior [34,62]. Limited studies highlighted the role of
organizational readiness in the improvement of IP. Therefore, the current study fills this
research gap by focusing on BDAC as a potential determinant of organizational readiness
and IP as an outcome of organizational readiness.

4.2. Practical Implications

The study’s findings have valuable practical and managerial implications. The findings
suggested that the management of the manufacturing sector must concentrate on BDAC
and that management can develop the innovation mechanism with the help of BDAC
and in the presence of organizational readiness. Organizations with a higher level of
organizational readiness are more likely to achieve IP.

The outcomes validated the foundational role of BDAC in organizational readiness
and IP. IP is related to the extent to which an organization is involved in creative and
innovative activities and is satisfying customers’ demands with new products and services.
Hence, IP is achieved with BDAC through which organizations are able to change their
business processes and products and get ready for these changes that occur in the business
environment. Similarly, this study also offers guidance on practical management regarding
the benefits of BDAC for establishing organizational readiness. When organizations exercise
big data management and concentrate on BDAC in response, they are more inclined
towards innovation and more ready for these changes.

5. Conclusions

This study was conducted to examine the relationship between BDAC, organizational
readiness, digital orientation, and IP. We proposed that BDAC develops organizational
readiness which in turn enhances IP. The findings confirmed that BDAC positively de-
termined organizational readiness, and organizational readiness significantly predicted
IP. Moreover, the mediating role of organizational readiness also proved the relationship
between BDAC and IP. Finally, the findings revealed that digital orientation significantly
moderates the organizational readiness and IP link.

The study’s findings have many practical implications, but it is not free from limita-
tions, and these limitations indicate recommendations for future studies. The current study
focuses only on manufacturing concerns despite gathering data from other sectors such as
trading and services. Thus, for generalizing the findings, future studies can enlarge the
scope by involving the trading and services sectors in their research. In this study, only a
cross-sectional data analysis method was used; in order to eliminate this deficiency, many
other statistical methods could be used in future research.

Author Contributions: Conceptualization, R.H.B. and A.G.; methodology, Z.Y. and E.C.; software,
Z.Y.; validation, A.G. and A.A.N.; formal analysis, Z.Y. and E.C.; investigation, R.H.B. and E.C.;
resources, A.A.N.; data curation, R.H.B.; writing—original draft preparation, R.H.B. and A.A.N.;
writing—review and editing, A.G. and Z.Y.; visualization, Z.Y.; supervision, A.G. and R.H.B.; project
administration, A.G.; funding acquisition, A.A.N. All authors have read and agreed to the published
version of the manuscript.

67



Systems 2023, 11, 284

Funding: Researchers Supporting Project number (RSP2023R203), King Saud University, Riyadh,
Saudi Arabia.

Institutional Review Board Statement: The study was conducted following the guidelines of the
Declaration of Helsinki. It was approved by the Ethics Committee of HU. Ref: HUD No. 547-098.

Informed Consent Statement: Informed consent was obtained from participants involved in
this research.

Data Availability Statement: Data will be provided on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Qadri, Y.A.; Nauman, A.; Zikria, Y.B.; Vasilakos, A.V.; Kim, S.W. The future of healthcare internet of things: A survey of emerging

technologies. IEEE Commun. Surv. Tutor. 2020, 22, 1121–1167. [CrossRef]
2. Ciampi, F.; Demi, S.; Magrini, A.; Marzi, G.; Papa, A. Exploring the impact of big data analytics capabilities on business model

innovation: The mediating role of entrepreneurial orientation. J. Bus. Res. 2021, 12, 1–13. [CrossRef]
3. Xing, Y.; Wang, X.; Qiu, C.; Li, Y.; He, W. Research on opinion polarization by big data analytics capabilities in online social

networks. Technol. Soc. 2022, 68, 101902. [CrossRef]
4. Cetindamar, D.; Shdifat, B.; Erfani, E. Understanding big data analytics capability and sustainable supply chains. Inf. Syst. Manag.

2022, 39, 19–33. [CrossRef]
5. Davenport, T.H.; Harris, J.G.; Jones, G.L.; Lemon, K.N.; Norton, D.; McCallister, M.B. The dark side of customer analytics. Harv.

Bus. Rev. 2007, 85, 37.
6. Orlikowski, W.J.; Scott, S.V. 10 sociomateriality: Challenging the separation of technology, work and organization. Acad. Manag.

Ann. 2008, 2, 433–474. [CrossRef]
7. Trabucchi, D.; Buganza, T. Data-driven innovation: Switching the perspective on Big Data. Eur. J. Innov. Manag. 2019, 22, 23–40.

[CrossRef]
8. Barton, D.; Court, D. Making advanced analytics work for you. Harv. Bus. Rev. 2012, 90, 78–83.
9. Wright, L.T.; Robin, R.; Stone, M.; Aravopoulou, D.E. Adoption of big data technology for innovation in B2B marketing. J. Bus.

-Bus. Mark. 2019, 26, 281–293. [CrossRef]
10. McAfee, A.; Brynjolfsson, E.; Davenport, T.H.; Patil, D.J.; Barton, D. Big data: The management revolution. Harv. Bus. Rev. 2012,

90, 60–68. [PubMed]
11. Gobble, M.M. Big data: The next big thing in innovation. Res. -Technol. Manag. 2013, 56, 64–67. [CrossRef]
12. Chan, V.S.; Costley, A.E.; Wan, B.N.; Garofalo, A.M.; Leuer, J.A. Evaluation of CFETR as a fusion nuclear science facility using

multiple system codes. Nucl. Fusion 2015, 55, 023017. [CrossRef]
13. Li, J.; Galley, M.; Brockett, C.; Spithourakis, G.P.; Gao, J.; Dolan, B. A persona-based neural conversation model. arXiv 2016,

arXiv:1603.06155.
14. Kiron, D.; Prentice, P.K.; Ferguson, R.B. The analytics mandate. MIT Sloan Manag. Rev. 2014, 55, 1–11.
15. Manyika, J.; Chui, M.; Brown, B.; Bughin, J.; Dobbs, R.; Roxburgh, C.; Byers, A.H. Big Data: The Next Frontier for Innovation,

Competition and Productivity; Technical report; McKinsey Global Institute: New York, NY, USA, 2011.
16. Baig, M.I.; Shuib, L.; Yadegaridehkordi, E. Big data adoption: State of the art and research challenges. Inf. Process Manag. 2019,

56, 102095. [CrossRef]
17. Dehning, B.; Richardson, V.J. Returns on investments in information technology: A research synthesis. J. Inf. Syst. 2002, 16, 7–30.
18. Melville, N.; Kraemer, K.; Gurbaxani, V. Information technology and organizational performance: An integrative model of IT

business value. MIS Q. 2004, 28, 283–322. [CrossRef]
19. Davenport, T. Big Data at Work: Dispelling the Myths, Uncovering the Opportunities; Harvard Business Review Press: Brighton, MA,

USA, 2014.
20. Wang, Z.; Bapst, V.; Heess, N.; Mnih, V.; Munos, R.; Kavukcuoglu, K.; de Freitas, N. Sample efficient actor-critic with experience

replay. arXiv 2016, arXiv:1611.01224.
21. Wamba, S.F.; Akter, S.; Edwards, A.; Chopin, G.; Gnanzou, D. How ‘big data’can make big impact: Findings from a systematic

review and a longitudinal case study. Int. J. Prod. Econ. 2015, 165, 234–246. [CrossRef]
22. Sigala, M. Social CRM capabilities and readiness: Findings from Greek tourism firms. In Information and Communication Technologies

in Tourism; Springer: Cham, Switzerland, 2016; pp. 309–322.
23. Covin, J.G.; Wales, W.J. The measurement of entrepreneurial orientation. Entrep. Theory Pract. 2012, 36, 677–702. [CrossRef]
24. Covin, J.G.; Lumpkin, G.T. Entrepreneurial orientation theory and research: Reflections on a needed construct. Entrep. Theory

Pract. 2011, 35, 855–872. [CrossRef]
25. Madhoushi, M.; Sadati, A.; Delavari, H.; Mehdivand, M.; Mihandost, R. Entrepreneurial orientation and innovation performance:

The mediating role of knowledge management. Asian J. Bus. Manag. 2011, 3, 310–316.
26. Freixanet, J.; Braojos, J.; Rialp-Criado, A.; Rialp-Criado, J. Does international entrepreneurial orientation foster innovation

performance? The mediating role of social media and open innovation. Int. J. Entrep. Innov. 2021, 22, 33–44. [CrossRef]

68



Systems 2023, 11, 284

27. Schroeck, M.; Shockley, R.; Smart, J.; Romero, D.; Tufano, P. Analytics: El Uso De Big Data En El Mundo Real; IBM Institute for
Business Value: Oxford, UK, 2012.

28. Cordero, R. The measurement of innovation performance in the firm: An overview. Res. Policy 1990, 19, 185–192. [CrossRef]
29. Shan, S.; Luo, Y.; Zhou, Y.; Wei, Y. Big data analysis adaptation and enterprises’ competitive advantages: The perspective of

dynamic capability and resource-based theories. Technol. Anal. Strateg. Manag. 2019, 31, 406–420. [CrossRef]
30. Kiron, D. Organizational alignment is key to big data success. MIT Sloan Manag. Rev. 2013, 54, 1–12.
31. Zhang, H.; Yuan, S. How and When Does Big Data Analytics Capability Boost Innovation Performance? Sustainability 2023,

15, 4036. [CrossRef]
32. Al-Khatib, A.W. Intellectual capital and innovation performance: The moderating role of big data analytics: Evidence from the

banking sector in Jordan. EuroMed J. Bus. 2022, 17, 391–423. [CrossRef]
33. Miake-Lye, I.M.; Delevan, D.M.; Ganz, D.A.; Mittman, B.S.; Finley, E.P. Unpacking organizational readiness for change: An

updated systematic review and content analysis of assessments. BMC Health Serv. Res. 2020, 20, 1–13. [CrossRef] [PubMed]
34. Al-Najran, N.; Dahanayake, A. A requirements specification framework for big data collection and capture. In East European

Conference on Advances in Databases and Information Systems; Springer: Cham, Switzerland, 2015; pp. 12–19.
35. Olszak, C.M.; Mach-Król, M. A conceptual framework for assessing an organization’s readiness to adopt big data. Sustainability

2018, 10, 3734. [CrossRef]
36. Kambatla, K.; Kollias, G.; Kumar, V.; Grama, A. Trends in big data analytics. J. Parallel Distrib. Comput. 2014, 74, 2561–2573.

[CrossRef]
37. Haddad, A.; Ameen, A.A.; Mukred, M. The impact of intention of use on the success of big data adoption via organization

readiness factor. Int. J. Manag. Hum. Sci. (IJMHS) 2018, 2, 43–51.
38. Klievink, B.; Romijn, B.J.; Cunningham, S.; de Bruijn, H. Big data in the public sector: Uncertainties and readiness. Inf. Syst. Front.

2017, 19, 267–283. [CrossRef]
39. Chatzoglou, P.D.; Michailidou, V.N. A survey on the 3D printing technology readiness to use. Int. J. Prod. Res. 2019, 57, 2585–2599.

[CrossRef]
40. Nasrollahi, M.; Ramezani, J. A model to evaluate the organizational readiness for big data adoption. Int. J. Comput. Commun.

Control 2020, 15, 34–47. [CrossRef]
41. Shah, N.; Irani, Z.; Sharif, A.M. Big data in an HR context: Exploring organizational change readiness, employee attitudes and

behaviors. J. Bus. Res. 2017, 70, 366–378. [CrossRef]
42. Khan, A.; Tao, M.; Li, C. Knowledge absorption capacity′s efficacy to enhance innovation performance through big data analytics

and digital platform capability. J. Innov. Knowl. 2022, 7, 100201. [CrossRef]
43. Ur Rehman, M.H.; Chang, V.; Batool, A.; Wah, T.Y. Big data reduction framework for value creation in sustainable enterprises. Int.

J. Inf. Manag. 2016, 36, 917–928. [CrossRef]
44. Goss, R.G.; Veeramuthu, K. Heading towards big data building a better data warehouse for more data, more speed, and more

usersv. In Proceedings of the ASMC 2013 SEMI Advanced Semiconductor Manufacturing Conference, Saratoga Springs, NY,
USA, 14–16 May 2013; IEEE: Piscataway, NJ, USA, 2013; pp. 220–225.

45. Banjongprasert, J. An Assessment of Change-Readiness Capabilities and Service Innovation Readiness and Innovation Perfor-
mance: Empirical Evidence from MICE Venues. Int. J. Econ. Manag. 2017, 11, 45–58.

46. Hussain, M.; Papastathopoulos, A. Organizational readiness for digital financial innovation and financial resilience. Int. J. Prod.
Econ. 2022, 243, 108326. [CrossRef]

47. Motwani, J.; Mirchandani, D.; Madan, M.; Gunasekaran, A. Successful implementation of ERP projects: Evidence from two case
studies. Int. J. Prod. Rconomics 2002, 75, 83–96. [CrossRef]

48. Shahrasbi, N.; Paré, G. Inside the Black Box: Investigating the Link between Organizational Readiness and IT Implementation
Success 2015. Research in Progress, AIS Electronic Library (AISeL), UK. Available online: https://core.ac.uk/download/pdf/30
1367494.pdf (accessed on 1 May 2023).

49. Kasasih, K.; Wibowo, W.; Saparuddin, S. The influence of ambidextrous organization and authentic followership on innovative
performance: The mediating role of change readiness. Manag. Sci. Lett. 2020, 10, 1513–1520. [CrossRef]

50. Ghasemaghaei, M.; Calic, G. Assessing the impact of big data on firm innovation performance: Big data is not always better data.
J. Bus. Res. 2020, 108, 147–162. [CrossRef]

51. Giacumo, L.A.; Villachica, S.W.; Breman, J. Workplace Learning, Big Data, and Organizational Readiness: Where to Start?
In Digital Workplace Learning; Springer: Cham, Switzerland, 2018; pp. 107–127.

52. Zhen, Z.; Yousaf, Z.; Radulescu, M.; Yasir, M. Nexus of digital organizational culture, capabilities, organizational readiness, and
innovation: Investigation of SMEs operating in the digital economy. Sustainability 2021, 13, 720. [CrossRef]

53. Popovič, A.; Hackney, R.; Tassabehji, R.; Castelli, M. The impact of big data analytics on firms’ high value business performance.
Inf. Syst. Front. 2018, 20, 209–222. [CrossRef]

54. Mubarak, M.F.; Petraite, M. Industry 4.0 technologies, digital trust and technological orientation, What matters in open innovation?
Technol. Forecast. Soc. Chang. 2020, 161, 120332. [CrossRef]

55. Yin, D.; Ming, X.; Zhang, X. Sustainable and Smart Product Innovation Ecosystem, An integrative status review and future
perspectives. J. Clean. Prod. 2020, 274, 123005. [CrossRef]

69



Systems 2023, 11, 284

56. Mikalef, P.; Boura, M.; Lekakos, G.; Krogstie, J. Big data analytics capabilities and innovation: The mediating role of dynamic
capabilities and moderating effect of the environment. Br. J. Manag. 2019, 30, 272–298. [CrossRef]

57. Kim, G.; Shin, B.; Kwon, O. Investigating the value of socio materialism in conceptualizing IT capability of a fifirm. J. Manag. Inf.
Syst. 2012, 29, 327–362. [CrossRef]

58. Karimi, J.; Somers, T.M.; Gupta, Y.P. Impact of information technology management practices on customer service. J. Manag. Inf.
Syst. 2001, 17, 125–158. [CrossRef]

59. Claiborne, N.; Auerbach, C.; Lawrence, C.; Schudrich, W.Z. Organizational change: The role of climate and job satisfaction in
child welfare workers′ perception of readiness for change. Child. Youth Serv. Rev. 2013, 35, 56–69. [CrossRef]

60. Alegre, J.; Chiva, R. Assessing the impact of organizational learning capability on product innovation performance: An empirical
test. Technovation 2008, 28, 315–326. [CrossRef]

61. Khin, S.; Ho, T.C. Digital technology, digital capability and organizational performance. Int. J. Innov. Sci. 2019, 11, 177–195.
[CrossRef]

62. Muhammad, A.; Yu, C.K.; Qadir, A.; Ahmed, W.; Yousuf, Z.; Fan, G. Big data analytics capability as a major antecedent of firm
innovation performance. Int. J. Entrep. Innov. 2022, 23, 268–279. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

70



Citation: Fernández-Portillo, A.;

Ramos-Vecino, N.; Calzado-Barbero,

M.; Robina-Ramírez, R. Does

Innovation Create Employment

Indirectly through the Improvement

Generated in the Company’s Economic

and Financial Results? Systems 2023,

11, 381. https://doi.org/10.3390/

systems11080381

Academic Editors: Francisco J.

G. Silva, Luís Pinto Ferreira, José

Carlos Sá and Maria Teresa Pereira

Received: 16 June 2023

Revised: 23 July 2023

Accepted: 24 July 2023

Published: 26 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

systems

Article

Does Innovation Create Employment Indirectly through the
Improvement Generated in the Company’s Economic and
Financial Results?
Antonio Fernández-Portillo 1,* , Nuria Ramos-Vecino 1, María Calzado-Barbero 1 and Rafael Robina-Ramírez 2

1 Department of Financial Economics and Accounting, Faculty of Business, Finance and Tourism,
Universidad de Extremadura, Avd. De la Universidad S/n, 10001 Cáceres, Spain; nuriarv@unex.es (N.R.-V.);
mcalzadob@unex.es (M.C.-B.)

2 Department of Business Management and Sociology, Faculty of Business, Finance and Tourism,
Universidad de Extremadura, Avd. De la Universidad S/n, 10001 Cáceres, Spain; rrobina@unex.es

* Correspondence: antoniofp@unex.es

Abstract: Innovation has traditionally been related to unemployment because people are replaced
by machines. By analyzing the different approaches in the literature, we focused on the relationship
between innovation and employment with the aim of exploring whether the most innovative compa-
nies create more employment, or hope to create it, taking into account the company performance. For
this purpose, we performed multivariate analysis, using the partials least squares (PLS) technique, to
study the direct and indirect relationship between business innovation and employment through the
economic and financial performance of the company, focusing on Spanish companies in the year 2022.
The results obtained show that innovation has a positive effect on employment and on the perfor-
mance of the company, and thus on the creation of employment. In conclusion, the administration
should encourage business innovation to improve employment rates and company performance.

Keywords: innovation; employment; unemployment; business performance; SmartPLS

1. Introduction

Traditionally, innovation has been associated with significant employment shifts [1].
However, this link primarily emerges when innovations pertain to unskilled labor, as
postulated in the literature [2].

Innovation is pivotal for businesses. To ensure their survival, businesses must con-
sistently rejuvenate their practices to keep pace with the market trends and evolving
consumer needs. By doing so, they also contribute to the economic growth, employment,
and development of their respective countries [3,4].

In the current landscape, the [5] Oslo Manual’s perspective (2005) warrants attention.
It stresses the significance of domestic firms collaborating with companies or universities
internationally, leading to the global expansion of markets. A pivotal element of this
collaborative approach is innovation, largely fostered by the Internet’s evolution, which
facilitates efficient global connectivity between buyers and sellers [6].

The competitive scenario presents considerable challenges to small- and medium-
sized enterprises (SMEs) that are pitted against large multinationals. To overcome these
challenges, SMEs must enhance their specialization, efficiency, and innovation capacity [7].
Here, a key competitive advantage can be derived from a well-qualified workforce, enabling
organizations to achieve their objectives more effectively and with less risk.

Innovation induces intriguing changes that warrant exploration. It is progressively
becoming an economic catalyst in today’s globalized world. It provides businesses with
novel opportunities to compete more effectively by reshaping their workforce strategy via
recruiting new talent, retaining existing employees, or redeploying them into new roles, all
without the necessity of eliminating one job to create another [2].
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Several studies have demonstrated that technological innovation offers dual benefits
to a company. First, it enhances their performance, and second, it helps maintain the
novelty of products or services in the market, making them harder to replicate [8,9] Various
researchers have also explored the relationship between innovation and employment,
yielding diverse and often asymmetric outcomes [2,10].

It is generally accepted that job creation in a company hinges on numerous factors,
one of which could be innovation. However, economic theories do not explicitly elucidate
the impact of innovation on employment [6] Nevertheless, several studies have confirmed
that product innovation can bolster employment rates [10–12] as it may boost sales and
market share, thereby fostering both economic growth and an increase in job creation
within companies. However, it is essential to recognize that innovation is not the sole factor
influencing these outcomes.

We identified a gap in the prior research, as it often overlooks company performance,
which is crucial for smooth operations and subsequently impacts employment generation
or destruction. Moreover, it has been established on numerous occasions that innovation
enhances business performance [13,14]. Consequently, it is essential to scrutinize whether
the positive impact on job creation is a direct consequence of a company’s innovation or
perhaps an indirect effect brought about by their improved performance. This latter factor
might be the actual driving force behind job creation, instigated by company growth and
enhanced outcomes.

Consequently, we are prompted to pose the following question, which forms the basis
of our research: Does innovation indirectly stimulate employment through improvements
in a firm’s economic and financial performance?

In response to this question, our study aims to ascertain whether the most innovative
companies indirectly foster job creation via improved business performance.

To fulfil this objective, we plan to execute this study and apply our theoretical model
to Spanish firms. One of the key contributions of our work will be to discern whether
innovation indirectly influences job creation through the enhancement of a firm’s economic
and financial performance. This approach contrasts with previous research that studied
the direct effects of innovation on employment. Thus, our investigation offers a novel
contribution to the literature.

In practical terms, our study’s insights will empower companies with similar char-
acteristics to expand their workforce, fostering job generation in various regions through
innovation and subsequently improving their performance.

Our theoretical model will strive to illustrate whether innovation indirectly contributes
to job creation by enhancing a firm’s economic and financial results, as opposed to the
direct linkage studied in the previous research.

Our findings will offer valuable indications and recommendations for policymak-
ers, society, and researchers, promoting a greater appreciation of the positive impact of
innovation and its consideration in job creation policies.

The structure of our research is designed to meet the proposed objectives and consists
of five parts. First, we will elaborate on the theoretical underpinnings that form the
foundation of our research. Second, empirical analysis will be conducted. Third, we will
present the obtained results. Fourth, we will discuss these results. Finally, we will draw
conclusions, acknowledging the limitations encountered in our study, and propose future
research avenues.

2. Theoretical Framework

Those companies or organizations that have engaged in supporting the introduction
of innovation in some aspect of their activity increase their advantages and opportunities
in the market; thus, the introduction of innovation has become a way to grow in social and
economic terms and to improve the welfare of the society [13,14].

Regarding scientific research, the relationship between innovation and employment is
something that, in economic terms, has been an important line of study for years and has
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garnered different results [13–16]. As early as 1776, Adam Smith claimed that the invention
of specific machinery was a factor that affects the division of labor by providing an increase
in productive capabilities [17].

We can consider that the first definition of the word innovation was given by [18]
Schumpeter (1942), although he did not refer to it as such, but referred, in a general
way, to the change that takes place in the market after introducing a new good, a new
way of marketing a new product, a new market that opens in a specific territory, or new
production methods. However, over the years, the term innovation has been defined by
many other authors.

Ref. [19] Peter Drucker (1985) states in his book Innovation and the Innovative En-
trepreneur that for innovative entrepreneurs, innovation is a specific tool, and that it is
the means by which a change in a business is exploited and turns what is different into
an opportunity.

Ref. [20] Damanpour (1996) focused on a specific part of innovation—that is, on
ideas—proposing that innovation is an adoption of a new idea for the organization that
manages to implement it. This definition may not be accepted by everybody as until new
procedures, products, or services that are based on these ideas are implemented and are
established in the market with a successful application, this cannot be defined as innovation.

But the definitions given by other authors can also be taken as reference, such as [21]
Lumpkin and Dess (1996), who mentioned that innovation reflects the tendency of an
organization to support new, innovative, experienced, and creative ideas that may result in
new products, services, or technological processes.

According to the Ref. [22] Oslo Manual (1997), the definition of innovation is to use the
knowledge available, or to generate it if it is not available, in order to create new products,
services, or processes for the company, or to improve existing ones, that will be successful
in the market. This definition, as we can see, considers that innovation does not necessarily
have to be new for the market, as long as it results in a benefit; if it is not beneficial, it is not
considered an innovation. Subsequently, the Oslo Manual (2005) [5] updates the definition
by including instances when there is a new method of organization for the company or a
new form of external relations.

In general, although the concept in question may seem new, it can be traced back to
the first half of the twentieth century, when it was defined by [18] Schumpeter (1942) as the
productive use of an invention.

Based on the definitions listed above, we consider that innovation is everything that is
novel and perceptible, both for the company or organization that produces it, as well as
for the consumer or the market—either of the product or the service—of the organization
or production process; in short, innovation is any change that is based on knowledge and
that generates value for the company, having successfully entered the market to reduce
competition and gain market shares.

With the last point of our definition, we can see the close relationship between novelty
and the satisfaction of a social need, and also between innovation and competitiveness.

In our case, due to our aim of analyzing the impact on the creation or destruction of
employment by companies, we must bear in mind that innovation plays an increasingly
important role because if competitors innovate and offer the market new products, cus-
tomers will demand these developments, so it is necessary to meet those needs and stay at
the forefront to have economic solvency and, thus, have more capability to establish other
new improvements and obtain the relevant results and benefits [7,10].

In addition, for a company to be innovative, the main innovation capital is the staff
that work in the company, who have to be motivated in order to show their initiative,
their creativity, their skills, and their capabilities. Furthermore, it is essential to train staff
so that they can develop their skills within the company and to focus them towards a
common goal, letting their ideas flow, allowing them to do new things, and in conclusion,
to innovate [10].
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Innovation, Business Performance, and Employment

Views on the relationship between innovation and employment remain highly diverse,
with some asserting that innovation and new technologies often lead to job losses. For
instance, Ref. [23] Frey and Osborne (2017) forecast that 47% of jobs in the United States
(US) could be displaced by machines within the next two decades. However, it is also
important to note that many contemporary roles did not exist two centuries ago.

Ref. [1] highlight the historical shifts in labor: in 1800, approximately 90% of Americans
were employed in agriculture, dropping to 41% in 1900, and further to 2% in 2000. As
workers migrated away from agriculture, new jobs were created in emerging sectors.

It is evident that over time, novel innovations have displaced many jobs, even in fields
traditionally associated with human labor, such as driving. Many manufacturers have now
developed autonomous vehicles [1]. This heralds the onset of a new industrial revolution
that will reshape not only the economic and productive models, but also the nature of
human labor.

At the same time, we must not overlook the job opportunities created by innovation
and technology. For instance, Ref. [24] Aemoglu and Restrepo (2020) concluded from their
study on the impact of industrial robots on US employment that despite long-term concerns,
industrial robots could potentially yield compensatory employment gains in other sectors.
Online platforms like eBay and Amazon have created hundreds of direct and indirect jobs
by connecting sellers and buyers globally. Sites like LinkedIn list jobs such as cloud service
specialists or digital marketing specialists—roles that did not exist a decade ago. Moreover,
the ICT sector continues to generate a substantial number of job opportunities [6].

As we observe the evolution of work, machines are replacing jobs that once required
human labor, but there are also new roles designed for human–machine collaboration.

This dynamic lends credence to another model that investigates the impact of inno-
vation on employment through the lens of two types of innovation: product and process
innovations [6,13,16]. These two types of innovation create a displacement effect on em-
ployment, thus elucidating the “compensation theory” [6,10,13]. In addition, studies like
those conducted by Ref. [25] Cachón, Blanco, Prado, and Del Castillo (2022) have found
that employees’ social capital promotes greater participation in the organization and not
only aids job creation, but also job retention.

Hence, the displacement effect could be offset by the indirect effects of innovation,
such as an increase in income stemming from a rise in demand and prices [6] These effects
lead to an improved economic performance, which in turn facilitates job creation. Also, the
magnitude of employment and sales growth depends on the elasticity of demand triggered
by price changes, while the extent to which productivity gains are reflected in benefits or
wages, as opposed to prices, affects the compensatory effect.

In alignment with our research trajectory, Ref. [10] Baffour et al. (2020) concluded that
changes in job quantity and quality are contingent on the company’s chosen innovation
strategy, and how this strategy and absorptive capacity influence the employment dynamics
is associated with innovation.

Corroborating our thesis, Ref. [16] Harrison et al. (2014) found that while process
innovations may displace employment in the industry, this effect is counterbalanced by the
compensatory impact of product innovations.

Ref. [10] Baffour et al. (2020) also posit a clear positive effect of product innovations on
employment and suggest that firms that innovate in their processes typically transfer their
profits to their prices, thereby offsetting the displacement effect on employment through an
expansionary effect. Consequently, they assert that process innovations do not lead to job
losses, while product innovations drive employment growth due to the increased sales of
new products. This is the hypothesis we aim to investigate.

A study conducted by Ref. [26] Aubert-Tarby et al. (2018) provides valuable insight.
Their research demonstrates how the advent and subsequent evolution of the Internet
led to significant job losses in the 1990s; however, with the digitization of the newspaper
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industry, more jobs were created, albeit with temporary contracts, offering a compelling
example of the compensatory effect.

As authors such as [27] Edquist, Hommen, and McKelvey (2001) said, not all economic
growth has an impact on job creation, nor do all increases in productivity come from job
destruction. From the above, we propose the following hypotheses:

H1. Business innovation has an indirect and positive influence on the employment generated by
the company.

H2. Business innovation has a direct and positive influence on the employment generated by
the company.

After reviewing the literature related to this study and listing those previous theories
or models, we propose a new conceptual model based on this research topic. Next, in
Figure 1, we can see the conceptual model obtained from the theoretical study, where the
variables that compose it will be defined.
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3. Empirical Framework
3.1. Design of the Field Study

To begin with, we must indicate that we have conducted a microeconomic study,
where our unit of study is Spanish companies, which enables us to delimit a homogeneous
space regarding their geographic, cultural, legal, political, and sociological scope, all in
order to reduce the influence of uncontrollable variables [28].

Once the target population was located, we had to find an efficient and viable way
to reach these companies. To do so, taking advantage of the fact that we needed reliable
economic data from the companies, the target population was biased and aimed at com-
mercial companies due to their obligation to present their economic and financial accounts
annually in the mercantile registry. This obligation allowed us to obtain the official (not
estimated) data on the economic and financial performance of the companies included in
the registry. To access these data, we used the SABI database, in which we found the data
of all the commercial companies in Spain. The sample data can be seen in Table 1.

Table 1. Population and sample data.

Active Companies Sample Significance

Sample Population (SABI) Confidence Level Error

120 805,588 95% 8.95
Source: own elaboration.
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The fieldwork we conducted by email and phone took place in December 2022. Once
we input the survey data in Excel, the data were cross-referenced with the SABI data using
the Tax Identification Code, which is a unique code for each company.

In relation to the collected data, we must mention that we prepared a brief question-
naire based on questions used in previous investigations, as seen below.

3.1.1. Number of Workers

To quantify the workforce size, we incorporated the data from the SABI database and
consulted with the business owners to mitigate potential discrepancies. Several studies
have utilized different metrics to measure firm size. Ref. [29] Zhu et al. (2006) and Ref. [30]
Teo (2007), for instance, employed the total number of company employees as an indicator.
In contrast, Ref. [31] Chen et al. (2016) used the natural logarithm of the employee count.

In light of these practices, we adopted three measures to gauge the number of em-
ployees: the count as provided by the business owners, the count as recorded by the SABI,
and the natural logarithm of the employee number as reported by the business. These
measurements were adopted in line with recommendations from the existing literature.

3.1.2. Innovation

Innovation can be measured in different ways, based on three fundamental blocks [9,32,33]:
the level of novelty of the products or services, the competition that the company has in
its target market, and the age of the technology used by the company. In addition to this,
following [29] Zhu et al. (2006) and [34] Vilaseca, Torrent, Meseguer, and Rodríguez (2007),
we analyzed the items (see Table 2).

Table 2. Questions that make up the innovation level of the company.

Survey Question Scale

What is the market share of your company?

1–20%
21–40%
41–60%
61–80%

81–100%

Has your company’s market share increased, decreased, or remained the same
in the last 12 months? 1 to 5-point Likert

How many companies offer the same products or services to their customers?

76–100%
51–75%
26–50%
1–25%

0%

How old is your company’s technology?
over 5 years

between 1 and 5 years
less than a year

Has any new or substantially improved product or service been launched in
your company in the last 12 months? 1 to 5-point Likert

Has your company introduced new internal or significantly improved
processes in the last 12 months—for example, for the production or provision

of goods and services?
1 to 5-point Likert

How many employees are mainly engaged in research and development in
your company?

0%
1–25%
26–50%
51–75%

76–100%

Source: own elaboration based on [6,9,32] (Fernández-Portillo et al., 2015; Fernández-Portillo et al., 2018; Fuentel-
saz and Montero, 2015).

3.1.3. Indicators to Measure the Performance of New Companies

Objective measures for evaluating performance, such as financial and economic indica-
tors including cash flow, profit, and sales revenue, offer a quantitative assessment. Ref. [35]
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Brush and Vanderwerf (1992) identified over 35 distinct objective markers for assessing
business success, with similar indicators being used in studies like that of [36] Barbu and
Militaru (2019).

Ref. [37] Chandler and Jansen (1992) demonstrated that objective measures (e.g.,
growth and turnover) generally provide superior relevance, availability, internal consis-
tency, realism, and validity compared to subjective ones.

However, assessing a company’s performance can be challenging due to its unique
circumstances. Ref. [37] Chandler and Jansen (1992) acknowledged the specific difficulties
in measuring the performance of new companies as they lack historical data and often
experience minimal profits in their initial operational years. Additionally, the accuracy of
the data poses another challenge for researchers [38].

In response to these concerns, our study utilizes the official data submitted to the
state by the participating companies. This method enabled us to access the companies’
reported financial statements, including their operational income, ordinary pre-tax profit,
end-of-year financial results, and equity.

3.2. Multivariate Analysis

To perform this analysis, multivariate analysis based on the variance with the partial
least squares (PLS) technique and on structural equations was developed.

In addition, coinciding with [39] Fernández-Portillo, Almodóvar-González, and Hernández-
Mogollón (2020), we consider that the appropriate statistical technique for the study is
structural modelling, and that it will also be analyzed through an analysis of the minimum
least squares or PLS.

4. Results

Next, we show the results obtained from the analysis of the data used in this investiga-
tion. Table 3 shows the descriptive data of the indicators used in our study.

Table 3. Average rating of the questions that make up the study.

Variable Scale Average

No. employees variation 1–5 3.33

Ln (no. workers) 3.69

Last no. employees 74.09

Market share 1–5 1.63

Market share variation 1–5 3.20

Level of competition 1–5 3.12

Age of technology 1–3 1.69

Product innovation 1–5 3.46

Process innovation 1–5 3.32

Operational income K€ last year 14,599.33 €

Ordinary profit before tax K€ 556.56 €

Results for the financial year K€ 355.20 €

Equity K€ 5636.34 €

4.1. Model Analysis

The PLS technique first requires analyzing the adjustment of the proposed model, then
the measurement instrument, and after that, the proposed structural model, where we will
test the hypotheses. Later, we will study the predictive effect of the proposed model, and
finally, we will perform an analysis of the performance of the different indicators used in
our study.
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4.1.1. Model Adjustment Analysis

First, we will validate the global model through the FIT model and the use of the
indicators proposed by [40] Williams, Vandeberg, and Edwars (2009, p. 585), which requires
the standardized root mean square residual (SRMR) to be lower than 0.08 of the results of
the saturated model; as shown in Table 4, our model fulfils this. In addition, following the
recommendations of [41] Henseler, Hubona, and Ray (2016), the original sample for the
SRMR, d_ULS, and d_G must be lower than the values of 95% or 99%, as in our case, so we
can say that the model is valid (see Table 4).

Table 4. Validation of the global model.

Saturated Model Original Sample 95% 99%

SRMR 0.067 0.085 0.099

d_ULS 0.408 0.663 0.897

d_G 0.267 0.780 1.283

4.1.2. Evaluation of the Measurement Model

Once we have tested the validity of the model in relation to the sample, we proceed to
evaluate the indicators that we use to measure the latent variables, following the limitations
shown in Table 5; in order to do this, we first evaluate the constructs in Mode A, according
to the steps marked by the PLS technique, listed below:

(1) Individual item reliability.
(2) Reliability of the construct of the scale or internal consistency.
(3) Convergent validity.
(4) Discriminant validity.

Table 5. Justification of parametric values.

Analysis Parameter Values Higher Than Justification

Individual reliability Loadings 0.4 Hair et al. (2014) [42]

Construct reliability

Cronbach’s Alpha 0.7 Nunnally and Bernstein (1994) [43]

rho_A 0.7 Dijkstra and Henseler (2015) [44]

Composite Reliability 0.7 Nunnally and Bernstein
(1994) [43]

Convergent validity Average variance extracted 0.5 Fornell and Larcker
(1981) [45]

Discriminant validity

Compares the average variance
extracted with the correlations

between constructs

Average variance
extracted > Correlations

Barclay et al. (1995);
Henseler et al. (2009);

Hair et al. (2011) [46–48]

Heterotrait-monotrait (HTMT)
Ratio <0.85 Henseler et al. (2015; 2016) [41,49]

The following results are highlighted from the previous ones in Tables 6 and 7 to
validate the constructs in Mode A.

Table 6. Construct reliability and validity.

Cronbach’s
Alpha rho_A Composite

Reliability

Average
Variance
Extracted

Econ. and Fin. Perf. 0.810 0.812 0.874 0.635

Employment 0.831 0.900 0.894 0.739

Innovation 0.720 0.878 0.821 0.607
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Table 7. HTMT.

Econ. and Fin. Perf. Employment

Econ. and Fin. Perf.

Employment 0.724

Innovation 0.324 0.469

To finish the analysis, we can see the refined model remains, as shown in Figure 2.
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Next, we perform the analysis of the structural model in order to perform the hypoth-
esis contrast of our theoretical model.

4.2. Analysis of the Structural Model

In the first step, we must evaluate the “path coefficient” of the relationships; for them
to be accepted, if they are positively proposed, the value of the path must have the same
sign, the confidence interval cannot contain the value zero, and the T-Student statistic must
be significant for the one-tailed test. In the event that one of these conditions is not fulfilled,
the hypothesis will be invalidated.

Once the hypotheses are tested (see Table 8), we must emphasize that all the hypotheses
proposed are accepted with the highest level of significance, and also Hypothesis 1, which
refers to the indirect effect of Innovation on Employment through Economic and Financial
Performance, obtains the greatest value for the t statistic.

Table 8. Hypothesis testing.

Original Sample T Statistics P Values 5.0% 95.0%

Innov → Econ. and Fin. Perf. 0.290 3.449 0.001 0.034 0.413

Econ. and Fin. Perf. → Employment 0.590 4.866 0.000 0.280 0.758

H1 Indirect Effect Innov→ Employment 0.171 133.242 0.000 0.055 0.298

H2 Direct Effect Innov→ Employment 0.248 3.449 0.008 0.069 0.421

Next, we analyze the explained variance of the latent dependent variables (R2), here
following [50] Falk and Miller (1992); the minimum value required is 0.1, and as we can see
in Table 9, this requirement is fulfilled. Regarding the predictive relevance of the model,
following [42] Hair et al. (2014), we require values greater than 0 of Q2, and for this, we
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apply the “blindfolding” algorithm. In this case, we can see that the two endogenous
constructs obtain a positive value; therefore, the model has a predictive nature. Despite the
performance yielding an R-squared value of less than 0.1, this is understandable, given that
business performance is influenced by numerous variables not included in our model. The
omission is intentional, as these additional variables do not align with the objectives of our
study. In addition, as shown in our study, the construct with the greatest explained variance
is the Employment construct, with 49.4% coming mostly from Innovation. In fact, it directly
provides 10.39% of the explained variance, and indirectly through the improvement that
Innovation contributes to Performance, and this in turn to Employment; the explained variance
amounts to 40.8%.

Table 9. Evaluation of the level of R2, Q2, explained variance in the model.

Relationship R2 Q2 Path Correlation Explained Variance

Innovation → Performance 0.290 0.290 8.41%

Performance 0.084 0.026

Performance → Employment 0.590 0.662 39.06%

H2. Direct Effect Innovation→ Employment 0.248 0.419 10.39%

Employment 0.494 0.272

H1. Indirect Effect Innov→ Employment 0.171 40.80%

In addition, at this point, according to [42] Hair et al. (2014, p. 225), we must mention
that there is a complementary partial mediation because all the relationships involved are
significant and also positive.

Finally, we conducted an Importance-Performance Matrix Analysis (IPMA) in order
to measure the performance of each of the indicators used in relation to the Employment
construct (see Table 10).

Table 10. Performance of employment indicators.

Indicator Employment Performance

Innovation—New Products or services last year 61.458

Innovation—New Processes in the last year 57.990

Innovation—Market share variation in the last year 54.897

Performance—Result of the last financial year in billion EUR 57.954

Performance—Ordinary result before Tax last year thousand EUR 50.070

Performance—Equity in thousands EUR in the last year 8.104

Performance—Operating income in thousands EUR in the last year 7.153

The obtained results are discussed below.

5. Discussion of Results

First, we will comment on the obtained results. Hypotheses 1 and 2 are accepted with
the highest level of significance, in line with what is stated by [10] (Baffour, 2020), and
Hypothesis 1 obtains the highest t statistic value.

Thus, we must highlight the strong role of reduced competition, the creation of new
processes, the results of the last financial year, and the increase in market share in the effect
on job creation. Therefore, coinciding with previous studies [6] an increase in the income
generated by sales leads to a better economic performance of the company, and this enables
the creation of employment.

As mentioned at the beginning of the investigation, we have detected that previ-
ous investigations do not take into account the performance of the company in terms
of innovation, when performance is essential for the company to function correctly and,
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therefore, can create or destroy employment [13,14] (Our results are contrary to these as we
have shown that an increase in the income generated by sales leads to a better economic
performance of the company, and this makes job creation possible.

In the case of process innovations, this is one of the indicators with the highest
performance, to vary Employment, which is contrary to what was announced by [16] who
indicates that process innovations have less influence on job creation. Perhaps the results
may come from the improvement of the processes, which improves the efficiency of the
company, and this serves to achieve better positioning in the market, and this can help
improve the company’s results and in turn increase the number of recruitments. This is a
point that would require further study in future research.

On the other hand, it should be noted that the variance explained by the model is
moderate, as it reaches 49.4% [51]. This indicates that one part of the generated employment
depends on the performance of the company as the company’s performance represents
39.6% of the explained variance of employment. However, in this regard, we must highlight
that 40.8% of the employment variance comes from the indirect effect of innovation through
the performance of the company. This result is very important as, to a great extent, it allows
us to respond to and justify the study as it coincides with the initial postulation that there
is a mediating and positive effect on employment.

These results encourage the continuing support for an economy based on innovation,
not only to improve its competitiveness, but also to improve job creation. In this vein, we
must take into account that economies based on innovation are also economies that have
lower unemployment rates, according to the World Bank data.

6. Conclusions

In considering the relationship between innovation and employment, some scholars
argue that innovation could positively influence job creation, although this would be
contingent on a range of factors [52]. Meanwhile, other authors, such as [53] Bessen
(2019), suggest that technological innovation can facilitate the creation of new jobs. Despite
differing perspectives, the evidence indicates that innovation significantly influences job
creation and plays a critical role in enhancing a company’s performance. Consequently, we
posit that innovation not only contributes to a potential “compensation effect”, but also
creates more jobs than it eliminates.

Addressing the competitive challenges that small- and medium-sized enterprises
(SMEs) face when competing with multinational corporations, the literature suggests that
they can enhance their competitive position by increasing their specialization, efficiency,
level of innovation, and highly-skilled human capital.

The findings of this study carry significant implications for organizational managers,
as they illustrate how the relationships between model variables exert different impacts.
Consequently, managers should devise strategies to foster innovation across their business
ecosystems. Promoting innovation is essential not only because it contributes to job creation,
but also because it enables companies to remain viable in a fiercely competitive, globalized
economy. Furthermore, innovation can help to improve business outcomes and enhance
the welfare state.

As for the limitations found, it is possible that we have not taken into account all of the
publications related to the research topic. However, the collected studies clearly address
the situation of innovation and employment variables.

Nevertheless, as a major future line of research, we consider it necessary to investigate
the proposed indicators and to be able to test and verify whether the aforementioned effect
occurs in all cases in order to confirm the main causes affecting employment and business
innovation, as this is a subject of great social concern. Therefore, the aim of the future
research is to expand the sample in order to explain in detail the behavior of each indicator
in the results.
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Abstract: Digital transformation (DT) has become the new normal. Research has focused on the effect
of the overall level of DT in enterprises. However, the effects of DT across different dimensions remain
unclear. This study divided DT into technology- (TDT) and market-based digital transformation
(MDT). It examined the effects on corporate sustainability and how ambidextrous innovation affects
the relationship between both types and corporate sustainability. This study used the two-way fixed-
effects model and the two-stage least squares method to study A-share listed companies in China
from 2013 to 2021. The results showed that both TDT and MDT had positive effects on corporate
sustainability. The higher the levels of exploratory and exploitative innovation in enterprises, the
stronger the contribution of both types of DT to corporate sustainability. The findings validate the
research on DT in line with the resource-based view, enrich the literature on and expand the boundary
conditions of DT applications across various dimensions, and offer useful insights for practitioners.

Keywords: digital transformation; corporate sustainability; technology-based; market-based; am-
bidextrous innovation

1. Introduction

With the development of the new economy, digitalization has become an essential
trend [1]. Digital transformation (DT) has been used as a tool for countries and industries
to obtain competitive advantages [2,3]. DT is a fundamental change into a completely new
form, function, or structure through the adoption of digital technologies that create new
value [4]. It has been key for companies to remain competitive [5]. The DT of an enterprise
implies changing the way that digital technologies are used to develop new digital business
models that contribute toward creating and distributing greater value to the company [6].

The existing literature has explored the effects of the overall level of DT in firms. The
impacts of DT on the financial performance of firms [7–9], environmental performance
of companies [10,11], carbon performance of enterprises [12], operational efficiency of
firms [13], relationship with innovation in firms [14,15], and so on have been examined.
Very few scholars have focused on the impacts and mechanisms of DT regarding corporate
sustainability [16]. There are limitations to studying the outcomes of DT in enterprises
from a holistic perspective alone [17]. Therefore, it is particularly critical to focus on the
impact of DT in different dimensions on corporate sustainability.

DT includes the optimization and enhancement of existing business operations and
internal processes and the innovation of business models to create new business opportuni-
ties [18,19]. A review of the existing literature reveals that digital transformation is carried
out from two main perspectives [17,20]. From the perspective of internal activities, digital
transformation can facilitate the deep integration of traditional production factors with
digital technologies, helping enterprises to optimize existing business processes, reduce
costs, and increase productivity. From the perspective of the external environment of enter-
prises, digital transformation can change their own business models and reshape the ways
in which they compete and cooperate with each other [21]. It is easy to see that the first
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perspective of digital transformation is more inclined to rely on digital technology to make
improvements within the enterprise, and the second perspective of digital transformation
is more inclined to make changes to the external market of the enterprise. In this context,
this study divides DT into technology- (TDT) and market-based digital transformation
(MDT), in order to examine the impact of both dimensions on corporate sustainability.

DT has changed the way in which companies do business [22,23], as it requires them
to reposition their innovation to address the opportunities and challenges that it brings
about [24]. Therefore, it is crucial to explore how to accelerate the adoption of digital
technologies from an innovation perspective [25]. In recent years, ambidextrous innovation
has become an important topic in the field of innovation [26]. It comprises exploratory
innovation, a process in which firms pursue new knowledge and domains to meet the
changing needs of the market, and developmental innovation, which builds on existing
knowledge and helps to improve the effectiveness of the methods and technologies owned
by firms as a means to increase competitiveness [27,28]. In this study, the ambidextrous
innovation capabilities of firms are used as boundary conditions to explore how they affect
the relationship between DT and firm sustainability.

Taking enterprises in the Chinese context as the entry point, this study selects A-share
listed companies in China from 2013 to 2021 to explore the impact of different dimensions of
DT—that is, TDT and MDT—on enterprise sustainability. From the perspective of corporate
innovation, we explore how the level of corporate ambidextrous innovation affects the
relationship between different types of DT and corporate sustainable development.

The contributions of this study are as follows. First, it divides DT into TDT and MDT
and examines the impact of both on corporate sustainability. The findings validate the
research on digital transformation based on resource-based theory and complement the
multidimensional research on digital transformation. Second, it uses ambidextrous inno-
vation as a moderating variable to discuss how it affects the relationship among different
dimensions of DT and corporate sustainability. The study finds that high levels of both cor-
porate exploratory and exploitative innovation significantly promote the positive influence
of different dimensions of DT on corporate sustainability, which supports corporate inno-
vation theory. Finally, the conclusions provide empirical support for business practitioners
to develop different types of DT strategies and theoretical references for policymakers to
draw a blueprint for the development of DT.

2. Theoretical Background and Hypotheses

In recent times, there has been a great deal of attention paid to how DT contributes to
the sustainability of enterprises [29,30]. DT uses advanced digital technologies to optimize
business and provide internalized growth opportunities, and it enables business transfor-
mation to enhance the company’s performance [31]. Advanced digital technologies are a
key element in DT, and digital technologies drive the optimization of internal processes,
products, and services and the improvement of business models [32,33]. DT stimulates
firms to develop new business models and value creation paths that result in major changes
in their core processes, services, and products, which can either be endogenous, stemming
from the purposeful implementation of strategic initiatives to exploit the opportunities
offered by digital technologies, or exogenous, arising from competitive threats from within
and outside the industry [34]. Whether endogenous or exogenous, DT is capable of chang-
ing a firm’s value proposition by refining its business model and market changes, leading
to innovation in products or services and ultimately improved firm performance [35].

To summarize, digital transformation is indeed beneficial to the operation and de-
velopment of enterprises. However, the existing research only explores the impact of the
overall digital transformation level of enterprises and does not pay attention to the impact
of digital transformation in different dimensions, resulting in research gaps. According to
the characteristics of digital transformation and drawing on existing research [17], DT is
conceptualized in this context as two types: TDT and MDT. The former refers to the use
of new digital technologies such as artificial intelligence (AI) and blockchain to achieve
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significant improvements in business, enhance the customer experience, and streamline
operational processes [36], and focuses on the application of digital technologies in their
own business processes. The latter refers to the innovation of business models to match
the pace of digital technology development [37] and focuses on the practical application of
digital technology in external scenarios of the enterprise.

2.1. TDT and Corporate Sustainability

According to resource-based theory, the resources and capabilities of an enterprise
are essential in attaining a competitive advantage and sustainable development [38]. TDT
enables the application of digital technologies, such as AI, cloud computing, big data,
and blockchain technology, in an enterprise’s business processes [39], which helps it to
obtain rich and valuable information resources, improve its ability to acquire and transfer
knowledge, optimize the efficiency of its resource allocation, and promote the matching
and utilization of its own resources [40]. This ability to acquire information and integrate
resources is in line with the rare resources and capabilities advocated by resource-based
theory, and, with the help of this ability, enterprises can achieve their own sustainable
development to a certain extent [41]. Meanwhile, the application of digital technologies in
DT leads to improvements in business economic activities and reductions in business costs,
such as replication and transportation costs, in order to improve business productivity [42].
This can help enterprises to increase their operating income, reduce costs and expenses, and
promote the sustainable development of their financial operations. TDT promotes product
and service flexibility by facilitating the continuous evolution of the range, functionality,
and value of products and services, which contributes remarkably to corporate competi-
tiveness [43,44]. This can help enterprises to quickly update their products and services so
that they can maintain stable competitiveness, become market leaders [45], and promote
enterprises to establish a competitive advantage and achieve sustainable development.
Thus, the following hypothesis is proposed:

Hypothesis 1 (H1). TDT has a positive impact on corporate sustainability.

2.2. MDT and Corporate Sustainability

Resource-based theory believes that enterprises can obtain a competitive advantage
and excellent performance by acquiring valuable and unique resources and capabilities and
promoting their sustainable development [38]. MDT focuses on the practical application
of digital technologies in external scenarios of the enterprise, such as Internet technology
applications, fintech, and intelligent applications [17]. This enables enterprises to use
innovation and advanced digital technologies to enhance and optimize external service
processes, and it helps enterprises and customers to use more advanced applications and
software to carry out and update their business, thus enhancing customer service and
improving their competitive advantage [46]. This valuable capability can enable enterprises
to obtain continuous advantages and thus promote sustainable development, which is also
consistent with the view of resource-based theory. In line with the dynamic capabilities
framework, the ability to identify opportunities and integrate the use of resources can
provide support for firms to successfully innovate and capture sufficient value to attain
long-term superiority. MDT can improve this ability. For example, the application of
Internet technology promotes the sharing of innovative knowledge among industries and
strengthens the integration of information and resources within enterprises [47]. In line
with information asymmetry theory, information asymmetry is a vital issue in business
decision making. MDT can mitigate this problem. For example, fintech mitigates corporate
information asymmetry by increasing the number of information channels and sources and
improving the availability and accuracy of their information to facilitate more informed
decision making and improve the investment efficiency for sustainable business growth [48].
More importantly, in the era of digital transformation, the means of interacting with
customers has changed greatly, and the business model and market competition mode in
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the market are also gradually changing, which poses challenges to enterprises in ensuring
or enhancing their competitive strength [49]. According to the resource-based view, if
enterprises wish to achieve sustainable development in this context, they must ensure that
they have valuable resources or capabilities [38]. MDT can enable enterprises to obtain
greater market expansion and faster strategic activities to adapt to the digital era [50].
This optimizes business models for firms and identifies market opportunities to better
reconfigure organizations with new value propositions to increase the market shares and
competitive advantage for firms [51]. This is consistent with what the resource-based view
asserts. Thus, the following hypothesis is proposed:

Hypothesis 2 (H2). MDT has a positive impact on corporate sustainability.

2.3. The Moderating Role of Exploratory Innovation

Innovation is essential for firms to maintain a competitive advantage and obtain
superior performance [52]. Exploratory innovation is the dynamic ability of a firm to
explore new possibilities for the production of new products or services and enables the
improvement of existing products and services [53]. It manifests in the search for new areas
of opportunity to facilitate the cross-fertilization and generation of new knowledge [54].
A high level of exploratory innovation illustrates the expansion of a firm’s knowledge
base, which means that firms have sufficient potential to apply new technologies and
develop new routes, have greater opportunities to enter emerging markets, and seize
new opportunities [55], while offering great possibilities for the application of digital
technologies in firms. Developing new markets, products, and services through exploratory
innovation has been a major step for enterprises to break out of the existing technological
orbit and gain a competitive advantage and sustainability [56], which serves to provide a
strong guarantee for successful and effective DT by applying new digital technologies. A
higher level of exploratory innovation indicates that enterprises have the ability to learn and
integrate information to enter a new field [57], which can improve the ability of enterprises
to learn and apply new digital technologies to accomplish TDT and enhance the ability of
enterprises to adjust in order to refine their business models in response to market changes,
promote MDT, and ultimately achieve enterprise development goals. Thus, the following
hypotheses are proposed:

Hypothesis 3a (H3a). Exploratory innovation positively moderates the impact of TDT on
corporate sustainability.

Hypothesis 3b (H3b). Exploratory innovation positively moderates the impact of MDT on
corporate sustainability.

2.4. The Moderating Effect of Exploitative Innovation

Exploitative innovation is the dynamic innovation capability of a firm to modify a
product or service using identified production increments. Its essence is the search for
incremental and continuous change [53]. It enables enterprises to promote the efficiency of
using their existing knowledge and technology, enhance their ability to apply innovation,
reduce their costs, and improve the efficiency of using and transforming their resources [58],
which can, to some extent, reduce the risks associated with the digital paradox [59] and
achieve cost reductions and efficiency in the process of DT. Unlike exploratory innovation,
which expands the existing knowledge base, exploitative innovation significantly increases
the depth of an organization’s core knowledge base and enhances its ability to use existing
knowledge and integrate resources [60], which provides a strong guarantee for TDT to
optimize its own processes through the use of new digital technologies. When companies
undergo MDT, they need to innovate their business models in response to market changes
and customer needs. This process can be disruptive and carries a particular risk of uncer-
tainty [61], which can be precisely compensated for by the firm’s exploitative innovation.
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Higher levels of exploitative innovation can reduce the uncertainty of existing business
strategies and technology applications [62] and enhance the stability of the firm in order to
improve its performance [63]. Thus, the following hypotheses are proposed:

Hypothesis 4a (H4a). Exploitative innovation has a positive impact on the relationship between
TDT and corporate sustainability.

Hypothesis 4b (H4b). Exploitative innovation has a positive impact on the relationship between
MDT and corporate sustainability.

The research framework is shown in Figure 1.
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3. Methods
3.1. Data and Sample

Since 2013, emerging digital technologies such as the Internet, big data, and AI have
been widely developed and advanced in China, and a wave of corporate DT has fol-
lowed [64]. This study selected A-share listed companies in China from 2013 to 2021 as the
research sample to explore the impact of DT on corporate sustainability. To ensure the accu-
racy of the study, data were selected and processed according to the following standards:
(1) data of companies in the financial sector were excluded; (2) data of companies classified
as ST, ST*, or PT were excluded owing to their abnormal financial status; and (3) data
of companies with serious abnormal observations were excluded. Finally, 20,419 sample
observations were obtained. To avoid the effect of extreme values, all continuous-type
variables (except for the date) were shrunk at the 1% level in this study. The data were
obtained from the Wind Database, China Stock Market & Accounting Research Database,
and Chinese Research Data Services. They were processed using Stata 17.0 and Python 3.8.

3.2. Definition and Measurement of Variables
3.2.1. Explained Variable

Corporate sustainability is the ability of a corporation to attain sustainable operations,
maintain a competitive advantage, and grow steadily. Most studies have used the models
proposed by Higgins [65] or James C. Van Horne (1988) for the measurement of corporate
sustainability. Although the sustainable growth model proposed by Higgins is more
convenient and simple to calculate, it does not consider dynamic growth [66]. Therefore,
this study used the sustainable growth model proposed by James C. Van Horne (1988)
to measure corporate sustainability in terms of profitability and competitive advantage,
which is calculated as follows:

SGR =
net pro f it margin ∗ retention ratio ∗ (1 + equity ratio)

(1/total assets turnover − net pro f it margin ∗ retention ratio ∗ (1 + equity ratio))
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3.2.2. Explanatory Variables

Studies on the measurement of DT have included textual analysis [67] and question-
naires [9,68]. However, questionnaire surveys may suffer from methodological or subjective
bias, which is highly likely to lead to inaccurate conclusions. On the one hand, the source
of sample data used in the questionnaire survey is too singular [69]. On the other hand, the
sample results are highly susceptible to the subjective judgment of the respondents [70]. At
the same time, the annual reports of listed companies can effectively and accurately reflect
the strategic positioning of enterprises, and the terms related to digital transformation will
also be reflected in the annual reports of enterprises [71]. Therefore, this study used textual
analysis to quantitatively measure the DT of enterprises based on annual report data. The
methodological steps were as follows:

(1) To construct a proper keyword lexicon for digital transformation, this study combed
through the literature of existing studies that used content analysis to measure digital
transformation [5,17,67,72]. The results showed that there were two main keywords
related to DT: basic digital technology and digital technology application scenar-
ios [73]. Meanwhile, this study compared and screened the digital transformation
keywords used in the literature with those published in the China Stock Market
and Accounting Research Database. Finally, 76 digital transformation keywords,
such as artificial intelligence, blockchain, and cloud computing were compiled. In
developing the classification criteria of digital keywords, this study both screened
the classification keywords one by one according to the characteristics of the two
types of digital transformation and referred to the classification criteria of previous
studies to improve the classification criteria of this study. This study used 42 digital
technology keywords, such as AI, blockchain, and cloud computing, to measure TDT.
Most of these keywords were basic digital technologies, and their frequency reflected,
to some extent, the efforts made by companies to optimize their processes in terms
of basic DT. Further, 34 digital technology keywords, such as mobile Internet and
payment and fintech, were used to measure MDT. Most of these keywords were
practical applications of the digital foundation—that is, they were mainly applied to
the external scenarios and operation models of enterprises. Tables 1 and 2 show the
keywords for TDT and MDT, respectively.

(2) The corporate annual reports of Chinese A-share listed companies from 2013 to 2021
were assembled through the Python software, and the text content of all corporate
annual reports was extracted through Java PDFbox. MD&A is considered one of the
most useful disclosures in financial reports [74], and it contains more accurate and
forward-looking corporate information [75]. In light of existing studies [17], this study
concentrated the text analysis on the MD&A sections of the annual reports to form a
text master that could be searched using the DT keywords. To ensure accuracy, this
study used annual reports as the text master in the robustness testing section to test
the reliability of the findings.

(3) The keywords for the two forms of DT were searched, matched, counted, and summed
in the MD&A text database to form the total word frequencies for each type of DT. As
the length of the MD&A text in different companies’ annual reports varied greatly,
the sum of the two DT word frequencies was divided by the length of the MD&A text
to obtain TDT and MDT, respectively.

Table 1. Keywords for TDT.

Artificial intelligence Business intelligence Business intelligence Investment decision
support system

Intelligent data analysis Intelligent robot Machine learning Deep learning

Semantic search Biometric identification
technology Face recognition Speech recognition

Authentication of identity Autonomous driving Natural language processing Blockchain

89



Systems 2023, 11, 344

Table 1. Cont.

Digital currency Distributed computing Differential privacy
technology Smart financial contract

Cloud computing Computation of flow Graph calculation Memory computing
Multi-party secure computing Brain like computation Green computing Cognitive computing

Converged architecture Hundred million
levels of concurrency EB level storage Internet of Things

Information physical system Big data Data mining Text mining
Visualization of data Heterogeneous data Investigation of credit Augmented reality
Mixed reality Virtual reality

Table 2. Keywords for MDT.

Mobile Internet Industrial Internet Mobile Internet Internet healthcare
Electronic commerce Mobile payment Third-party payment NFC payment
Smart energy B2B B2C C2B
C2C O2O Network connection Smart wear
Smart agriculture Intelligent transportation Smart medical care Intelligent customer service
Smart home Intelligent investment advisory Intelligent cultural tourism Intelligent environmental protection
Smart grid Smart marketing Digital marketing Unmanned retail
Online finance Digital finance Financial technology Fintech
Quantitative finance Open banking

3.2.3. Moderating Variables

The number of patents is an essential parameter used to measure the level of in-
novation at a firm [76]. Invention patents represent the development of products and
realization of technological breakthroughs in new markets and can be used to reflect the
level of exploratory innovation in a company. Utility models and design patents focus on
the improvement of the original technology and are extensions of existing products and
technologies, which can reflect the level of exploitative innovation in the enterprise. By
referring to the literature [77], this study measured exploratory innovation (Explor) by
adding one to the number of invention patent applications of the firm and taking the natural
logarithm. It measured exploitative innovation (Exploi) by adding one to the number of
corporate design and utility model patent applications and taking the natural logarithm.

3.2.4. Control Variables

This study controlled for variables that may affect corporate sustainability. Based
on recent research [78–81], the following variables were controlled for: firm size (Size),
asset–liability ratio (Lev), fixed asset ratio (FIXED), TobinQ, firm age (FirmAge), and nature
of firm ownership (SOE). The industry (INDUSTRY) and the year (YEAR) dummy variables
were set separately in this study. Both took a value of 1 if the firm belonged to the industry
and 0 if it did not. Table 3 presents the definition and measurement of the variables.

3.3. Models

To test the hypotheses, models (1) to (6) were set up. SGRi,t was the explanatory vari-
able, which represented the level of corporate sustainability of firm i in year t. TDTi,t and
MDTi,t were explanatory variables, representing the levels of TDT and MDT of enterprise
i in year t, respectively. Explori,t and Exploii,t represented the exploratory and exploitative
innovation levels of enterprise i in year t, respectively. ϕY and γI represented the year and
industry dummy variables, respectively, indicating that the research model controlled for
industry and year. εi,t represented the residual term.

As shown in models (1) and (2), the impacts of TDT and MDT on corporate sustainabil-
ity (SGR) were examined. If β1 was positive and passed the significance test, it meant that
DT had a positive impact on the sustainable development of enterprises and that research
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hypothesis 1 was valid. If β1 did not pass the significance test or β1 was negative and
passed the significance test, research hypothesis 1 was not valid.

Table 3. Definition and measurement of the variables.

Variable Abbreviation Definition

Sustainable development of enterprise SGR James C. Van Horne’s SGR model
Technology-based digital transformation TDT Frequency of TDT/total number of words of MD&A
Market-based digital transformation MDT Frequency of MDT/total number of words of MD&A
Exploratory innovation Explor Logarithm of invention patent plus 1
Exploitative innovation Exploi Logarithm of appearance and utility patents plus 1
Size of enterprise Size Logarithm of total assets
Asset–liability ratio Lev Total liabilities/total assets
Tobin’s Q value TobinQ Tobin’s Q values in the CSMAR data
Proportion of fixed assets FIXED Ratio of net fixed assets/total assets
Whether state-owned enterprise SOE It is 1 for state-owned enterprises and 0 otherwise
Age of enterprise FirmAge Logarithm of firm age
Dummy variable of industry Industry Belonging to the industry is 1 and 0 otherwise
Dummy variable of year Year Belonging to the year is 1 and 0 otherwise

SGRi,t = β0 + β1TDTi,t + ΣControli,t + ϕY + γI + εi,t (1)

SGRi,t = β0 + β1MDTi,t + ΣControli,t + ϕY + γI + εi,t (2)

As shown in models (3) to (6), the moderating effects of exploratory (Explor) and
exploitative innovation (Exploi) on the relationship between TDT and MDT and corporate
sustainability were examined separately. In models (3) to (6), the interaction terms of
the two types of DT and ambidextrous innovation were added to test the moderating
effect. Taking model (3) as an example, β2 represents the moderating effect of corporate
exploratory innovation (Explor) on TDT and corporate sustainability. If β2 is positive and
passes the significance test, while β1 is also positive and passes the significance test, the
exploratory innovation of enterprises positively moderates the positive effect of TDT on
corporate sustainability, at which point H3a holds. The coefficients of models (4) to (6) were
the same as those of model (3) and will not be repeated.

SGRi,t = β0 + β1TDTi,t + β2TDTi,t × Explori,t + β3Explori,t + ΣControli,t + ϕY + γI + εi,t (3)

SGRi,t = β0 + β1MDTi,t + β2MDTi,t × Explori,t + β3Explori,t + ΣControli,t + ϕY + γI + εi,t (4)

SGRi,t = β0 + β1TDTi,t + β2TDTi,t × Exploii,t + β3Exploii,t + ΣControli,t + ϕY + γI + εi,t (5)

SGRi,t = β0 + β1MDTi,t + β2MDTi,t × Exploii,t + β3Exploii,t + ΣControli,t + ϕY + γI + εi,t (6)

3.4. Statistical Methods

The statistical methods used in this study were as follows. First, descriptive statis-
tics were used to observe the distribution characteristics of the sample data, to avoid
the possibility that the sample data did not meet the requirements of linear regression,
and to improve the feasibility of linear regression. Second, correlation analysis was con-
ducted to apply the Pearson correlation coefficient to initially determine the correlations
between variables. The variance inflation factor was also calculated to prevent the prob-
lem of multicollinearity and improve the accuracy of the linear analysis. Third, before
conducting linear regression, a Hausman test was performed to determine whether a
random-effects model or a fixed-effects model should be used to ensure the applicability of
the research model to the sample. Finally, the two-stage least squares method was used
to perform linear regression on the research sample again to ensure the robustness of the
research results.
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4. Results
4.1. Descriptive Statistics

Table 4 reports the descriptive data used in this study. A total of 20,419 observations
were used. Since the sample of this study only contained the data of Chinese listed
companies from 2013 to 2021, the descriptive statistical results were mainly applicable to
this specific situation. The skewness and kurtosis of all the data met the requirements of a
normal distribution. The mean value and standard deviation of corporate sustainability
were 0.04 and 0.028, respectively, indicating that different companies had different levels
of sustainability and differed significantly from each other. The median of corporate
sustainable development (SGR) was 0.0303, indicating that more than half of China’s listed
companies had a low capacity for sustainable development from 2013 to 2021. This is
also consistent with the description of the sustainable development capability of Chinese
enterprises in the existing literature [82]. Obviously, if the sustainable development ability
of enterprises can be improved through digital transformation, it is of great significance to
their long-term development. Longitudinally, TDT and MDT had a mean value of 0.01 and
standard deviations of 0.006 and 0.004, respectively, indicating that both were relatively
consistent regarding the average levels and fluctuations in companies. Cross-sectionally,
the maximum and minimum values of TDT were 0.0308 and 0.0031, respectively, indicating
large differences in TDT in different enterprises, and the maximum and minimum values of
MDT were 0.0050 and 0.0009, respectively, indicating large differences in MDT in different
enterprises as well. The differences in TDT were more obvious. In general, there were
great differences in the level of digital transformation among Chinese listed enterprises,
which was also consistent with the descriptions in the existing literature [83]. The overall
distribution of exploratory and exploitative innovation in enterprises is more consistent,
with minimum and maximum values of 0.0000, 1.9459, and 2.3026, respectively, indicating
that the level of ambidextrous innovation varies significantly across enterprises. The sample
data used in this study meet the standards.

Table 4. Descriptive statistics.

Variable N Mean SD Min Median Max Skewness Kurtosis

SGR 20,419 0.04 0.028 −0.0144 0.0303 0.1806 1.1926 5.2313
TDT 20,419 0.01 0.006 0.0031 0.0118 0.0308 0.5658 2.4686
MDT 20,419 0.01 0.004 0.0009 0.0050 0.0187 1.1257 3.5739
Explor 20,419 1.97 1.526 0.0000 1.9459 6.0355 0.3919 2.4780
Exploi 20,419 2.22 1.651 0.0000 2.3026 6.1159 0.1491 2.1040
Size 20,419 22.27 1.299 19.5245 22.0784 26.4297 0.7711 3.4360
Lev 20,419 0.41 0.195 0.0463 0.3994 0.9246 0.2351 2.2831
TobinQ 20,419 1.98 1.048 0.9285 1.6393 5.5615 1.7224 5.7986
FIXED 20,419 0.20 0.154 0.0015 0.1719 0.7194 0.9831 3.6092
SOE 20,419 0.32 0.466 0.0000 0.0000 1.0000 0.7783 1.6057
FirmAge 20,419 2.92 0.313 1.7918 2.9444 3.6109 −0.6338 3.2759

4.2. Correlation Analysis

Existing research has begun to focus on the relationship between digital transformation
and sustainable development, but, due to different research contexts, there is heterogeneity
in the research results [84]. The correlations presented in this study are based on Chinese-
listed companies from 2013 to 2021. In addition, previous studies have not explored the
relationships between different types of digital transformation and sustainable develop-
ment, and this study aimed to fill this gap. As Table 5 shows, this study used the Pearson
correlation coefficient to indicate the correlations among all variables. The correlation
coefficient between TDT and corporate sustainability was 0.078 and that between MDT
and corporate sustainability was 0.075, and both passed the significance test, indicating
a positive correlation between TDT and MDT and corporate sustainability. Variance in-
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flation factors (VIF) were found to be less than 3, and there was no apparent problem
of multicollinearity.

Table 5. Correlation analysis.

SGR TDT MDT Explor Exploi Size Lev TobinQ FIXED SOE FirmAge

SGR 1
TDT 0.078 *** 1
MDT 0.075 *** 0.692 *** 1

Explor 0.059 *** −0.168 *** −0.131 *** 1
Exploi 0.027 *** −0.163 *** −0.122 *** 0.727 *** 1

Size −0.131 *** −0.138 *** −0.094 *** 0.302 *** 0.293 *** 1
Lev −0.324 *** −0.019 *** 0.000 0.098 *** 0.143 *** 0.576 *** 1

TobinQ 0.316 *** 0.155 *** 0.138 *** −0.036 *** −0.112 *** −0.404 *** −0.334 *** 1
FIXED −0.099 *** 0.094 *** 0.066 *** −0.055 *** −0.006 0.102 *** 0.052 *** −0.103 *** 1

SOE −0.162 *** 0.076 *** 0.083 *** 0.008 0.004 0.382 *** 0.291 *** −0.174 *** 0.177 *** 1
FirmAge −0.088 *** −0.133 *** −0.097 *** −0.038 *** −0.028 *** 0.206 *** 0.178 *** −0.102 *** 0.021 *** 0.223 *** 1

*** p < 0.01.

4.3. Regression Results and Analysis

To ensure the accuracy of the regression results, this study conducted the Hausman
test before the regression test. The p values of the test results were all <0.05. The Hausman
test results showed that the fixed-effects model was more applicable [85]. Therefore, the
following regression tests used a two-way fixed-effects model that incorporated both
industry and year fixed effects.

According to previous studies [86], if the coefficient of the independent variable is
positive and passes the significance test, it indicates that the independent variable positively
affects the dependent variable. If the coefficient of the cross-term of the moderator variable
and the independent variable is significantly positive, and, at the same time, the coefficient
of the independent variable is significantly positive, it indicates that there is a positive
moderating effect.

As seen in the first column of Table 6, the coefficients of TDT and MDT are significantly
positive and pass the significance test at the 1% level, indicating that both can have positive
effects on corporate sustainability, and that H1 and H2 are valid. The moderating effect of
firms’ exploratory innovation level is shown in the third and fourth columns in Table 6. The
coefficient of the interaction term (TDT × Explor) between TDT and exploratory innovation
is positive and passes the significance test at the 1% level, whereas that of TDT is also
significantly positive at the 1% level, indicating that firms’ exploratory innovation positively
moderates TDT and corporate sustainability positively, and H3a was tested. Similarly, the
coefficients of MDT × Explor and MDT were significantly positive at the 1% level, and H3b
was supported.

As shown in the fifth and sixth columns in Table 6, the moderating effect of the level
of exploitative innovation in the firm was verified. The coefficient of the interaction term
(MDT × Exploi) between market-based DT and exploitative innovation was positive and
passed the significance test at the 1% level, whereas the coefficient of MDT was significantly
positive at the 1% level. This indicates that the relationship between MDT and corporate
sustainability is positively facilitated by corporate exploitative innovation, and H4b was
tested. Similarly, the coefficients of TDT × Exploi and TDT were both significantly positive
at the 1% level, and H4a was also tested.

In summary, as shown in Table 6, the coefficients of all the main variables involved
in the model passed the significance test. The results indicate that two types of digital
transformation can positively contribute to the sustainable development of enterprises.
Meanwhile, the level of ambidextrous innovation in enterprises can positively contribute to
the relationships between them. Thus far, all hypotheses in this study have been verified.
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Table 6. Regression results.

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

SGR SGR SGR SGR SGR SGR

TDT
0.1827 *** 0.1982 *** 0.1996 ***
(3.7801) (4.0540) (4.1148)

MDT
0.1916 *** 0.2150 *** 0.1999 ***
(3.4215) (3.7883) (3.5666)

Exploi 0.0009 *** 0.0009 ***
(3.9645) (3.8682)

Explor 0.0005 * 0.0005 *
(1.9022) (1.9040)

TDT × Exploi 0.0337 *
(1.8650)

MDT × Exploi 0.0307 *
(1.6990)

TDT × Explor 0.0418 **
(2.0381)

MDT × Explor 0.0809 ***
(2.7901)

Size
0.0020 *** 0.0019 ** 0.0018 ** 0.0017 ** 0.0016 ** 0.0015 *
(2.5896) (2.4561) (2.3360) (2.2016) (2.0994) (1.9581)

Lev
−0.0376 *** −0.0377 *** −0.0375 *** −0.0376 *** −0.0374 *** −0.0376 ***
(−13.4212) (−13.4515) (−13.4254) (−13.4448) (−13.4080) (−13.4387)

TobinQ
0.0076 *** 0.0076 *** 0.0076 *** 0.0076 *** 0.0076 *** 0.0076 ***
(19.9997) (19.9820) (20.0345) (20.0430) (20.0564) (20.0341)

FIXED
−0.0370 *** −0.0371 *** −0.0369 *** −0.0369 *** −0.0370 *** −0.0370 ***
(−9.5386) (−9.5615) (−9.4994) (−9.5220) (−9.5365) (−9.5595)

SOE
−0.0036 * −0.0035 * −0.0035 * −0.0035 * −0.0035 * −0.0034 *
(−1.8627) (−1.8539) (−1.8218) (−1.8195) (−1.8150) (−1.8084)

FirmAge −0.0083 −0.0083 −0.0078 −0.0080 −0.0078 −0.0079
(−1.4519) (−1.4672) (−1.3618) (−1.4033) (−1.3691) (−1.3856)

Constant
0.0263 0.0304 0.0280 0.0325 0.0315 0.0359

(1.1113) (1.2888) (1.1798) (1.3720) (1.3264) (1.5179)
Observations 20,419 20,419 20,419 20,419 20,419 20,419
R-squared 0.156 0.155 0.104 0.158 0.159 0.105
Industry FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES

*** p < 0.01, ** p < 0.05, * p < 0.1.

4.4. Robustness Test

To ensure that the results were robust and reliable, this study made the following
efforts. On the one hand, this study chose instrumental variables and adopted the two-stage
least squares method to solve the problems of endogeneity and mutual causality [87]. On
the other hand, this study replaced the measurement methods of independent variables
and aimed to solve the problems caused by the measurement bias of the independent
variables [88].

4.4.1. Change in the Measurement of Explanatory Variables

This study used the MD&A sections of enterprise annual reports as a master database
for keyword searching and the matching of TDT and MDT. Drawing from extant re-
search [89], this study measured digital transformation in a different manner, adopting the
full texts of the annual reports of enterprises as the total text base for text analysis, instead
of MD&A. Therefore, this study used this as a replacement for the measurement method of
independent variables. The annual reports of companies were used as a master text base to
search for DT keywords. The word frequency statistics of both forms of DT were obtained
and logarithmized to yield independent variable indicators for robustness testing, namely
TDT1 and MDT1.
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Table 7 shows the results of the robustness tests. As seen in the first and second
columns, the coefficients of TDT1 and MDT1 are positive and pass the significance test,
indicating that both positively affect the sustainable development of enterprises, further
supporting H1 and H2. As seen in the last four columns of Table 7, the coefficient of the
interaction term (TDT × Explor) between corporate exploratory innovation (Explor) and
TDT1 is positive and passes the significance test, and the coefficient of TDT1 is significantly
positive, indicating that corporate exploratory innovation positively moderates the positive
impact of TDT on corporate sustainability, further validating H3a, H3b, H4a, and H4b, as
shown in Table 7, and enhancing the reliability of the findings.

Table 7. Robustness test: changing the measurement of explanatory variables.

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

SGR SGR SGR SGR SGR SGR

TDT1
0.0007 ** 0.0006 ** 0.0006 **
(2.3279) (2.1012) (2.0377)

MDT1
0.0012 *** 0.0011 *** 0.0011 ***
(3.8465) (3.7650) (3.7018)

Exploi 0.0003 0.0003
(1.5245) (1.5213)

Explor 0.0001 0.0001
(0.5407) (0.5091)

TDT1 × Exploi 0.0002 **
(2.1542)

MDT1 × Exploi 0.0003 **
(2.1758)

TDT1 × Explor 0.0002 *
(1.7032)

MDT1 × Explor 0.0003 **
(2.0679)

Size
0.0017 ** 0.0016 ** 0.0015 ** 0.0015 ** 0.0015 ** 0.0015 **
(2.3941) (2.3841) (2.1975) (2.2082) (2.1315) (2.0992)

Lev
−0.0369 *** −0.0370 *** −0.0368 *** −0.0369 *** −0.0369 *** −0.0369 ***
(−14.4431) (−14.4728) (−14.3978) (−14.4375) (−14.4569) (−14.4850)

TobinQ
0.0066 *** 0.0066 *** 0.0066 *** 0.0066 *** 0.0066 *** 0.0066 ***
(19.6622) (19.6428) (19.6406) (19.6334) (19.6366) (19.6149)

FIXED
−0.0262 *** −0.0261 *** −0.0264 *** −0.0262 *** −0.0264 *** −0.0262 ***
(−7.4624) (−7.4224) (−7.5060) (−7.4436) (−7.5015) (−7.4599)

SOE
−0.0040 ** −0.0039 ** −0.0040 ** −0.0040 ** −0.0040 ** −0.0039 **
(−2.3461) (−2.3023) (−2.3519) (−2.3167) (−2.3449) (−2.3032)

FirmAge −0.0048 −0.0043 −0.0051 −0.0046 −0.0051 −0.0047
(−0.9475) (−0.8644) (−1.0150) (−0.9158) (−1.0116) (−0.9364)

Constant
0.0231 0.0224 0.0263 0.0248 0.0269 0.0266

(1.0610) (1.0324) (1.2024) (1.1390) (1.2299) (1.2205)
Observations 18,899 18,899 18,899 18,899 18,899 18,899
R-squared 0.097 0.098 0.097 0.098 0.097 0.098
Industry FE YES YES YES YES YES YES
Year FE YES YES YES YES YES YES

*** p < 0.01, ** p < 0.05, * p < 0.1.

4.4.2. Instrumental Variable Method

Aside from replacing the measurement of the independent variables, this study used
the instrumental variables method to address the endogeneity problem in order to ensure
the robustness of the findings. The endogeneity problem is caused by the correlation
between the explanatory variables and disturbance terms in the current period. As the
lagged one-period independent variables were not correlated with the current period’s
disturbance terms, and with reference to a related study [90], this study used TDT and MDT
with one lag each as the instrumental variables for both independent variables, respectively,
and applied the two-stage least squares method for regression.
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As shown in the first column of Table 8, the coefficient of TDTt−1 is significantly
positive at the 1% level, whereas the value of the Cragg–Donald Wald F statistic is 377.023,
which is significantly greater than the standard critical value of 10 [91,92], indicating that
TDTt−1 is not a weak instrumental variable. In the second column, the coefficient of the
fitted value of TDT for the first-stage instrumental variable is positive and passes the
significance test, while also passing the under-identification test, indicating that TDT has a
positive impact on corporate sustainability, and H1 is tested. The results in the third and
fourth columns of Table 8 support H2. The findings of the main regression study improve
the robustness.

Table 8. Robustness test: results of 2sls.

Variables
First-Stage Second-Stage First-Stage Second-Stage

TDT SGR MDT SGR

TDTt−1
0.1879 ***
(19.4171)

TDT
0.6273 **
(2.1977)

MDTt−1
0.1810 ***
(19.3032)

MDT
0.9527 ***
(2.6509)

Size
−0.0008 *** 0.0027 *** −0.0003 *** 0.0025 ***
(−6.1198) (3.3474) (−3.1184) (3.1936)

Lev
0.0004 −0.0291 *** 0.0008 ** −0.0297 ***

(0.8717) (−10.7851) (2.1354) (−10.8906)

TobinQ
−0.0001 * 0.0077 *** 0.0001 ** 0.0076 ***
(−1.6858) (25.7037) (2.0546) (25.1568)

FIXED
−0.0000 −0.0352 *** 0.0007 −0.0360 ***

(−0.0385) (−9.8025) (1.2586) (−9.9762)

SOE
0.0004 −0.0045 *** 0.0002 −0.0045 ***

(1.4576) (−2.8257) (0.8716) (−2.8141)

FirmAge 0.0004 −0.0042 0.0033 *** −0.0074
(0.3970) (−0.7752) (4.2784) (−1.3179)

Constant
0.0297 *** 0.0021
(6.9162) (0.6209)

Industry FE YES YES YES YES
Year FE YES YES YES YES

Observations 13,731 13,731 13,731 13,731
R-squared 0.670 0.084 0.479 0.080

Cragg–Donald Wald F statistic 377.023 372.613
Under-identification test p value 0.000 0.000

Sargan statistic 0.000 0.000

*** p < 0.01, ** p < 0.05, * p < 0.1.

5. Conclusions and Discussion
5.1. Discussion

With the development and maturity of digital technology, all enterprises are facing
the challenge of digitalization, but the speed, scale, and scope of digitalization’s impacts on
enterprises are different or even contrasting. For example, some scholars have found that
digital transformation can effectively improve the performance of enterprises [93], while
others have found that the direction and intensity of digitalization cannot contribute to the
financial performance of enterprises [94]. In fact, the impact of digitalization on enterprises
is complex, heterogeneous, comprehensive, and long-term, and studies are only able judge
the impact of digital transformation through short-term financial performance. Obviously,
it is necessary to clarify the impact of digital transformation on enterprises, especially the
sustainable development of enterprises [95]. This study examines the relationship between
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digital transformation and the sustainable development of enterprises, which has important
implications for the transition of enterprises to more sustainable development models.

Digital transformation means the integration of multiple digital technologies [31]. In
the existing research, some scholars have discussed the relationship between a specific
digital technology and sustainable development in the context of digital transformation,
such as cloud-based ERP technology [96], big data analysis technology [97], and blockchain
technology [98]. Some scholars have discussed the relationship between the overall digital
transformation level of enterprises and sustainable development [99]. It is not difficult to
see that academia has discussed the relationship between the overall digital transformation
of enterprises or a specific digital technology and sustainable development, but it has obvi-
ously ignored the impact of different dimensions of digital transformation on sustainable
development. This study aims to fill this gap.

By reviewing the research literature on digital transformation [17,20], this study finds
that digital transformation is mainly carried out from two perspectives. On the one hand,
digital transformation can help enterprises to optimize existing business processes and
improve productivity. On the other hand, digital transformation can change the business
models of enterprises and reshape the ways in which competition and cooperation between
enterprises are obtained [21]. Obviously, from the first perspective, digital transformation
is more inclined to rely on digital technology to improve the internal enterprise, while,
from the second perspective, digital transformation is more inclined to change the external
market of the enterprise. Based on this, this study divides digital transformation into
technology-oriented digital transformation and market-oriented digital transformation to
explore the impact on the sustainable development of enterprises, respectively. This study
finds that both types of digital transformation have a positive impact on the sustainable
development of enterprises, which is conducive to comprehensively grasping the logical
relationship between different dimensions of digital transformation and improving the
dimensional research on digital transformation. At the same time, for policymakers, a
certain type of digital policy can be more targeted. For enterprises, they can adjust their
digital transformation strategy in a timely manner and choose a certain type of digital
transformation in a targeted manner.

Innovation capability has a positive impact on enterprises’ ability to maintain a com-
petitive advantage. From the perspective of enterprise innovation, this study chooses
ambidextrous innovation as the moderating variable to discuss the moderating effect of
exploratory innovation and exploitative innovation on the relationship between different
types of digital transformation and sustainable development. This attempt reveals the
logical relationship between different types of digital transformation and different types of
innovation. The research shows that enterprise ambidexterity innovation does promote
the positive impact of the two types of digital transformation on the sustainable devel-
opment of enterprises, which also proves the importance of innovation for the success of
enterprises’ strategies.

In addition, the reason for choosing Chinese listed companies as the research subject
in this study is that China’s digital transformation has received considerable attention in
recent years [100]. The Chinese digital transformation is highly representative and typical,
and with the Chinese context as the research background, the research findings are more
informative and valuable to study.

5.2. Conclusions

DT has become the new normal. Research on the overall effects of DT in enterprises is
mature, but the effects of DT in different dimensions remain unclear. This study divided
DT into TDT and MDT and used a two-way fixed-effects model to examine the impact
of both types on corporate sustainability for A-share listed companies in China between
2013 and 2021. The boundary condition of corporate ambidextrous innovation was used to
explore how the level of ambidextrous innovation affects the relationship between DT and
corporate sustainability in different dimensions.
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First, this study finds that technology-oriented digital transformation can positively
promote the sustainable development of enterprises. According to the resource-based view,
when enterprises acquire valuable and unique resources and capabilities, they can gain
competitive advantages, achieve excellent performance, and promote sustainable devel-
opment. Technology-oriented digital transformation, by applying a variety of advanced
digital technologies to the internal operations of enterprises, optimizes their business pro-
cesses and improves their operational efficiency so that they can obtain superior resources
and promote sustainable development. Second, market-oriented digital transformation has
a positive impact on the sustainable development of enterprises. This is also consistent
with the previous theoretical analysis. Market-oriented digital transformation can reshape
the business models of enterprises through digital technology, improve the ways in which
they cooperate with customers, and realize a new business model.

At the same time, this study finds that the ambidextrous innovation of enterprises
can positively promote the relationship between digital transformation and sustainable
development. The exploratory innovation level of an enterprise represents its ability to
explore new fields and apply new technologies. The level of enterprise exploitative innova-
tion represents the ability of enterprises to use and integrate their existing resources, which
provides the possibility for digital technology to optimize their business processes and
reshape their business models. Obviously, enterprise ambidexterity innovation can provide
a suitable enterprise environment and sufficient innovation resources for enterprises to
apply digital technology and realize digital transformation.

Based on the above conclusions, this study believes that enterprises should actively use
digital technology to promote their sustainable development. Moreover, enterprises strive
to improve the level of ambidexterity in innovation, which provides strong environmental
conditions for the development of enterprises’ digital strategies.

5.3. Implications

The theoretical implications are as follows. First, most studies have analyzed the value
effect of DT from a holistic perspective and have used the composite index of enterprise
DT to represent enterprise DT and explore its impact on enterprise value. This study
distinguished between and examined the impact of TDT and MDT on firm value. This
expands the multidimensional research on DT and provides new ideas for a comprehensive
and detailed understanding of DT. Second, studies have focused on the value effects of
DT; for example, it has an impact on enterprise performance, innovation, and operational
efficiency [5,101,102]. However, few have explored the relationship between DT and
corporate sustainability. This study enriches the literature on the impact of different types
of digital research on corporate sustainability and validates DT research by relying on a
resource-based view. Third, this study considers enterprise innovation as the boundary
condition of DT application, and it shows that ambidextrous innovation facilitates the
positive relationship between enterprise DT and corporate sustainability, which broadens
the boundary condition of enterprise DT application and enriches the relevant literature on
enterprise innovation theory.

The practical implications are as follows. First, the findings support the active policies
and measures of the government and related departments on DT and provide a reference
for the next step of DT-related policy guidance and development. Second, the findings
suggest that enterprises should continue to persist in developing DT, which is beneficial for
them to gain a long-term competitive advantage. Third, the study shows the significance of
corporate innovation and indicates that a high level of corporate innovation capability is
of great benefit both for the direct and indirect impacts on corporate value and corporate
development strategies, respectively.

5.4. Limitations and Future Research

First, both MDT and TDT had a positive impact on the sustainable development of
enterprises. However, the research object was listed companies in China and the conclusions
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may have local characteristics of Chineseization, which means that extensive research must
be conducted on companies in different countries and regions to verify the validity of
the conclusions. Second, this study used a thesaurus of DT keywords constructed based
on Chinese digitalization-related policy documents and the characteristics of China’s DT
development. Therefore, the applicability and timeliness of the thesaurus have a few
limitations, which means that future research must update and expand the digital text
analysis thesaurus according to the characteristics of the research object. Finally, this study
classified DT into two categories based on its characteristics. However, classifications go far
beyond the binary, and more detailed classifications can be created in the future based on
the characteristics of DT in order to expand and deepen the multidimensional study of DT.
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Abstract: Urban digital infrastructure is the cornerstone of optimizing resource allocation and
promoting sustainable economic development in the era of digital economy, and it will also affect
corporate ESG performance. Based on the data of Chinese A-share listed companies from 2011 to
2021, an asymptotic difference-in-difference model is used to investigate the impact of urban digital
infrastructure on corporate ESG performance based on the “broadband China” strategy and its
underlying mechanism. This paper finds that urban digital infrastructure can promote corporate
ESG performance. Further, urban digital infrastructure can contribute to corporate ESG performance
by increasing research and development (R&D) investment, improving corporate governance, and
increasing information transparency. Through heterogeneity analysis, the results show urban digital
infrastructure contributes more significantly to the ESG performance of state-owned, small and
medium, growth-stage, and low-profit companies and is more pronounced in non-heavy polluting
companies and companies in the central and western regions. This paper has enhanced the theoretical
framework of urban digital infrastructure and corporate ESG (environmental, social, and governance)
performance, paving the way for a new approach to the collaborative development of cities and
enterprises in pursuit of green and sustainable growth.

Keywords: urban digital infrastructure; corporate ESG performance; sustainable development;
quasi-natural experiment

1. Introduction

With the rapid growth of the global economy, sustainable economics has gradually
emerged as a significant driving force propelling continuous development in our era [1]. In
recent years, the rising awareness of the importance of environmental protection and social
responsibility has placed higher demands on corporate sustainability. Carbon peaking,
carbon neutrality, and ecological civilization-building have become global consensuses,
and all stakeholders expect companies to balance environmental and social impacts with
economic growth. As early as 1992, the United Nations Environment Programme Finance
Initiative (UNEPFI) stated that financial institutions were expected to integrate environ-
mental, social, and corporate governance (ESG) considerations into their decision-making
processes. As times have changed, stakeholder needs have shifted significantly in the
investment arena. Investors are increasingly focused on labor rights, business ethics, and
environmental protection. This shift has driven an important transformation in corporate
sustainability. ESG as a system of indicators to assess the comprehensive sustainability of
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companies [2–4], is receiving widespread attention for its focus on environmental, social,
and corporate governance aspects. The factors influencing ESG performance have been
well explored in existing studies. Starting from the external environment, scholars have
studied the influencing factors of ESG performance from social institutions [5], carbon
regulatory policy risks [6], environmental policy uncertainty [7], digital finance [2], and
multiculturalism [8]. Internally, research has examined the impact of several aspects on the
performance of ESG, such as supervisory or collusive behaviors of major shareholders [9],
heterogeneity of ownership structure [10], and digitalization of companies [11]. Despite the
considerable amount of research focusing on ESG performance and its influencing factors,
urban digital infrastructure, which serves as a “central node” and “transmission link” in
modern economic systems, has yet to be included in the scope of consideration.

The digital era refers to the current period in our society and economic environment in
which digital technology is highly prevalent and widely utilized [12]. In this era, the volume
of information and data continues to expand, necessitating the use of digital technology for
efficient processing and management of this extensive information and data. As the under-
lying logic supporting digital technology, urban digital infrastructure provides efficient
information exchange and data storage capabilities. It offers the essential conditions re-
quired for businesses to engage in digital operations and address market challenges. At the
same time, urban digital infrastructure is also an essential part of sustainable development.
Through digital transformation, companies can better fulfill their social responsibilities and
contribute to environmental protection and social welfare. At the moment, academics are
studying the macro- and micro-level evolution of urban digital infrastructure. On a micro
level, urban digital infrastructure empowers enterprises to leverage digital technologies like
the Internet, big data, and blockchain [13]. This enables them to decrease transaction costs
and enhance productivity, ultimately impacting corporate governance [14]. At the macro
level, urban digital infrastructure impacts low-carbon development [15]. This means that
while benefiting from the “low-carbon dividend” brought by urban digital infrastructure,
governments and enterprises in developing countries have also achieved significant results
in environmental sustainability. Furthermore, urban digital infrastructure contributes to
reducing carbon emissions in Chinese cities [16]. These studies all suggest that urban
digital infrastructure has some positive impact on sustainability [17]. ESG performance
is a crucial metric for assessing a company’s sustainability [2]. Nevertheless, the current
body of literature lacks concrete evidence regarding the direct impact of urban digital
infrastructure on corporate ESG performance.

For this paper, the research sample comprises panel data from Chinese A-share listed
companies spanning the period from 2011 to 2021. It employs the “Broadband China”
strategy as a quasi-natural experiment to empirically examine the impact of urban digital
infrastructure on corporate ESG performance. The “Broadband China” strategy selected
120 cities (grouped into three batches) in 2014, 2015, and 2016 as demonstration cities for
the purpose of developing broadband infrastructure. Figure 1 depicts the distribution of
cities, with the various shades of blue signifying the various “Broadband China” strategy
implementation years. The darker the color, the earlier the implementation year. The
selection of these cities for the “Broadband China” strategy was conducted independently
of the development status of local enterprises, thus establishing a relatively exogenous
factor for companies. To create distinct groups, this paper divides the sample into an
experimental group and a control group based on whether the registered location of listed
companies falls within the designated “Broadband China” demonstration cities. The paper
employs the difference in difference (DID) method to examine the impact of urban digital
infrastructure on corporate ESG performance. The important finding from the research is
that urban digital infrastructure can greatly improve corporate ESG performance. Addi-
tionally, robustness checks were conducted by incorporating macro-level factors, excluding
samples from directly administered and provincial capital cities, and utilizing alternative
rating agencies for the dependent variable. Secondly, the mechanism analysis indicates that
urban digital infrastructure can promote corporate ESG performance by increasing R&D
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investment, enhancing corporate governance, and improving information transparency
(Figure 2). Moreover, the influence of urban digital infrastructure on ESG performance
demonstrates variations and heterogeneity. From a company-level perspective, urban digi-
tal infrastructure greatly promotes corporate ESG performance in state-owned enterprises,
small-scale businesses, those in the growth phase, and companies with lower profitability.
Urban digital infrastructure has a greater influence on promoting ESG performance in
non-polluting enterprises and businesses registered in China’s central and western regions.
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Compared to previous studies, this paper’s marginal contributions lie in the following
three aspects. Firstly, this paper leverages the “Broadband China” strategy to create a
quasi-natural experiment and empirically analyze the impact of urban digital infrastructure
on corporate ESG performance, which enriches the research on the effects brought about
by urban digital infrastructure. The utilization of quasi-natural experiments in this paper
enhances the reliability of causal inferences. Quasi-natural experiment methods, which
combine causal identification techniques such as randomized controlled trials, matching
methods, and instrumental variable approaches, enable more accurate inference of causal
effects. Secondly, in terms of paper quality, this paper contributes to the understanding of
the variables affecting ESG performance. From existing research, scholars have already
conducted extensive discussions on the variables affecting corporate ESG performance. In
recent years, with the development of the digital economy, there has been literature focusing
on the impact of digitalization on ESG performance, but most studies have been conducted
from the perspective of digital finance, and less attention has been paid to the role of urban
digital infrastructure. Urban digital infrastructure is the cornerstone of the development
of digital economy and has a wider impact on economic and social development, but the
existing literature has not paid enough attention to it, especially its role in ESG, and this
paper makes up for the gap. Thirdly, the practical implications of this study are of significant
importance for both businesses and policymakers. Through an examination of how the
development of urban digital infrastructure impacts corporate ESG (environmental, social,
and governance) performance, businesses can gain a deeper understanding of the critical
role of digital infrastructure in achieving sustainable development goals and enhancing
their ESG performance. This understanding can help businesses enhance their social
reputation, attract investors and customers, and prepare for future sustainability initiatives.
Additionally, policymakers can benefit from the research findings as they provide valuable
insights and guidance. Policymakers can use these results to formulate policies that actively
encourage businesses to participate in the development of urban digital infrastructure
and incorporate ESG considerations into their strategic planning. These policies can
contribute to reducing information asymmetry, enhancing information transparency, and
increasing external oversight of businesses, thereby motivating companies to fulfill their
social responsibilities more effectively. Overall, these measures have the potential to
improve corporate ESG performance while also supporting the achievement of sustainable
development goals.

The structure of this paper is as follows: Section 2 presents theoretical analysis and
research hypotheses. The model creation process, pertinent variables, and a description
of the paper’s data are all included in Section 3. Section 4 presents regression results and
robustness test regarding the impact of urban digital infrastructure on ESG performance,
further examining mechanism analysis and heterogeneity analysis. Section 5 offers a
thorough summary of the report and emphasizes the conclusions drawn from the research.

2. Theoretical Analysis and Research Hypotheses
2.1. The Impact of Urban Digital Infrastructure on Corporate ESG Performance

Whether a company can improve its ESG performance depends not only on its internal
knowledge base but also on its ability to integrate and utilize external information effec-
tively [18]. Specifically, companies need to understand external information to establish
ESG strategies aligned with their values and business focus. A company’s understanding
of market and customer demands, regulatory and government dynamics, and industry
and competitive landscape can guide them in formulating and optimizing its ESG strate-
gies, ultimately improving its corporate ESG performance. At the same time, companies
need to collect, clean, and analyze a vast amount of ESG information to measure their
ESG performance. This includes property and capacity data, supply chain and partner
information, as well as social and human-resources related external information. Urban
digital infrastructure can establish ESG information exchange platforms, reducing the cost
of ESG information dissemination and thereby facilitating corporate ESG performance.
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Specifically, urban digital infrastructure can build bridges for the free flow of ESG infor-
mation. Geographical distances can hinder the free flow of information. However, urban
digital infrastructure can to some extent break spatial constraints [19], establishing channels
for the free circulation of information, and promoting resource sharing. This, in turn,
stimulates the innovation capacity and sustainability awareness of enterprises, ultimately
enhancing their ESG performance. Moreover, robust urban digital infrastructure reduces
the search and transmission costs of ESG information. It lowers the cost of searching for the
latest R&D outcomes and facilitates the transmission of vast amounts of information. This
accelerates the dissemination and exchange of ESG information, providing companies with
abundant resources to enhance their ESG performance. Lastly, the diverse and convenient
methods facilitated by urban digital infrastructure, such as video calls and online meetings,
greatly facilitate the collision and integration of information. This accelerates cooperation
efficiency among various nodes in the value chain [20], which is beneficial for enhancing
corporate ESG performance.

This paper suggests hypothesis 1 in light of the analyses previously mentioned.

H1. Urban digital infrastructure has a positive impact on corporate ESG performance.

2.2. The Mediating Role of R&D Investment, Corporate Governance Level, and Information
Transparency

Drawing upon existing research, urban digital infrastructure provides a material foun-
dation for improving corporate ESG performance. This paper elucidates the pathways
through which urban digital infrastructure promotes corporate ESG performance from
two perspectives: internal management and external relationships. Corporate governance
and R&D investments place a strong emphasis on organizational design, decision-making
processes, management, and resource allocation inside the business to ensure its long-term
sustainable growth. When viewed in terms of external relations, the level of information
transparency focuses on the transparency of financial, operational, and governance informa-
tion that the company publicly provides. It aims to enhance trust and cooperation between
the company and shareholders, investors, media, and government, thereby influencing the
company’s healthy development.

2.2.1. Digital Infrastructure Enhances Corporate ESG Performance through R&D
Investment

The construction of digital infrastructure has, to some extent, increased corporate R&D
investment, subsequently enhancing corporate ESG performance. Firstly, the integration
of digital applications, such as artificial intelligence, big data, and blockchain, with R&D
enables real-time information dissemination [21]. Electronic commerce platforms and other
digital channels facilitate efficient communication between buyers and sellers, effectively
reducing information exchange costs for businesses, as well as internal operational ex-
penses and other economic activity costs. The reduction in various costs improves the
profitability of enterprises, thereby incentivizing increased R&D investments [22]. Fur-
thermore, increased R&D investment can encourage companies to engage in autonomous
innovation and product upgrades, which contributes to the renewal of product manufac-
turing processes and the enhancement of technological innovation capabilities. Through
these means, enterprises can enhance production efficiency across various departments,
optimizing corporate ESG performance. In addition, R&D investment can also improve a
company’s environmental performance by influencing the intensity of energy and carbon
emissions, aligning with the perspectives of natural resource-based theories [23].

We recommend hypothesis H2a based on the analysis provided above.

H2a. Urban digital infrastructure promotes corporate ESG performance by increasing R&D
investment.
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2.2.2. Digital Infrastructure Enhances Corporate ESG Performance by Improving
Corporate Governance

Urban digital infrastructure contributes to the enhancement of corporate governance
within organizations [24]. The application of large-scale urban digital infrastructure en-
ables organizations to adopt a more networked and flattened organizational structure.
Various internal components of the organization are standardized and digitized through
the integration of various digital technologies into their production, operations, and man-
agement processes, facilitating the rapid and accurate transmission of information [25].
Consequently, the internal governance level of enterprises is elevated. The improvement in
internal governance level aids enterprises in accurately addressing various environmental,
social, and governance risks. By establishing flexible risk management mechanisms and
crisis response plans, enterprises can effectively respond to risk events, reduce adverse im-
pacts on business operations and stakeholders, and thereby safeguard long-term interests
and sustainable development. Furthermore, high-level governance is often associated with
a long-term value perspective [26], prioritizing not just short-term profits but also long-term
sustainability. This encourages enterprises to focus on long-term viability, including the
achievement of ESG objectives.

Based on the paper above, we put forward hypothesis H2b:

H2b. Urban digital infrastructure promotes corporate ESG performance by improving corporate
governance.

2.2.3. Digital Infrastructure Enhances Corporate ESG Performance by Increasing
Information Transparency

The growth of urban digital infrastructure improves information openness within
businesses [27,28], helping them to fulfill their corporate social obligations. When there
is information asymmetry between company management and external stakeholders, the
management may selectively disclose social responsibility information to maximize their
benefits. This selective disclosure can harm the interests of external stakeholders and
significantly hinder the company’s sustainable development. In an era where urban dig-
ital infrastructure is being developed quickly, technologies like blockchain and artificial
intelligence make it possible to track and record business actions, increasing the extent
of information disclosure [29]. Simultaneously, with the rise of information technology
and the advent of the internet, communication methods have undergone enhancements,
giving rise to novel communication channels, alleviating communication costs [30,31],
and achieving greater information transparency [32,33]. On the one hand, increased infor-
mation transparency helps investors to assess specific fixed characteristics of a company
more accurately [34], leading to a gradual reduction in the information gap between the
company and external stakeholders. At the same time, stakeholders can utilize urban
digital infrastructure to participate in the company’s decision-making processes. Various
convenient methods, such as video calls and online meetings, enable them to communi-
cate their value propositions and enhance the awareness of corporate social responsibility.
Corporate social responsibility contributes to enhancing a company’s image [35], thereby
achieving higher ESG ratings. On the other hand, increased information transparency
expands the governance boundaries of the capital market, allowing companies to easily
attract investors, analysts, market intermediaries, and other stakeholders. This helps re-
duce information asymmetry [36], enhance information transparency, and increase external
monitoring pressure on the company [37], thereby driving the company to fulfill its social
responsibilities.

We suggest hypothesis H2c based on the analysis presented above:

H2c. Urban digital infrastructure positively influences corporate ESG performance by enhancing
information transparency.
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2.3. The Heterogeneous Impact of Urban Digital Infrastructure on Corporate ESG Performance

Companies come in a variety of shapes and sizes, as well as in different regions, stages
of development, and industries. As a result, there are variations in how the expansion of
urban digital infrastructure affects corporate ESG performance. The heterogeneity of this
impact is examined in this article at the regional, industry, and firm levels.

At the business level, four parameters can be used to assess the heterogeneity of
the influence of urban digital infrastructure on corporate ESG performance: ownership
nature; company size; corporate life cycle; and profitability status. In terms of the nature of
ownership, the coexistence of state-owned listed companies and non-state-owned listed
companies, including privately-owned listed companies, is a critical institutional back-
ground in China’s capital market [38]. State-owned businesses often experience greater
pressure than non-state-owned businesses to strike a balance between the interests of stake-
holders and social obligations, and they are also expected to take on more duties related
to public benefit and social welfare. In this context, urban digital infrastructure can serve
as a crucial means for providing public services and promoting social welfare, helping
state-owned enterprises fulfill their social responsibility requirements. In terms of company
size, small-scale enterprises often face limited resources and capabilities, including finan-
cial, human, and technological aspects. Urban digital infrastructure may give small-scale
enterprises more excellent opportunities and means to improve their ESG performance. It
can provide more effective, innovative, and sustainable solutions, assisting small businesses
in developing corporate governance, social responsibility, and environmental management
practices. In contrast, large-scale enterprises may already possess more resources and
capabilities to address ESG challenges. Therefore, the impact of urban digital infrastructure
on ESG performance may be less significant. In terms of the company lifecycle, enterprises
in the growth stage are typically experiencing rapid development and expansion. Their
business models, processes, and technologies require continuous investment and improve-
ment. Urban digital infrastructure provides a robust technological foundation and digital
solutions that help enterprises in the growth stage improve efficiency, innovate products
and services, and better address ESG challenges. In contrast, mature and declining-stage
enterprises may have already established relatively stable business models, so the impact
of urban digital infrastructure on their ESG performance is relatively small. Furthermore,
growth-stage enterprises often face limited resources and capabilities, including finance,
human resources, and technology. Urban digital infrastructure can provide additional
resources and support to help improve the ESG performance of growth-stage enterprises.
In contrast, mature and declining-stage enterprises may already possess a certain level
of resources and capabilities and may prioritize maintaining and managing existing ESG
standards. As a result, the impact of urban digital infrastructure on their ESG performance
may be relatively smaller. In terms of profitability, low-profit enterprises often face more
significant risks and challenges, including financial stability, market share competition,
and reputation risks. Therefore, they have more motivation to improve their ESG per-
formance to mitigate these risks and enhance the sustainability and competitiveness of
the business. Urban digital infrastructure can assist low-profit enterprises in enhancing
environmental management, social responsibility, and corporate governance, achieving
significant progress in ESG performance. In contrast, high-profit enterprises may already
have favorable financial conditions and market positions, resulting in lower demand for
ESG improvements. As a result, their ESG performance may be less significantly affected
by the expansion of urban digital infrastructure.

The proposed hypothesis H3a is based on the analysis presented above:

H3a. State-owned, small and medium-sized, mature, and high-profit enterprises all significantly
promote the impact of urban digital infrastructure on corporate ESG performance.

Industry-level heterogeneity is examined in terms of whether the company is a heavy
polluter to investigate the heterogeneous impact of urban digital infrastructure on corpo-
rate ESG performance. Non-heavy polluting businesses typically place a higher priority
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on sustainability and environmental responsibility. They are more willing to invest in
urban digital infrastructure to improve environmental impact and meet societal expec-
tations. In contrast, heavy-polluting companies may face more significant challenges in
terms of environmental responsibility and may have fewer investments in urban digital
infrastructure. Regarding business model differences, non-polluting companies may be
more inclined to adopt clean and sustainable business models. Urban digital infrastructure
can give them more opportunities for efficient resource utilization, reduce environmental
impact, and drive green innovation. The business models of polluting companies may
conflict with environmental concerns, which can result in a relatively smaller impact of
urban digital infrastructure on their ESG performance. Regarding risk management needs,
non-polluting companies may face relatively lower environmental and social risks. Urban
digital infrastructure can help them better manage and mitigate these risks. However,
polluting companies face a greater variety and complexity of risks, making it challenging
for urban digital infrastructure to address these issues comprehensively.

The proposed hypothesis H3b is based on the analysis presented above:

H3b. The promoting effect of urban digital infrastructure on corporate ESG performance is more
significant in non-polluting industries.

We examine the spatial heterogeneity of the impact of urban digital infrastructure on
corporate ESG performance by taking into account enterprises in the central-western and
eastern regions. In terms of infrastructure needs, companies in the central-western region
may need more developed infrastructure. Urban digital infrastructure can help bridge this
gap by providing more efficient and reliable information and communication networks,
thus improving production efficiency and business management for these companies. In
contrast, companies in the eastern region have already benefited from better infrastructure
conditions. Therefore, the impact of urban digital infrastructure on ESG performance
may be more minor. The comparatively underdeveloped condition of the central and
western regions makes urban digital infrastructure a more important driving force for
their advancement in terms of regional development inequalities. By leveraging urban
digital infrastructure, companies in the central and western regions can better integrate
into a global competition, enhance their innovation capabilities, and gain market access
and sustainable development opportunities. Companies in the eastern region are already
relatively mature and developed, so the impact of urban digital infrastructure on their ESG
performance may be relatively limited.

The proposed hypothesis H3c is based on the analysis presented above:

H3c. For businesses in the central and western areas, the enhancing impact of urban digital
infrastructure on ESG performance is particularly pronounced.

3. Research Methodology
3.1. Model Construction

This paper analyzes the “Broadband China” pilot policy as a quasi-natural experiment
to determine the average impact of urban digital infrastructure on corporate ESG perfor-
mance. The paper employs a multi-period DID model for examination, considering the
limitations of the traditional DID model with a single time point for policy implementa-
tion. The “Broadband China” pilot policy was implemented in 2014, 2015, and 2016. The
multi-period DID model captures the progressive implementation of the same policy across
different groups. The specific approach is as follows:

ESGit = α0 + α1Digit + αicontrolsit + µi + υt + εit (1)

In the equation, ESGit represents the ESG performance of listed company i in year t.
The Digit represents whether the registered location of the listed company i is a “Broadband
China” pilot city in year t. α0 represents the intercept term. controlsit represents the set
of control variables. µi represents individual fixed effects, and υt represents time-fixed
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effects. εit represents the random disturbance term. α1 represents the average causal effect
of urban digital infrastructure on corporate ESG performance. If α1 is greater than 0, it
indicates that urban digital infrastructure positively impacts corporate ESG performance.
Conversely, if α1 is less than 0, it suggests a suppressing effect.

It is reiterated that the focus of this paper is to confirm how the growth of urban
digital infrastructure affects corporate ESG performance through elements like higher R&D
investment, improved corporate governance, and increased corporate transparency. This
paper combines the steps of constructing a mediation effect model. Based on model (1),
Models (2) and (3) are constructed as follows:

Inmediait = β0 + β1Digit + βicontrolsit + µi + υt + εit (2)

ESGit = ρ0 + ρ1Digit + ρ2Inmediait + ρicontrolsit + µi + υt + εit (3)

In Model (2) and Model (3), Inmediait represents the mediating variables, includ-
ing RD for R&D investment, Gevorn for corporate governance level, and DSCORE for
corporate transparency. In Model (2), the coefficient β1 of Dig represents the impact of
urban digital infrastructure on the mediating variable. If the coefficient β1 of variable
Dig in Model (2) and the coefficient ρ2 of variable Dig in Model (3) are both significant,
it indicates that variable Inmediait serves as a mediating pathway through which urban
digital infrastructure affects corporate ESG performance.

3.2. Variables
3.2.1. Explained Variable

This paper refers to the methods of Hu et al [15]. Based on the enterprise ESG ratings in
the Huazheng Database, the following ratings are assigned to the corresponding categories:
AAA is given the value of 9, AA is given the value of 8, A is given the value of 7, BBB is
given the value of 6, BB is given the value of 5, B is given the value of 4, CCC is given the
value of 3, CC is given the value of 2, and C is given the value of 1. The ESG performance
(ESG), environmental performance (Environ), social performance (Social), and governance
performance (Govnce) of the companies are all measured by these ratings. The natural
logarithm of the allotted scores is used in this paper as the benchmark for measuring ESG
performance. A higher score denotes the companies’ improved ESG performance.

3.2.2. Explanatory Variable

In order to achieve better causal inference, this paper did not directly select specific
indicators at the city level to measure urban digital infrastructure. Instead, virtual variables
(Dig) were created based on the event of a company’s registered location being selected
as a “Broadband China” demonstration city at different periods. The variable is given a
value of 1 if the observation time was after the year when a company’s registration location
was chosen as a “Broadband China” demonstration city during the sample period (i.e., the
treatment group); otherwise, it is given a value of 0 [39].

3.2.3. Mediating Variables

R&D Investment
This paper measures the intensity of R&D investment using the ratio of total R&D

expenses to operating income. It is denoted as RD. A higher RD value indicates the
company’s higher level of R&D investment.

Corporate Governance Level
Building upon relevant studies conducted by Mohanty and Mishra [40], this paper

employs principal component analysis (PCA) to construct a comprehensive indicator that
measures the level of corporate governance from multiple aspects, such as decision-making,
supervision, and incentives. The metric of whether the chairperson and manager posi-
tions are combined represents the decision-making authority of the CEO. The incentive
mechanism in corporate governance is indicated by executive salary and the executive
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shareholding ratio. The percentage of independent directors and the size of the board
are used to illustrate the board of directors’ oversight functions. The institutional owner-
ship and equity balance ratios indicate the ownership structure’s monitoring role. Using
principal component analysis, a composite index of corporate governance, abbreviated
“Gov”, is created based on the aforementioned indicators. In the first principal component,
the loading coefficients of the seven variables, namely executive compensation, executive
shareholding ratio, independent director ratio, the board size, institutional shareholding
ratio, equity balance ratio, and whether the chair and CEO positions are combined, are
0.331, 0.461, −0.502, 0.432, 0.289, −0.109, and −0.379, respectively. According to the size of
the loading coefficients, the executive shareholding ratio, independent director ratio, and
board size have a considerably greater impact on governance than other measures.

Information Transparency
The degree to which external information users can successfully access particular

information about a publicly traded company, such as annual reports, various information
disclosure announcements, analyst reports, and corporate resource disclosure information,
is referred to as transparency, according to the definition given by Bushman et al. [41]. This
paper measures information transparency using the Disclosure Score (SCORE) provided by
the Shenzhen Stock Exchange for annual information disclosure evaluations of Shenzhen-
listed companies. The assessment of information disclosure performance is categorized
into four grades (A, B, C, D) based on the level of information transparency, ranging from
high to low (excellent, good, qualified, and unqualified). This information is disclosed on
the website of the Shenzhen Stock Exchange, and the annual information disclosure index
(DSCORE) for Shenzhen-listed companies is manually collected. Higher scores on the
DSCORE, which has a scale from 1 to 4, indicate greater levels of information transparency.

3.2.4. Control Variables

Based on previous studies [42,43], this paper selects variables such as firm size (Size),
leverage ratio (Lev), return on assets (ROA), ownership structure (Indep), equity multiplier
(Equity), and Tobin’s Q (TobinQ) as control variables. Firm size (Size) reflects the opera-
tional scale and market competitiveness of a company. Larger companies are more likely
to access external funding, which to some extent can alleviate their financial pressure [44].
In addition, these large companies are “too big to fail,” which increases their chances of
obtaining more financial support under government guarantees. The leverage ratio (Lev)
reflects a company’s ability to acquire external funding. The leverage ratio, to some extent,
represents the company’s risk exposure, which could be a factor influencing corporate ESG
performance. The return on assets (ROA) reflects a company’s profitability. This indicator
effectively demonstrates the company’s performance in generating income and efficiently
utilizing its assets, which can contribute to corporate ESG performance. The ownership
structure (Indep) can reflect the composition of decision-makers within a company, signifi-
cantly impacting ESG performance. Tobin’s Q (TobinQ) is commonly used as an essential
indicator to measure a company’s performance and growth [2]. Corporate ESG perfor-
mance is not only related to a company’s financial indicators but is also influenced by the
economic and environmental context in which it operates. In this paper, regional industrial
structure (INDst) and population growth rate (pop) are selected as control variables at the
city level. It is recognized that regional industrial structure has a significant impact on a
company’s sustainable development. The variables and specific information can be found
in Table 1.

This paper uses data from 2011 to 2021 on A-share listed companies in China and
323 cities. The data primarily comes from the China Stock Market & Accounting Research
Database (CSMAR) and Wind Database (WIND). Some data, such as the disclosure assess-
ment results of listed companies, were manually collected and compiled. The information
on “Broadband China” pilot cities comes from the “Notice on the Development of Creating
“Broadband China” Demonstration Cities (City Clusters)” published in 2014, 2015, and
2016 by the National Development and Reform Commission and the Office of the Ministry
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of Industry and Information Technology. Due to missing data and undisclosed information,
the following data treatments were conducted in this paper: 1. excluding samples with ST
and PT status, as well as those with missing values in key variables; 2. excluding samples
with less than six years of continuous data; 3. to control for extreme values’ interference,
this paper cut all variables by truncating them at the 1st and 99th percentiles.

Table 1. Main variable definitions.

Variable Symbol Calculation Method

Explained variable Corporate ESG
performance ESG Natural logarithm of the combined environmental, social,

and governance score.

Explanatory variable Urban digital
infrastructure Dig

If the company’s registered location was selected as a
“Broadband China” demonstration city during the sample
period (i.e., treatment group) and the observation time is

after the year of selection, the variable Dig takes a value of 1;
otherwise, it takes a value of 0.

Control variable

Company size Size The natural logarithm of total assets is used to measure the
company’s size.

Leverage ratio Lev The natural logarithm of the ratio of total liabilities to total
assets is used to measure the company’s leverage.

Return on assets ROA The natural logarithm of the net profit ratio to total assets is
used to measure the company’s profitability.

Shareholding structure Indep The logarithm of the number of independent shareholders
is used to measure the company’s ownership structure.

Equity multiplier Equity The natural logarithm of the ratio of total assets to owner’s
equity is used to measure the company’s leverage ratio.

Tobin Q TobinQ The ratio of market value to replacement cost is used to
measure the company’s market-to-book ratio.

City control variables Industrial structure INDst
The natural logarithm of the ratio of the tertiary industry’s
output value to the secondary industry’s output value is

used to measure the industrial structure.

Population growth rate pop
The natural logarithm of the ratio between annual and

average population change is used to measure the
population growth rate.

4. Results
4.1. Descriptive Statistics

The significant factors in this paper’s descriptive statistics are shown in Table 2. The
mean (median) of the logarithm of Huazheng ESG Composite Score, which measures
corporate ESG performance, is 1.370 (1.386), with a standard deviation of 0.327. The
enormous disparity in ESG scores among various organizations is indicated by the wide
gap between the maximum and minimum values. The standard deviation of the control
variable “firm size” is 1.389, indicating a significant variation in size among different listed
companies. The standard deviation of TobinQ from the viewpoint of company value is
1.684, showing a significant difference among businesses. The return on assets (ROA)
represents the profitability of the company, and the minimum value is negative. It is
observed that the profitability situation of some companies is not optimistic. Additionally,
the descriptive statistical analysis of the control variables identifies notable variations
between the companies. This confirms the appropriateness of selecting these variables as
control variables, as they effectively capture the substantial variations among the firms.
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Table 2. Descriptive statistics.

Variable N Mean Median Sd Min Max

ESG 22,822 1.370 1.386 0.327 0 4.382
Dig 22,822 0.471 0 0.499 0 1
Lev 22,822 0.444 0.439 0.214 0.0490 0.972

ROA 22,822 0.0310 0.0320 0.0680 −0.356 0.198
Indep 22,822 3.201 3 0.573 2 5
Equity 22,822 2.259 1.772 1.685 1.029 15.47

Size 22,822 22.36 22.20 1.389 14.94 28.64
TobinQ 22,822 2.264 1.711 1.684 0.852 11.66
INDst 15,914 1.768 1.248 1.297 0.420 5.464
pop 18,360 2.425 2.423 0.498 1.054 3.484

4.2. Regression Results and Analysis

Table 3 displays the findings of the baseline regression analysis using Model (1).
The paper uses stepwise regression as its methodology. Columns (1) to (4) take time
and personal effects into consideration as we analyze how urban digital infrastructure
affects three important sub-indicators and corporate ESG performance. The regression
coefficient of urban digital infrastructure on corporate ESG performance is 0.016 and
passes the significance test at the 5% level. In Columns (5) to (8), where additional control
variables are included, the regression result of urban digital infrastructure on corporate
ESG performance is 0.021, passing the significance test at the 1% level. The conclusion is
still true. This suggests that there is a strong positive correlation between the two, with
corporate ESG performance improving with more urban digital infrastructure. Specifically,
listed companies’ environmental and governance aspects have significantly improved due
to urban digital infrastructure in their respective locations. As a result, companies are more
inclined to allocate resources to areas such as energy management, corporate organizational
governance, and internal ethical risk management.

Table 3. Impact of urban digital infrastructure on corporate ESG performance.

Variable
(1) (2) (3) (4) (5) (6) (7) (8)

ESG Environ Social Govnce ESG Environ Social Govnce

Dig 0.016 ** 0.009 *** −0.002 0.006 *** 0.021 *** 0.008 *** −0.003 0.009 ***
(2.333) (4.642) (−0.653) (2.848) (3.162) (4.210) (−1.130) (4.225)

Lev −0.207 *** 0.016 *** 0.029 *** −0.138 ***
(−10.592) (2.694) (3.860) (−22.843)

ROA 0.509 *** −0.010 0.081 *** 0.146 ***
(16.203) (−1.070) (6.607) (15.057)

Indep 0.018 *** −0.002 0.000 0.008 ***
(3.320) (−1.283) (0.134) (5.098)

Equity −0.004 ** −0.003 *** −0.004 *** 0.001 **
(−2.017) (−4.823) (−5.981) (2.393)

Size 0.056 *** 0.014 *** 0.028 *** 0.012 ***
(14.136) (11.250) (17.863) (9.642)

TobinQ −0.017 *** −0.001 *** −0.000 −0.003 ***
(−10.487) (−2.656) (−0.671) (−6.292)

_cons 1.362 *** 4.088 *** 4.305 *** 4.362 *** 0.164 * 3.790 *** 3.677 *** 4.128 ***
(382.966) (3840.813) (3143.562) (3929.432) (1.861) (140.411) (106.634) (151.080)

N 22,822 22,822 22,822 22,822 22,822 22,822 22,822 22,822
code Yes Yes Yes Yes Yes Yes Yes Yes
year Yes Yes Yes Yes Yes Yes Yes Yes
R2 0.439 0.665 0.574 0.411 0.467 0.668 0.585 0.451

Notes: The symbols *, ** and *** represent for the levels of significance at the 10%, 5% and 1% levels, respectively.
This note applies to the following tables.
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4.3. Robustness Test

To ensure the stability of the core hypotheses mentioned earlier, this paper conducts ro-
bustness tests using several methods, including parallel trend analysis, placebo effects, PSM-
DID, incorporating macroeconomic factors, excluding directly governed cities and provin-
cial capitals from the regression, and replacing the rating agency of the dependent variable.

4.3.1. Parallel Trend Analysis

This paper utilizes the event study approach to evaluate the parallel trend since it is
assumed that the experimental and control groups had parallel trends before the adoption
of the policy (Figure 3). Parallel trend analysis presents the outcomes. All coefficients
are not significant before the policy pilot is put into action. This suggests that before the
introduction of urban infrastructure, the ESG performance of the experimental and control
groups had parallel patterns. In the fourth year after the policy implementation, the two
groups significantly differ in ESG performance. This shows that from the standpoint of
dynamic impacts, the growth of urban digital infrastructure has short- and long-term
effects on corporate ESG performance. In summary, the treatment and control groups’
development trends were parallel before the policy implementation. The DID model
designed in this paper is compelling.

Systems 2023, 11, x FOR PEER REVIEW 15 of 28 
 

 

groups� development trends were parallel before the policy implementation. The DID 
model designed in this paper is compelling. 

 
Figure 3. Parallel trend analysis. 

4.3.2. Placebo Effect 
In the baseline regression of this analysis, various factors that could affect corporate 

ESG performance were previously taken into account. However, it is still difficult to 
determine whether there are other important omitted variables. Therefore, following the 
approach of scholars, a placebo test using random sampling is conducted to verify the 
issue of omitted variables. In this paper, specifically, while keeping the order of control 
variables unchanged, a placebo test is conducted by randomly selecting policy variables 
from the sample of pilot cities and periods. A total of 500 iterations of the regression 
analysis are run while accounting for firm fixed effects and time effects. 

Figure 4 presents the findings. The regression coefficient of 0.021 is a low probability 
event, indicating that the omission of variables is unlikely to have an impact on the core 
findings of this paper. 

Figure 3. Parallel trend analysis.

4.3.2. Placebo Effect

In the baseline regression of this analysis, various factors that could affect corporate
ESG performance were previously taken into account. However, it is still difficult to
determine whether there are other important omitted variables. Therefore, following the
approach of scholars, a placebo test using random sampling is conducted to verify the issue
of omitted variables. In this paper, specifically, while keeping the order of control variables
unchanged, a placebo test is conducted by randomly selecting policy variables from the
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sample of pilot cities and periods. A total of 500 iterations of the regression analysis are
run while accounting for firm fixed effects and time effects.

Figure 4 presents the findings. The regression coefficient of 0.021 is a low probability
event, indicating that the omission of variables is unlikely to have an impact on the core
findings of this paper.
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4.3.3. PSM-DID

This paper uses the PSM-DID model to reduce the effect of sample bias on the results
of the baseline regression to address the problem of sample selection bias. By categorizing
the sample into an experimental group consisting of companies registered in “Broadband
China” demonstration cities and a control group consisting of companies registered in
non- “Broadband China” demonstration cities, and matching individuals with similar
characteristics in both groups, the paper aims to simulate the “counterfactual” scenario
to the greatest extent possible. Specifically, following the approach of Giannetti et al. [45],
propensity scores are calculated through regression analysis using other control variables as
benchmarks, and then matching is conducted based on these propensity scores. To ensure
the robustness of the matching results, this paper employs three methods for matching: 1:2
nearest neighbor matching; radius matching (with a radius of 0.01); and kernel matching.
All of these methods have passed the parallelism test.

The findings of the repeated regression analysis on the matched sample are presented
in Table 4.The regression coefficients between the growth of the urban digital infrastructure
and corporate ESG performance are continuously significant and positive. This provides
evidence that even after controlling for sample selection bias, urban digital infrastructure
continues to significantly promote corporate ESG performance.
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Table 4. PSM-DID.

Variable
(1) (2) (3)

Nearest-Neighbor Radius Kernel

Dig 0.156 *** 0.022 ** 0.022 **
(3.063) (2.528) (2.539)

Lev −0.225 *** −0.211 *** −0.220 ***
(−7.749) (−9.219) (−9.674)

ROA 0.314 *** 0.411 *** 0.399 ***
(7.051) (12.424) (12.282)

Indep 0.013 0.008 0.009
(1.642) (1.333) (1.388)

Equity −0.004 * −0.005 *** −0.005 **
(−1.764) (−2.590) (−2.336)

Size 0.081 *** 0.078 *** 0.079 ***
(13.277) (16.217) (16.516)

TobinQ −0.004 −0.004 ** −0.004 **
(−1.640) (−2.416) (−2.487)

_cons −0.504 *** −0.335 *** −0.360 ***
(−3.589) (−3.112) (−3.355)

N 12,583 18,675 18,732
code Yes Yes Yes
year Yes Yes Yes
R2 0.534 0.537 0.537

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.

4.3.4. Add Macro Variables

Only company-level metrics were taken into account in the baseline regression; how-
ever, macroeconomic variables should also be taken into account when analyzing factors
affecting corporate ESG performance. In this paper, regional industrial structure (INDst)
and population growth rate (pop) were used as macroeconomic indicators, and these vari-
ables were added to the regression to obtain further empirical results, as shown in Table 5.
The coefficient of the variable “Dig” is significantly positive, even after considering the
impact of macroeconomic factors. This suggests that urban digital infrastructure can still
have a significant promoting effect on corporate ESG performance.

Table 5. Robustness test-add macro factors.

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

ESG Environ Social Govnce

Dig 0.015 * −0.015 −0.004 0.049 ***
(1.698) (−1.301) (−0.254) (3.784)

Lev −0.041 *** 0.037 *** 0.042 *** −0.126 ***
(−7.563) (5.332) (4.494) (−15.936)

ROA 0.106 *** 0.025 ** 0.085 *** 0.144 ***
(12.134) (2.246) (5.719) (11.407)

Indep 0.009 *** −0.001 0.006 ** 0.015 ***
(5.438) (−0.679) (2.305) (6.379)

Equity −0.002 *** −0.002 *** −0.002 *** −0.002 ***
(−5.326) (−3.857) (−3.191) (−3.397)

TobinQ −0.003 *** −0.003 *** −0.005 *** −0.002 ***
(−6.707) (−4.627) (−6.676) (−2.607)

INDst 0.006 *** 0.008 *** −0.002 0.008 ***
(3.291) (3.517) (−0.563) (3.339)

pop −0.001 −0.001 0.004 −0.004
(−0.309) (−0.362) (1.276) (−1.484)

_cons 4.266 *** 4.088 *** 4.273 *** 4.337 ***
(423.654) (317.963) (248.939) (297.490)

N 14,741 14,741 14,741 14,741
code Yes Yes Yes Yes
year Yes Yes Yes Yes
R2 0.545 0.673 0.561 0.445

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.
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4.3.5. Excluding Mega-Cities and Provincial Capitals

Mega cities and provincial capital cities have much more developed urban digital
infrastructure than other prefecture-level cities; hence, this paper re-estimated the model
after removing these cities to reduce any bias in the total estimation. The estimation
results are presented in Table 6. It is evident that urban digital infrastructure significantly
improves corporate ESG performance. Specifically, urban infrastructure enhances corporate
governance, but its impact on environmental and social dimensions is relatively smaller.

Table 6. Robustness test-excluding municipalities and provincial capitals.

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

ESG Environ Social Govnce

Dig 0.027 * 0.012 −0.036 0.089 ***
(1.684) (0.589) (−1.267) (3.793)

Lev −0.046 *** 0.013 0.047 *** −0.132 ***
(−6.862) (1.468) (3.893) (−13.383)

ROA 0.069 *** 0.000 0.058 *** 0.089 ***
(6.379) (0.021) (3.027) (5.589)

Indep 0.008 *** −0.005 * 0.010 *** 0.012 ***
(4.196) (−1.904) (2.891) (4.323)

Equity −0.002 *** −0.001 * −0.004 *** 0.000
(−3.011) (−1.952) (−3.531) (0.083)

TobinQ −0.004 *** −0.003 *** −0.005 *** −0.005 ***
(−7.285) (−3.543) (−4.617) (−5.542)

_cons 4.271 *** 4.110 *** 4.273 *** 4.336 ***
(367.048) (273.202) (206.013) (253.468)

N 9445 9445 9445 9445
code Yes Yes Yes Yes
year Yes Yes Yes Yes
R2 0.561 0.668 0.559 0.453

Note: t statistics in parentheses; *** and * indicate significance at the 1% and 10% statistical levels, respectively.

4.3.6. Changing the Rating Agency of the Explanatory Variable

The dependent variables for the regression analysis in this paper are the ESG perfor-
mance scores from three rating agencies, namely Wind, Bloomberg, and HuaZheng. The
regression results, as shown in columns (1) to (3) of Table 7, reveal coefficients of 0.209,
0.576, and 0.021 and the development of urban digital infrastructure significantly improves
corporate ESG performance.

Table 7. Robustness test-replacement of explanatory variables.

Variable
(1) (2) (3)

Wind Bloomberg Huazheng

Dig 0.209 ** 0.576 *** 0.021 ***
(2.401) (3.473) (3.162)

Lev −0.193 *** −2.308 *** −0.207 ***
(−2.924) (−3.941) (−10.592)

ROA −0.069 3.091 *** 0.509 ***
(−0.984) (3.400) (16.203)

Indep 0.037 ** 0.305 ** 0.018 ***
(2.255) (2.556) (3.320)

Equity −0.012 ** −0.059 −0.004 **
(−2.564) (−1.133) (−2.017)

Size 0.174 *** 1.211 *** 0.056 ***
(11.170) (10.898) (14.136)

TobinQ 0.014 *** 0.103 ** −0.017 ***
(2.775) (2.418) (−10.487)

_cons 1.945 *** −1.071 0.164 *
(5.480) (−0.429) (1.861)

N 9914 9705 22,822
code Yes Yes Yes
year Yes Yes Yes
R2 0.804 0.818 0.467

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels, respectively.
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4.4. Mechanism Analysis

The empirical results indicate that urban digital infrastructure improves corporate ESG
performance. So, what are the underlying mechanisms behind this influence? Through the
mechanisms of R&D investment, corporate governance level, and information transparency
based on models (2) and (3) in turn, this paper tests whether urban digital infrastructure
has a positive impact on corporate ESG performance. The regression results are shown in
Table 8 and are based on the model (1).

Table 8. Analysis of the mechanism of action.

Variable
R&D Investment Corporate Governance Level Information Transparency

(1) (2) (3) (4) (5) (6)
RD ESG Gevorn ESG DSCORE ESG

Dig 0.107 *** 0.066 *** 0.035 *** 0.021 *** 0.034 ** 0.017 *
(2.756) (9.979) (3.027) (3.238) (2.066) (1.955)

RD 0.007 ***
(5.625)

Gevorn 0.017 ***
(4.494)

DSCORE 0.077 ***
(16.683)

Lev −1.407 *** −0.199 *** −0.162 *** −0.258 *** −0.303 *** −0.185 ***
(−11.964) (−9.923) (−4.681) (−13.608) (−6.251) (−7.238)

ROA −1.025 *** 0.620 *** 0.001 0.408 *** 1.770 *** 0.426 ***
(−5.310) (18.930) (0.014) (13.401) (24.131) (10.764)

Indep 0.053 * 0.022 *** −0.193 *** 0.020 *** −0.019 0.018 **
(1.671) (4.108) (−20.343) (3.796) (−1.393) (2.432)

Equity 0.008 −0.002 0.003 −0.003 * −0.004 −0.007 ***
(0.701) (−1.274) (1.037) (−1.807) (−0.893) (−2.650)

Size 0.016 0.047 *** −0.179 *** 0.075 *** 0.078 *** 0.043 ***
(0.681) (11.595) (−25.219) (18.899) (7.975) (8.321)

TobinQ −0.034 *** −0.022 *** −0.055 *** −0.011 *** 0.006 −0.021 ***
(−3.440) (−12.909) (−19.255) (−7.199) (1.499) (−10.562)

_cons 0.556 0.340 *** 4.653 *** −0.236 *** 1.420 *** 0.225 **
(1.042) (3.761) (29.618) (−2.687) (6.568) (1.974)

N 19,914 19,914 22,092 22,092 14,368 14,368
code Yes Yes Yes Yes Yes Yes
year Yes Yes Yes Yes Yes Yes
R2 0.714 0.477 0.814 0.492 0.432 0.451

Sobel test 0.004
(z = 8.123, p = 4.441 × 10−16)

0.002
(z = 5.387, p = 7.181 × 10−08)

0.004
(z = 3.07, p = 0.002)

Indirect effects
as a percentage 14.14% 71.98% 11.92%

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.

4.4.1. Intrinsic Mechanisms of Urban Digital Infrastructure Affecting Corporate ESG
Performance: R&D Investment

Columns (1) to (2) of Table 8 combined show the regression results for the effect of
R&D expenditure and urban digital infrastructure on corporate ESG performance. The
Dig regression coefficient in column (1) is 0.107, which is significant at the 1% level. This
indicates that urban digital infrastructure positively effects promoting companies’ R&D
investment. In column (2), when both the Dig variable and R&D investment (RD) are
included, the regression coefficient for Dig is 0.066, and for RD it is 0.007. At the 1%
level, both coefficients are significant. This confirms that R&D investment is a vital trans-
mission pathway through which urban digital infrastructure influences corporate ESG
performance. The Sobel test further supports the existence of the mediating role played by
R&D expenditure. By calculation, it is found that the indirect effect through the pathway
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of R&D investment accounts for approximately 14.14% of the total effect. This suggests
that urban digital infrastructure can promote corporate ESG performance by enhancing
R&D investment.

4.4.2. Urban Digital Infrastructure Promotes Corporate Governance Level for Corporate
ESG Performance

The regression results for the influences of corporate governance level and urban
digital infrastructure on corporate ESG performance are shown in columns (3) to (4) of
Table 8. In column (3), the regression coefficient for the urban digital infrastructure variable
(Dig) is 0.035, which is significant at the 1% level. This indicates that urban digital infras-
tructure is beneficial for enhancing corporate governance level. The regression coefficients
of Dig and corporate governance level (Gevorn) are 0.021 and 0.017, respectively, after
adding both urban digital infrastructure variables (Dig) and corporate governance level
(Gevorn) in column (2), and both are significant at the 1% level. This verifies that the level
of corporate governance is a vital transmission pathway for urban digital infrastructure to
influence corporate ESG performance. Furthermore, in conjunction with the Sobel test, the
mediating effect of the corporate governance level variable is confirmed. By calculation,
it is found that the indirect effect of the corporate governance level pathway accounts for
approximately 71.98% of the total effect. This indicates that urban digital infrastructure can
promote corporate ESG performance by enhancing corporate governance, and overall, the
indirect effects are substantial.

4.4.3. Urban Digital Infrastructure Enhances Corporate ESG Performance by Increasing
Information Transparency

The regression coefficient of the urban digital infrastructure variable (Dig) in column
(5) in Table 8 is similarly seen to be significantly positive at the 5% level from column (5)
to column (6). This suggests that improving urban digital infrastructure will increase the
transparency of company information. The regression coefficients for the growth of the
urban digital infrastructure (Dig) and information disclosure transparency (DSCORE) are
0.017 and 0.077, respectively, in column (6). The coefficients have a 10% and 1% significance
level, respectively. It is confirmed that improving information transparency is a vital
transmission pathway through which urban digital infrastructure enhances corporate ESG
performance. Furthermore, it can be seen from the results of the Sobel test that the indirect
impact of information openness is responsible for roughly 11.92% of the overall effect.
This shows that by increasing information transparency, urban digital infrastructure might
support corporate ESG performance.

4.5. The Heterogeneity Analysis of Digital Infrastructure on Corporate ESG Performance

This paper evaluates the effect of developing urban digital infrastructure on corporate
ESG performance and its underlying processes across the entire sample by performing
many robustness checks. It is crucial to keep in mind, nonetheless, that depending on
the company characteristics or business sectors, the relationship between urban digital
infrastructure and corporate ESG performance may change. Using this information, the
research analyzes heterogeneity at the business, industry, and regional levels. The research
takes into account variables including profitability, life cycle, business size, and ownership
structure at the firm level. At the industry level, the analysis considers factors such as
pollution intensity. The regional level includes the Midwest and the East.

4.5.1. Firm-Level Heterogeneity Analysis

The empirical results in Table 9 indicate that in terms of ownership structure, urban
digital infrastructure positively impacts corporate ESG performance. The difference be-
tween the coefficients for state-owned and non-state-owned businesses, however, suggests
that state-owned businesses are more strongly affected by urban digital infrastructure in
terms of ESG performance. According to the survey, state-owned businesses are better
at negotiating policies and can more easily take advantage of the growth of the urban
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digital economy by leveraging their national reputation. At the same time, state-owned
enterprises are expected to take on greater responsibilities in terms of environmental and
social aspects. To contribute to national policies, improve their digital skills, and encourage
high-quality and environmentally friendly urban development, state-owned businesses
should lead the way.

Table 9. Company heterogeneity—ownership structure and business size.

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

State-Owned Non-State-
Owned

Small and
Medium Size Large Scale

Dig 0.026 *** 0.022 ** 0.029 *** 0.006
(2.916) (2.334) (3.209) (0.577)

Lev −0.138 *** −0.201 *** −0.214 *** −0.148 ***
(−4.567) (−7.155) (−8.601) (−3.488)

ROA 0.095 * 0.600 *** 0.461 *** 0.405 ***
(1.808) (14.328) (11.964) (6.385)

Indep 0.026 *** 0.002 0.022 *** 0.011
(3.883) (0.238) (2.607) (1.592)

Equity −0.007 *** −0.002 −0.003 −0.011 ***
(−3.445) (−0.483) (−1.426) (−3.648)

Size 0.067 *** 0.054 *** 0.031 *** 0.121 ***
(10.773) (9.249) (4.488) (14.149)

TobinQ −0.009 *** −0.016 *** −0.021 *** −0.002
(−3.540) (−7.114) (−9.889) (−0.540)

_cons −0.112 0.240 * 0.715 *** −1.370 ***
(−0.808) (1.874) (4.863) (−6.973)

N 9874 12,215 13,369 9310
code Yes Yes Yes Yes
year Yes Yes Yes Yes
R2 0.525 0.446 0.450 0.507

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.

Based on the natural logarithm of total assets, the paper separates businesses into
small- and medium-sized enterprises and large-scale enterprises. Table 9’s columns (3)
and (4) show that small-scale businesses are more significantly impacted by the growth of
urban digital infrastructure than large-scale businesses are. This could be because small-
scale companies are generally more flexible and adaptable than large-scale companies.
They are more likely to embrace and adopt new digital technologies and workflows,
facilitating their transformation and upgrading efforts, ultimately leading to improved ESG
performance. Furthermore, in terms of risk control, urban digital infrastructure can help
small-scale companies reduce costs, improve efficiency, and optimize risk management.
Additionally, small-scale companies often have a relatively more straightforward process
for implementing risk control measures. This enables them to strengthen their compliance
management and enhance their overall ESG performance.

Different stages of a company’s lifecycle involve different future development plans
and varying levels of ESG performance. This paper drew inspiration from Dickinson [46]
and classified company lifecycles based on the positive or negative levels of cash flows at
different stages. As a company ages, it exhibits different characteristics in its development.
As a result, the stages of growth, maturity, and decline are separated into the company
lifecycle. As shown in Table 10, urban digital infrastructure significantly impacts corporate
ESG performance in the growth stage, as indicated by the significant coefficient at the 5%
level. However, it does not have a significant influence on corporate ESG performance in the
mature and decline stages. This suggests that companies need to have core competitiveness
to survive at different stages of development. Therefore, younger companies tend to have
stronger ESG performance, which can attract more investment.
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Table 10. Company heterogeneity —life cycle and profitability.

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

Growth
Period

Mature
Period

Recession
Period

Low
Profitability

High
Profitability

Dig 0.021 ** 0.005 0.021 0.042 *** 0.012
(2.015) (0.449) (1.110) (3.991) (1.250)

Lev −0.132 *** −0.176 *** −0.303 *** −0.195 *** −0.182 ***
(−3.859) (−4.365) (−6.874) (−6.466) (−5.739)

ROA 0.562 *** 0.499 *** 0.169 *** 0.421 *** 0.467 ***
(9.240) (7.989) (2.643) (9.131) (6.113)

Indep 0.015 * 0.019 ** 0.003 0.029 *** 0.014 *
(1.754) (2.091) (0.205) (3.460) (1.787)

Equity −0.002 −0.017 *** 0.002 −0.005 ** −0.006 **
(−0.612) (−4.255) (0.498) (−2.175) (−2.148)

Size 0.032 *** 0.038 *** 0.094 *** 0.065 *** 0.040 ***
(4.734) (4.542) (8.650) (9.323) (7.124)

TobinQ −0.024 *** −0.014 *** −0.012 *** −0.014 *** −0.017 ***
(−8.687) (−4.664) (−3.010) (−5.107) (−7.426)

_cons 0.702 *** 0.593 *** −0.640 *** −0.102 0.555 ***
(4.620) (3.210) (−2.650) (−0.662) (4.392)

N 9498 8069 4278 10,687 11,838
code Yes Yes Yes Yes Yes
year Yes Yes Yes Yes Yes
R2 0.430 0.487 0.556 0.492 0.463

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.

The average capital return rate is used to categorize organizations into high-profit and
low-profit groups. This method relates a company’s cash flow level to its decision-making,
which in turn influences its ESG performance. Companies with lower profitability levels
often adopt a gradual improvement approach conducive to sustainably advancing digital
transformation within reasonable cost boundaries. Companies with higher profitability
levels may be more inclined to achieve digital transformation rapidly. Low-profitability
companies use a progressive approach to avoid one-time high-cost significant changes,
leveraging limited resources and time to achieve significant improvement goals. This
approach is more favorable for promoting corporate ESG performance.

4.5.2. Industry-Level Heterogeneity

It is evident from the empirical findings in columns (1) and (2) of Table 11 that the
estimated coefficients of the primary explanatory variable Dig are favorable and significant
at the 5% level for both groups. However, the estimated coefficient of Dig for the non-heavy
polluting group is more extensive. This suggests that both non-heavy and heavy-polluting
companies benefit from urban digital infrastructure in terms of their ESG performance.
However, comparatively, urban digital infrastructure has a more substantial impact on the
ESG performance of non-heavy polluting companies. The paper suggests that non-heavy
polluting industries are primarily concentrated in the service sector, which tends to have a
higher sensitivity to digital economic resources. Heavy polluting companies, on the other
hand, face stricter environmental regulations and disclosure requirements, driving their
focus on ESG performance. When there is an improvement in the external environment,
such as urban digital infrastructure, companies in both non-heavy-polluting and heavy-
polluting industries experience positive effects. However, heavy-polluting companies,
mainly concentrated in the manufacturing sector, may have stricter requirements for the ex-
ternal conditions needed for digital transformation. This makes the driving force primarily
internal within the companies. Therefore, while developing urban digital infrastructure,
focusing on non-heavy polluting industries and increasing their share is important. This
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will strengthen the beneficial effects of the development of urban digital infrastructure on
corporate ESG performance in these sectors.

Table 11. Industry heterogeneity and regional heterogeneity.

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

Non-Heavily
Polluted

Heavy
Pollution Midwest East

Dig 0.020 ** 0.019 ** 0.054 *** 0.004
(2.142) (2.008) (4.700) (0.437)

Lev −0.200 *** −0.186 *** −0.225 *** −0.191 ***
(−7.303) (−6.154) (−6.538) (−7.888)

ROA 0.543 *** 0.419 *** 0.264 *** 0.610 ***
(13.178) (8.303) (4.548) (16.187)

Indep 0.028 *** 0.007 0.034 *** 0.011 *
(3.896) (0.810) (3.607) (1.693)

Equity −0.003 −0.004 * −0.004 −0.003
(−1.311) (−1.698) (−1.528) (−1.412)

Size 0.064 *** 0.048 *** 0.055 *** 0.058 ***
(11.679) (6.901) (7.651) (11.707)

TobinQ −0.019 *** −0.012 *** −0.010 *** −0.020 ***
(−8.567) (−4.589) (−3.601) (−10.091)

_cons −0.010 0.353 ** 0.104 0.163
(−0.083) (2.305) (0.651) (1.482)

N 12,226 10,496 7091 15,721
code Yes Yes Yes Yes
year Yes Yes Yes Yes
R2 0.486 0.461 0.482 0.461

Note: t statistics in parentheses; ***, ** and * indicate significance at the 1%, 5% and 10% statistical levels,
respectively.

4.5.3. Regional Heterogeneity

In this paper, panel data from the eastern region and the central-western area are
empirically analyzed in light of the disparities in economic development that exist among
China’s various regions. The data are shown in Table 11. Industry heterogeneity and
regional heterogeneity show that, as compared to enterprises located in the eastern region,
the central-western region shows a more noticeable influence of urban digital infrastructure
on ESG performance. A possible explanation is that the difference in industrial structure
plays a role. The central-western region tends to have a higher concentration of resource-
based industries and traditional manufacturing sectors than the eastern region. These
industries often have more significant environmental and social impacts. As a result, to
improve their ESG performance, businesses in the central-western region may need to pay
more attention to their environmental and social obligations during the construction of their
urban digital infrastructure. On the other hand, companies in the eastern region, especially
those in high-tech, finance, and other service industries, may have different industry
characteristics and business models that prioritize innovation and market competition. As
a result, in many businesses, the effect of urban digital infrastructure on ESG performance
might be less significant. The central-western region and the eastern region differ from one
another in terms of regional development. The central-western region is usually in a phase
of industrial restructuring and upgrading, where urban digital infrastructure can help
companies achieve transformation and upgrading, thus improving their ESG performance.
On the other hand, many companies in the eastern region have undergone a more extended
development period and already have a higher level of ESG performance. Therefore,
compared to the central-western region, the eastern region may not have as much of an
impact from the expansion of urban digital infrastructure on enhancing ESG performance.
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5. Discussion and Conclusions
5.1. Discussion

In recent years, with the increasing global pursuit of sustainable development, com-
panies’ environmental, social, and corporate governance (ESG) performance has become
a focal point of attention. ESG performance serves as both a critical foundation for in-
vestors, customers, and other stakeholders to assess a company’s worth and reputation
as well as a key indicator of corporate sustainable development. In this context, urban
digital infrastructure, as a significant component of modern business development, has
garnered significant attention from researchers and practitioners due to its relationship
with corporate ESG performance.

This paper places cities and enterprises within the green and high-quality development
framework. It uses a variety of econometric techniques to conduct empirical testing based
on theoretical analysis and the “Broadband China” quasi-natural experiment. Data from
Chinese A-share listed firms from 2011 to 2021 are used in the paper. The conclusions are
as follows. Firstly, urban digital infrastructure significantly positively affects corporate
ESG performance. This paper addresses endogeneity concerns by employing propensity
score matching and placebo tests. Robustness checks are conducted by incorporating
macroeconomic factors, excluding samples from direct-controlled and provincial capital
cities, and using alternative ESG rating agencies as explanatory variables. Secondly, urban
digital infrastructure can promote corporate ESG performance through various channels,
such as increasing R&D investments, enhancing corporate governance, and improving
information transparency. Thirdly, state-owned enterprises, small businesses, growing
companies, and companies with lower profitability all perform better in ESG metrics at
the corporate level, where urban digital infrastructure is more relevant. Urban digital
infrastructure has a greater influence on ESG performance at the industry and regional
levels for non-polluting businesses and businesses in the central and western regions.

However, this paper has several limitations. Firstly, the indicators for urban digital
infrastructure and corporate ESG performance may need improvement due to data con-
straints. Future research should adapt to new characteristics and refine these indicators
accordingly. Secondly, studying the impact of digital infrastructure on corporate ESG
performance is a complex and multifaceted issue that requires consideration of various
factors and possibilities. For instance, a more in-depth examination of the individual
sub-indicators of ESG performance can provide a more comprehensive understanding of
the effects of digitization on environmental, social, and governance aspects. Additionally,
investments and efforts by companies in digitization may be influenced by competitive
pressures and market dynamics, making the competitive environment another crucial factor
to consider. Furthermore, digital infrastructure encompasses a wide range of different
digital technologies, such as big data analytics, artificial intelligence, and the Internet of
Things, among others. These technologies may have distinct and specific impacts on ESG
performance. Through a deeper exploration of these unaddressed areas, we can gain a
more comprehensive understanding of the relationship between digitization and ESG. This
comprehensive research approach can offer valuable insights and opportunities for future
studies, ultimately contributing to sustainable development and enhanced corporate ESG
performance. Finally, as the global digital economy enters a new stage of development,
urban digital infrastructure is profoundly transforming the economy and society, continu-
ously impacting the sustainable development of companies, regions, and even individuals.
This paper focuses on China and analyzes the impact of urban digital infrastructure on
corporate ESG performance. In future research, it would be beneficial to broaden the
perspective and analyze this issue from the standpoint of global economic development.
Achieving sustainable development through urban digital infrastructure and improving
corporate ESG performance requires comprehensive planning and long-term efforts.
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5.2. Conclusions

The government and enterprises can consider the following policy implications in
light of the paper’s findings.

Accelerating the growth of the digital economy and enhancing urban digital infrastruc-
ture should be priorities. Various parts of China have varied levels of development for their
urban digital infrastructure, which shows there is space for growth. Companies should
seize the opportunities presented by the digital economy era and embark on digital transfor-
mation and upgrading. By leveraging digital resources, aligning with policy directions, and
promoting sustainable development, companies can assume greater social responsibilities
and optimize internal governance efficiency, enhancing their ESG performance.

Enhancing corporate awareness of ESG performance is crucial. Under the supervision
and guidance of the government and the market, companies should gradually shift their
attitudes towards ESG performance from passive to proactive, increasing their motiva-
tion to improve ESG performance and viewing it as an intrinsic requirement. In future
developments, companies must consider ESG performance essential to enhance competi-
tiveness, achieve long-term growth, and fulfill social responsibilities. Additionally, public
officials should improve their ability to enforce information disclosure, gain an in-depth
understanding of companies’ actual situations, establish information exchange platforms,
facilitate communication among companies, and positively influence and shape corporate
ESG behavior through targeted “dialogue” within urban digital infrastructure.

Based on heterogeneity analysis, it is crucial to strictly control the proportion of
heavily polluting industries and actively promote their green transformation for companies
with different property rights, varying sizes, geographical locations, profitability levels,
industries, and life cycles. Efforts should be made to leverage the leading role of state-
owned enterprises and seize the new resources, opportunities, and trends brought by urban
digital infrastructure. Local governments should adopt targeted approaches and develop
multi-level support programs for different types of enterprises. Limited fiscal resources
should be allocated to urban digital infrastructure to lower the barriers for companies to
embrace digitization, enhance their digital capabilities, and promote ESG performance.
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Abstract: In the era of the digital economy, traditional industries have begun to realize digital
transformations. For commercial banks, digital transformation is a trend and a requirement and is
the only way to achieve sustainable development. At the same time, at the helm of the enterprise,
executives play an essential role in the development of commercial banks. This study explored the
relationship between digital bank transformation and bank efficiency, environment, society, and
corporate governance (ESG) through empirical analysis, and how executives’ innovation awareness
and executive technical background affect the relationships between digital bank transformation,
bank efficiency, and ESG. This study used the regression method of fixed effects to conduct empirical
research on the data of China’s A-share listed banks from 2011 to 2021. The research results show that
the digital transformation of banks has improved efficiency and promoted the ESG performance of
commercial banks. At the same time, executives’ innovation consciousness and technical background
have played a positive regulatory role in banks’ digital transformation to promote bank efficiency
and ESG. The main research object of this study was Chinese commercial banks. The bank’s digital
transformation results were examined and the research was expanded to digital transformation and
ESG. At the same time, this study has particular significance for investors who have a financial
interest in banks.

Keywords: digital transformation of banks; bank efficiency; ESG; executive innovation awareness;
executive technical background

1. Introduction

With the development of digital technologies such as artificial intelligence, big data,
and blockchain, the world has gradually entered the era of digital economy [1]. The ad-
vancement of science and technology has promoted the innovation of traditional industries;
digital transformation has gradually become a trend [2]. In China, the People’s Bank of
China issued two fintech development plans in 2019 and 2022, emphasizing that financial
institutions should accelerate digital transformation [3]. In the banking industry, the emer-
gence of intelligent robots, intelligent point-of-sale machines, cash recycling machines, and
coin exchange machines is the response policy of commercial banks and the only way to
achieve sustainable development.

As a traditional industry, commercial banks are the pioneers of informatization [4].
Facing the advent of the digital economy, commercial banks are actively or passively
carrying out digital transformation [5]. By accelerating banks’ digital transformation,
commercial banks have achieved income diversification, “overtaking on corners”, and
building a “century-old bank.” At the same time, the digital transformation of banks has
also played a role in promoting the financial performance of commercial banks. Thus, how
does the digital transformation of banks affect bank efficiency? The existing literature gives
answers from different angles.

First of all, based on the perspective of financial technology, the analysis was carried
out through the transmission mechanism. Fan, et al. [6] identified that financial technology
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has promoted banks’ digital transformation through financial innovation and technology
spillover. After the digital transformation of banks, the efficiency of lending has been
accelerated, and the financing efficiency of small- and medium-sized enterprises has been
improved [7]. Shou [8] pointed out that financial technology has promoted the digital
transformation of banks and improved the efficiency of banks by reducing the level of
risk management and control. The literature review indicated that, recently, scholars have
researched the digital transformation of banks from the perspective of financial technology,
and pointed out that the digital transformation of banks has improved the efficiency of
banks and further improved the financial performance of commercial banks.

Second, through the spillover effect, banks’ digital transformation improves commer-
cial banks’ efficiency. Hoehle, et al. [9] pointed out that the digital transformation of banks
can improve the service model of traditional commercial banks, thereby promoting the
transformation and upgrading of commercial banks. From the perspective of heterogene-
ity, commercial banks will undergo mergers and acquisitions under the impact of digital
transformation, and the total factor productivity of restructured commercial banks can be
improved to a certain extent. Large commercial banks have a greater digital technology
absorption capacity than small commercial banks. Chen [10] took 20 Chinese commercial
banks as a sample and compared and analyzed the changes in profit efficiency before and
after the establishment of WeBank, China’s first online merchant bank. The study found
that after MYbank was established, the bank’s profit efficiency increased significantly.

At the same time, in recent years, glaciers have melted, sea levels have risen, and smog
has appeared, emphasizing the global importance of environmental protection. In order to
achieve ecologically sustainable development, the “double carbon” goals (carbon peak and
carbon neutrality) have been included in Chinese government work reports and included
in the overall layout of ecological civilization construction to promote the transformation
of the national economy to be low carbon and green. For commercial banks, it is a new
requirement to realize their development while protecting the ecological environment.
Investors, governments, the media, etc., are all paying close attention. Therefore, in the
era of the digital economy, how can commercial banks improve ESG performance through
bank digital transformation?

ESG reflects the social responsibility of commercial banks. In China, state-owned
commercial banks undertake part of their social responsibilities when developing their
businesses, including environmental governance and poverty alleviation projects. For
joint-stock commercial banks, undertaking social responsibilities will require additional in-
vestment, increase the cost of commercial banks, and reduce the profits of commercial banks.
Therefore, passive social responsibility leads to poor ESG performance. Zhao, et al. [11]
pointed out that ESG should be incorporated into application decision-making as a nonfi-
nancial factor to avoid short sightedness and achieve long-term sustainable development.
Some scholars also believe that ESG should be included in leadership and corporate culture
during digital transformation. This can not only enhance the reputation of commercial
banks but also improve the operating performance of commercial banks [12].

The impact of bank digital transformation on commercial banks is multifaceted, specif-
ically reflected in bank efficiency and operational capabilities. However, there needs to
be more relevant research on how banks’ digital transformation affects corporate ESG
performance. Therefore, in the era of a green economy, it is necessary to study the impact
of bank digital transformation on ESG. At the same time, banks’ digital transformation
is affected by many factors, such as COVID-19, the nature of banks, and the life cycle of
enterprises [13]. In addition, at the helm of commercial banks, executives play an essential
role in the daily operation and management. Executives with innovation awareness and a
technical background will actively promote digital transformation when the digital econ-
omy comes. Li, et al. [14] pointed out that many commercial banks have constructed and
launched mobile banking. Mobile banking is one of the important achievements of banks’
digital transformation. Mobile banking can improve the service efficiency and business
efficiency of commercial banks.
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This study drew on the Leviäkangas [15] research method and used meta-analysis
to organize the existing literature; see Figure 1 for details. In the Scopus and Web of
Science (WOS) databases, 1527 results were obtained after inputting the keywords “digital
transformation of banks”. After the screening, 1183 results were obtained after filtering
those in the English language. Furthermore, after searching for the related research topics
of “bank efficiency” and “ESG” and deleting duplicate articles, 163 results were obtained.
Finally, after filtering out irrelevant articles, 34 results were obtained. In total, 36 results
were obtained after adding 2 unindexed related research articles through Google Scholar.
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Through the literature review, it was found that there are few studies on the digital
transformation of banks. Some literature studies have measured the digital transformation
of banks. Some scholars studied the impact of financial technology on banks’ digital trans-
formation; others have studied the impact of banks’ digital transformation on commercial
banks’ financial performance.

Moreover, bank digital transformations have even less impact on bank efficiency and
ESG. The existing literature was reviewed using the case-analysis method; very few studies
have taken China’s listed A-shares as the research object. Part of the reason is that only
40 commercial banks are listed on China’s A-share market. Therefore, this study explored
the relationship between bank digital transformation and bank efficiency and ESG through
empirical analysis. At the same time, the executives’ innovation awareness and executives’
technical background were introduced as adjustment variables; empirical research was
carried out using the data of China’s commercial banks.

Compared with the existing literature, this paper has the following contributions: first,
research on digital transformation is enriched by taking the digital transformation of banks
as an entry point; second, through the digital transformation of banks, the research on bank
efficiency and ESG is expanded; third, attention is paid to the role of executive cognition,
and the impact of bank digital transformation on bank efficiency and ESG is analyzed;
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fourth, this study provides a reference for investors with a financial interest in banks and
has good practical significance.

The structure of this study is as follows. The Section 1 is the introduction, which sum-
marizes the research background, purpose, and significance. The Section 2 is the theoretical
background and hypothesis derivation. The Section 3 introduces sample selection, data
source, variable definition, and the research-model design. The Section 4 reports the results
of the empirical analysis. The Section 5 presents the robustness test. The Section 6 presents
the discussion, conclusion, management significance, and future research directions of
this study.

2. Literature Review and Theoretical Hypotheses

The digital transformation of banks refers to the continuous expansion and application
of digital technologies represented by artificial intelligence and big data in commercial
banks, accelerating business optimization, upgrading, and innovation transformation, trans-
forming traditional kinetic energy and cultivating new kinetic energy, and realizing the
process of transformation, upgrading, and innovation [16]. Conceptually, in the medium
and long term, banks’ digital transformation is conducive to improving operational effi-
ciency, strengthening innovation, and reducing costs [17,18]. Technically speaking, banks’
digital transformation is based on the advancement of information technology. At the same
time, artificial intelligence, big data, blockchain, and the internet of things are also applied
to banks’ digital transformation. For example, based on artificial intelligence, intelligent
robots have appeared, which release some lobby managers and improve service efficiency;
based on internet of things technology, cloud flash payments have appeared; based on
blockchain technology, digital RMB appeared; based on big data, mobile phones banks have
realized “thousands of faces”. The emergence and application of new technologies have
improved the operational capabilities of commercial banks and reduced banking costs.

The theory of externalities shows that there are certain externalities in the operating
activities of commercial banks and the digital transformation of banks can reduce the
negative externalities caused by the operating activities of commercial banks [19]. At the
same time, it is beneficial for commercial banks to realize operating activities with higher
efficiency and lower cost. The digital transformation has laid the foundation for the techno-
logical innovation capabilities of commercial banks. With the continuous improvements
in technology, the cost of commercial banks’ operation activities has been reduced and
efficiency has been improved.

The theory of technological innovation implies that the development of digital tech-
nology has promoted the innovation of commercial banks [14,20]. The deep integration
of digital technology with the real economy can record the business activities of commer-
cial banks while using extensive data analysis for tracking and management of internal
information of commercial banks [21]. Thereby, costs are significantly reduced and effi-
ciency is improved in information collection, decision support, operation management,
and other aspects.

The banking efficiency of commercial banks concentrates on the customer-service
efficiency of commercial banks [22]. Banking efficiency is a concentrated expression of the
competitiveness of commercial banks. Improving bank efficiency can prevent financial
risks and promote commercial banks’ sustainable development [23].

After the digital transformation of banks, the customer-service efficiency of commercial
banks can be improved. After the bank’s digital transformation, customers can go to
bank outlets to handle business. They can make an appointment in advance through the
WeChat official account or mobile banking, and the business can be handled at the store
without waiting for customers [24]. After the “reduction of the face and pressing counters”,
some liberated tellers are engaged in customer service manager posts, who can guide
customers to handle business, discover customer needs, and introduce effective customers
for account managers. After the bank’s digital transformation, customers can lock large
deposit certificates and wealth-management products through mobile and online banking.
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They can also snap up treasury bonds and precious metals through mobile and online
banking. After a bank’s digital transformation, it can then meet the needs of customers
to handle business across provinces and countries, coordinate services, and better realize
the service promise of “one bank, one customer.” After the bank’s digital transformation,
the types of business can be enriched, and introducing express delivery can improve the
efficiency of sales and services.

When the digital transformation of banks develops to a certain extent, it can enhance
the technological spillover effect and improve the efficiency of banks. Therefore, this study
proposes hypothesis 1:

Hypothesis 1 (H1). Bank digital transformation improves bank efficiency.

The advent of digital transformation has changed the business landscape. With the
indepth research of scholars, digital transformation is also affecting commercial banks.
Leviäkangas [15] identified six dimensions and seventeen categories of digital transfor-
mation through a metareview. At the same time, the research points to organizational,
technological, and social dimensions that remain key to digital transformation. Future
research could address sustainability and smart cities. However, as far as commercial banks
are concerned, this study has also performed a simple exploration of the impact of bank
digital transformation on society and the environment. Traditional corporate governance
theory holds that commercial banks aim to maximize profits and shareholder value [25].
Modern corporate governance theory and stakeholder theory require commercial banks
to be responsible to shareholders and creditors, employees, the government, and the envi-
ronment [26]. At the same time, commercial banks should focus on external governance,
pay attention to more stakeholders, and maximize the overall interests of stakeholders.
Although undertaking social responsibility will increase the cost of commercial banks, it
will establish an excellent reputation for commercial banks [27]. Priority financing theory
shows that when investors invest, they are more inclined to choose commercial banks with
social responsibility [28]. At the same time, the better the ESG performance, the better the
reputation effect, and the better the stock price of commercial banks.

Banks’ digital transformation is based on a new generation of digital information
technology. The digitization of the real economy and the materialization of digital technol-
ogy has dramatically impacted current production and lifestyle. At the same time, green
sustainable development and balanced development have become current thematic and
development trends. The value of banks’ digital transformation is reflected in not only
the improvement of efficiency and financial performance but also the noneconomic per-
formance of commercial banks such as ESG. First, the digital transformation of banks can
promote the technological innovation of commercial banks, especially the innovation and
application of green technologies, thereby enhancing the contribution of commercial banks
to the environment and sustainable development. Second, digital technology is conducive
to reducing information asymmetry and transaction costs. Improving the transparency
of commercial bank information will help commercial banks improve their governance
and better fulfill their social responsibilities. Third, applying big data can enable mobile
banking to realize “thousands of faces.” Launching exclusive products and services for
different customer groups can reduce resource waste and improve commercial banks’ ESG
performance. Fourth, one of the critical results of banks’ digital transformation is mobile
banking. Customers purchase wealth management and funds through mobile banking,
which can realize the online process, reduce paper waste, and contribute to environmental
protection, thereby improving the ESG performance of commercial banks. Fifth, using
artificial intelligence and big data will help commercial banks screen green-credit targets,
thereby contributing toward dual-carbon goals and improving the ESG performance of
commercial banks.

In summary, banks’ digital transformation is helpful to commercial banks’ ESG perfor-
mance. The better the ESG performance, the lower the reduction in the profits of commercial
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banks, and in the long run, it will increase the stock prices of commercial banks. Therefore,
this paper proposes research hypothesis 2:

Hypothesis 2 (H2). The digital transformation of banks improves the ESG performance of com-
mercial banks.

The high-echelon theory points out that the operation of commercial banks is directly
affected by the background and cognition of executives and other characteristics. With
the advent of the digital economy, digital transformations have begun in all walks of life.
Alternatively, operational efficiency is improved through innovation, or operating costs
are reduced through process optimization [29]. For commercial banks, the advancement of
technology has promoted the digital transformation of banks and innovation. At the helm
of commercial banks, executives largely determine the business direction.

First, executives have a sense of innovation and will support R&D expenses and R&D
personnel input during the bank’s digital transformation. Executives have a sense of inno-
vation, which means that they value the innovation of commercial banks and are willing to
invest in innovation activities, thereby promoting banks’ digital transformation. Through
digital transformation, commercial banks can improve operational efficiency, reduce operat-
ing costs, and increase environmental protection performance, thereby improving the ESG
performance. Therefore, compared with noninnovative executives, innovative executives
play a positive role in the impact of digital bank transformation on bank efficiency and ESG.

Second, executives with a technical background can promote the progress of the bank’s
digital transformation, thereby affecting the bank’s efficiency and ESG performance. Execu-
tives with a technical background have an inevitable accumulation of knowledge about
R&D innovation activities, are familiar with the development trend of commercial banks,
and can make reasonable judgments and expectations for the risks and benefits of different
R&D projects, which will help commercial banks make full use of innovation elements [30].
The technical background of executives is the embodiment of their experience, an essential
source of knowledge and information that executives can use and affects the experience
and skills of executives. At the same time, executives with technical backgrounds are
essential participants in the strategic decision-making of commercial banks and can provide
professional guidance and suggestions for commercial bank innovation [31]. Executives
of commercial banks with technical backgrounds rely on their accumulated social capital
to gain information and resource advantages in innovation, which are conducive to inte-
grating resources and ensuring their optimal allocation, thereby improving bank efficiency.
In addition, executives with a technical background pay more attention to the long-term
development of commercial banks and tend to increase the proportion of investment in
human capital and R&D expenditures to promote innovation [32], thereby improving the
ESG performance of commercial banks. Compared with executives without a technical
background, executives with a technical background have a more vital risk-taking ability
for innovation, a higher tolerance for innovation failure, and encourage employees to try
new ideas [33]. Executives with technical backgrounds can not only give full play to their
professional advantages and reduce the uncertainty in the corporate innovation process
but also tend to invest considerably in R&D innovation projects. Therefore, the technical
background of executives can provide support and guidance for the digital transformation
of commercial banks. At the same time, executives with technical backgrounds play an
active role in the impact of bank digital transformation on bank efficiency and ESG.

In summary, executives with innovation consciousness and technical background play
a supporting role in banks’ digital transformation, thus affecting the relationship between
bank digital transformation, bank efficiency, and ESG. Therefore, this paper proposes
research Hypotheses 3–6:

Hypothesis 3 (H3). Executives’ awareness of innovation plays a positive moderating role in the
bank’s digital transformation to improve bank efficiency.
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Hypothesis 4 (H4). The technical background of executives plays a positive moderating role in the
bank’s digital transformation to improve bank efficiency.

Hypothesis 5 (H5). Executives’ awareness of innovation plays a positive moderating role in the
improvement of commercial banks’ ESG performance through digital bank transformation.

Hypothesis 6 (H6). The technical background of executives plays a positive moderating role in the
improvement of commercial banks’ ESG performance through the bank’s digital transformation.

Figure 2 is the study model.
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3. Research Design
3.1. Sample Selection and Data Sources

This study selected Chinese A-share listed banks from 2011 to 2021 as the research
object and obtained 296 samples. The sample data were processed as follows: (1) eliminate
samples with missing data and (2) eliminate ST-listed banks. Finally, 253 sample values
were obtained. The digital transformation data of banks in this study resulted from the
“Bank Digital Transformation Index” compiled by the research group of the Digital Finance
Research Center of Peking University. Executives’ innovation awareness and executives’
technical background were obtained from the company’s annual report using Python. The
remaining data came from the Guotaian database.

In order to alleviate the high collinearity between the interaction term and the inde-
pendent and moderator variables, these variables were centralized in this study [34]. In
order to eliminate the impact of outliers on this study, the sample data were shrunk by 2%.
At the same time, to reduce heteroscedasticity interference, some key continuous variables
were logarithmized in this study.
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3.2. Variable Definition
3.2.1. Dependent Variable Bank Efficiency and ESG Performance of Commercial Banks

Commercial banks, regulators, and most scholars usually measure banking efficiency
(BE) through the ratio of revenue to cost [35]. However, the income-to-cost ratio is a reverse
indicator. In order to conform to the research of this study, the income-to-cost ratio was
multiplied by minus one as a proxy variable of bank efficiency.

To measure ESG indicators, academic circles mostly use the Thomson Reuters database [27],
Bloomberg ESG data, etc. The research content of this paper was Chinese commercial banks;
therefore, according to China’s national conditions, China’s third-party institution system for
ESG indicator construction could be improved. Therefore, this study drew on the practice
of Zhang and Jin [36] and selected ESG data from the relatively mature and authoritative
Bloomberg Consulting Company. The data not only included ESG total scores but also corporate
environmental responsibility (E) and social responsibility (S), as well as each score for corporate
governance (G).

3.2.2. Independent Variable Bank Digital Transformation

Bank digital transformation (BDT) is the technical innovation and digital transforma-
tion of commercial banks based on the development of digital technology. Since this study
focuses on Chinese commercial banks, it does not select commonly used proxy variables for
corporate digital transformation, such as the frequency of the word “digital transformation”
in annual reports. At the same time, due to the characteristics of commercial banks, we can
choose the number of monthly active customers (MAU) of mobile banking instead [37].
However, MAU is only a manifestation of the digital transformation of banks and cannot
fully reflect the degree of digital transformation of commercial banks. Therefore, this
study draws on the research results of Xie and Wang [38] and uses the Peking University
China Commercial Bank Digital Transformation Index as a proxy variable for the bank’s
digital transformation.

3.2.3. Moderated Variables

Executive innovation awareness and technical background built on the research con-
ducted by Song, Nahm, and Song [31]. Specifically, executive innovation consciousness
was measured using Python technology to calculate the frequency of innovative terms
proposed by executives in the annual reports of listed companies. In order to eliminate dis-
crepancies, this study adopted the practice of industry averages and used dummy variables
for measurement. If the word frequency of the sample was greater than the average of all
sample word frequencies, it took a value of one; otherwise, it took a value of zero. Executive
technical backgrounds were assessed using dummy variables. If one of the executives had
a technical background, it took a value of one; otherwise, it took a value of zero.

3.2.4. Control Variables

In order to exclude the interference of other factors on the results, this study drew
on the practices of Liu, et al. [39]. Selected bank size (size), solvency (lev), growth (gro),
ownership concentration (top1), bank nature (soe), capital intensity (CI), and net profit
growth rate (NPR) were control variables of the study. Additionally, year effects (year)
were controlled. Table 1 details specific variables and their definitions.
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Table 1. Variable definitions.

Variable Type Variable Name Variable Code Variable Definitions

Dependent Variable

Bank Efficiency BE Business management fee/operating income × (−100%)

ESG Performance of
Commercial Banks ESG Bloomberg ESG score

Independent
Variable Bank Digital Transformation BDT Peking University Digital Finance Research Center

Moderator
Executive Innovation Awareness EIA

Dummy variable, the average frequency of innovative
words mentioned by executives in commercial bank annual

reports, 1 if more excellent than the average, 0 for others

Executive Technical
Background ETB As a dummy variable, executives with technical

background take 1, others take 0

Control Variable

Bank Size SIZE The natural logarithm of the total assets at the end of
the year

Solvency LEV Total liabilities at the end of the year/total assets at the end
of the year

Growth GRO Operating income growth rate

Concentration of Ownership TOP1 Shareholding ratio of the largest shareholder

Bank Nature SOE Dummy variable, 1 for state-owned holdings, 0 otherwise

Capital Intensity CI Total assets/operating income × (−100%)

Net Profit Growth Rate NPGR (Net profit for the current period − Net profit for the
previous year)/Net profit for the previous year) × 100%

Annual Effect YEAR Year dummy variable

3.2.5. Model Construction

In order to support hypothesis 1 of this study, i.e., that the digital transformation
of banks improves bank efficiency, a regression model (Equation (1)) that controlled the
annual effect was constructed.

BEt = β + β1 × BDTt + ΣβControlt + ε (1)

In order to support hypothesis 2 of this study, i.e., that the digital transformation of banks
improves the ESG performance of commercial banks, a regression model (Equation (2)) that
controlled the annual effect was constructed.

ESGt = β + β1 × BDTt + ΣβControlt + ε (2)

In order to further explore the moderating role of executives’ innovation consciousness
and executives’ technical background in bank digital transformation, bank efficiency, and
ESG, i.e., to verify assumptions 3–6, a regression model (Equations (3)–(6)) was constructed
to control the annual effect.

BEt = β + β1 × BDTt + β2 × EIAt + β3 × BDTt × EIAt + ΣβControlt + ε (3)

BEt = β + β1 × BDTt + β2 × ETBt + β3 × BDTt × ETBt + ΣβControlt + ε (4)

ESGt = β + β1 × BDTt + β2 × EIAt + β3 × BDTt × EIAt + ΣβControlt + ε (5)

ESGt = β + β1 × BDTt + β2 × ETBt + β3 × BDTt × ETBt + ΣβControlt + ε (6)

Here, BE represents the dependent variable of bank efficiency, ESG represents the de-
pendent variable of commercial banks’ ESG performance, BDT represents the independent
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variable of digital bank transformation, EIA represents the moderator variable of execu-
tive innovation awareness, ETB represents the moderator variable of executive technical
background, control represents the control variable, β–β3 represents the coefficient of each
variable, t represents the study year, and ε is the random disturbance term.

4. Research Results
4.1. Descriptive Statistics

The descriptive statistics of the data are shown in Table 2. The bank efficiency de-
pendent variable mean, standard deviation, minimum, and maximum were −29.60, 4.534,
−41.78, and −21.86, respectively. The data show some differences in the banking efficiency
of commercial banks; however, the degree of dispersion is small. The mean, standard
deviation, minimum, and maximum values of the dependent variable of commercial banks’
ESG performance were 38.45, 9.464, 19.32, and 55.76, respectively. The data show that the
ESG performance of commercial banks varies greatly, and the overall performance could be
improved. The independent variable bank digital transformation’s mean, standard devia-
tion, minimum, and maximum values were 99.91, 38.91, 23.56, and 169.8, respectively. The
data show that the degree of digital transformation among commercial banks varies greatly
and the data are relatively scattered. The average value, standard deviation, minimum, and
maximum values of the adjustment variable executives’ innovation awareness were 0.407,
0.492, 0, and 1, respectively. The average, standard deviation, minimum and maximum
values of the adjustment variable executives’ technical background were 0.344, 0.476, 0,
and 1, respectively.

Table 2. Descriptive statistics.

VARIABLES N Mean Sd Min Max

BE 253 −29.60 4.534 −41.78 −21.86
ESG 253 38.45 9.464 19.32 55.76
BDT 253 99.91 38.91 23.56 169.8
EIA 253 0.407 0.492 0 1
ETB 253 0.344 0.476 0 1
SIZE 253 28.59 1.433 25.69 30.97
LEV 253 0.928 0.0104 0.908 0.948
GRO 253 0.0201 0.0528 −0.0872 0.144
TOP1 253 27.51 17.58 8.170 67.13
SOE 253 0.427 0.496 0 1
CI 253 38.28 5.733 27.50 52.46

NPGR 253 11.86 10.82 −5.885 41.62

4.2. Correlation Analysis

The correlation analysis of the sample is shown in Table 3. The data show that there is
a significant positive correlation between the dependent variable bank efficiency (BE) and
the independent variable bank digital transformation (BDT), with a correlation coefficient
of 0.410 (1% level), to a certain extent. This supports hypothesis 1 of this study, i.e., that
banks’ digital transformation improves bank efficiency. A significant positive correlation
exists between the dependent variable commercial bank ESG performance (ESG) and the
independent variable bank digital transformation (BDT). Digital transformation improves
the ESG performance of commercial banks. The variance inflation factors (VIFs) were all
lower than 4, with an average value of 2.61. This means that multicollinearity is negligible
for the primary outcome of this study.
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Table 3. Correlation analysis.

VARIABLES BE ESG BDT EIA ETB SIZE LEV GRO TOP1 SOE CI NPGR

BE 1
ESG 0.235 *** 1
BDT 0.410 *** 0.623 *** 1
EIA −0.0960 −0.0710 0.145 ** 1
ETB −0.0960 0.00800 0.118 * 0.874 *** 1
SIZE 0.231 *** 0.616 *** 0.335 *** −0.426 *** −0.267 *** 1
LEV −0.251 *** −0.446 *** −0.592 *** −0.108 * −0.0690 −0.0940 1
GRO 0.0620 −0.215 *** −0.143 ** 0.0920 0.0580 −0.204 *** 0.126 ** 1
TOP1 −0.0480 0.395 *** 0.0940 −0.233 *** −0.163 *** 0.634 *** −0.0420 −0.106 * 1
SOE −0.104 * 0.102 −0.114 * −0.146 ** −0.103 0.256 *** 0.154 ** −0.163 *** 0.291 *** 1
CI 0.256 *** −0.175 *** 0.213 *** 0.287 *** 0.196 *** −0.220 *** 0.0110 0.0750 −0.292 *** −0.177 *** 1
NPGR −0.322 *** −0.488 *** −0.571 *** 0.00900 0.0390 −0.292 *** 0.504 *** 0.227 *** −0.138 ** 0.0640 −0.0730 1

Notes: “*”, “**”, and “***” in the table represent significance at the 10%, 5%, and 1% levels, respectively.

4.3. Regression Analysis

According to the Hausman test results, the p-value was less than 0.05. Therefore, a
fixed effect model that controlled for the year effect was selected for empirical analysis. The
regression analysis results are shown in Table 4. Column (1) shows a positive and significant
correlation between bank efficiency (BE) and bank digital transformation (BDT), with a
correlation coefficient of 0.036 (1% level). This shows that the bank’s digital transformation
had improved its efficiency. Thus, hypothesis 1 was further supported. Column (2) shows a
positive and significant correlation between commercial bank ESG performance (ESG) and
the bank digital transformation (BDT), with a correlation coefficient of 0.049 (1% level). This
shows that banks’ digital transformation improves commercial banks’ ESG performance.
Thus, hypothesis 2 was further supported.

Table 4. Regression analysis.

(1) (2) (3) (4) (5) (6)
VARIABLES BE ESG BE BE ESG ESG

BDT 0.036 *** 0.049 *** 0.032 ** 0.035 *** 0.042 ** 0.046 **
(2.67) (2.67) (2.44) (2.62) (2.29) (2.53)

EIA −1.497 ** 1.548 *
(−2.53) (1.88)

BDT *EIA 0.033 ** 0.035 *
(2.26) (1.69)

ETB −1.373 ** 1.518 **
(−2.48) (1.99)

BDT *ETB 0.027 * 0.034 *
(1.83) (1.67)

SIZE 0.960 *** 3.021 *** 0.873 *** 0.913 *** 3.407 *** 3.191 ***
(3.38) (7.71) (2.92) (3.22) (8.21) (8.14)

LEV −101.048 *** 33.438 −89.102 ** −93.994 ** 32.188 33.617
(−2.74) (0.66) (−2.44) (−2.57) (0.64) (0.67)

GRO 15.173 *** 0.780 15.144 *** 15.304 *** −0.386 −0.221
(3.01) (0.11) (3.05) (3.07) (−0.06) (−0.03)

TOP1 −0.053 *** 0.027 −0.051 *** −0.053 *** 0.016 0.020
(−2.85) (1.06) (−2.79) (−2.88) (0.61) (0.78)

SOE −0.311 0.776 −0.230 −0.170 0.788 0.916
(−0.59) (1.06) (−0.44) (−0.32) (1.09) (1.25)

CI 0.247 *** −0.487 *** 0.226 *** 0.226 *** −0.540 *** −0.530 ***
(4.72) (−6.74) (4.18) (4.20) (−7.19) (−7.13)

NPGR 0.003 −0.109 * 0.018 0.023 −0.106 * −0.115 **
(0.07) (−1.93) (0.46) (0.57) (−1.89) (−2.03)

Constant 25.466 −69.947 16.637 20.003 −78.086 * −73.511
(0.74) (−1.48) (0.49) (0.59) (−1.66) (−1.57)

Year FE YES YES YES YES YES YES
Observations 253 253 253 253 253 253

R-squared 0.343 0.713 0.372 0.366 0.721 0.722

Note: t-statistics in parentheses, *** p < 0.01, ** p < 0.05, and * p < 0.1.
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In column (3), the dependent variable bank efficiency (BE) is positively and significantly
correlated with the independent variable bank digital transformation (BDT), with a correlation
coefficient of 0.032 (5% level). At the same time, the interaction term of digital bank transfor-
mation (BDT) and executive innovation awareness (EIA) is significantly positively correlated
with bank efficiency (BE) at the 5% level and the regression coefficient is 0.033. This shows that
executives’ innovation awareness has played a positive regulating role in the bank’s digital
transformation to improve bank efficiency. Therefore, hypothesis 3 was supported.

In column (4), the dependent variable bank efficiency (BE) is positively and signifi-
cantly correlated with the independent variable bank digital transformation (BDT), with a
correlation coefficient of 0.035 (1% level). At the same time, the interaction terms of digital
bank transformation (BDT) and executive technical background (ETB) are significantly pos-
itively correlated with bank efficiency (BE) at the 10% level, and the regression coefficient is
0.027. This shows that the technical background of executives plays a positive moderating
role in the bank’s digital transformation to improve bank efficiency. Therefore, hypothesis 4
was supported.

In column (5), the dependent variable commercial bank ESG performance (ESG) is
positively and significantly correlated with the independent variable bank digital trans-
formation (BDT), with a correlation coefficient of 0.042 (5% level). At the same time, the
interaction terms of digital bank transformation (BDT) and executive innovation awareness
(EIA) are significantly positively correlated with commercial bank ESG performance (ESG)
at the 10% level. The regression coefficient is 0.035. This shows that executives’ aware-
ness of innovation plays a positive moderating role in the improvement of commercial
banks’ ESG performance in the bank’s digital transformation. Therefore, hypothesis 5
was supported.

In column (6), the dependent variable commercial bank ESG performance (ESG) is
positively and significantly correlated with the independent variable bank digital trans-
formation (BDT), with a correlation coefficient of 0.046 (5% level). At the same time,
the interaction terms of the bank digital transformation (BDT) and executive technical
background (ETB) are significantly positively correlated with commercial bank ESG per-
formance (ESG) at the 10% level. The regression coefficient is 0.034. This shows that the
technical background of senior executives has positively moderated commercial banks’
ESG performance through the bank’s digital transformation. Therefore, hypothesis 6
was supported.

5. Robustness Check

In order to test the robustness of the above conclusions, this study used a robustness
test based on the two-stage least squares model (2SLS) method.

Considering the bias caused by omitted variables and endogenous problems, this
study referred to the practice of Gao and Jin [40], selected the bank digital transformation
(BDT) lagged one period (LBDT) as an instrumental variable, and used the 2SLS method to
carry out a robust sex test.

The regression model (Equation (7)) was the first-stage model of 2SLS, and
(Equations (8) and (9)) are the second-stage models of 2SLS.

BDT = β + β1LBDT + β2ΣControl + ΣYear + ε (7)

BE = β + β1BDT + β2ΣControl + ΣYear + ε (8)

ESG = β + β1BDT + β2ΣControl + ΣYear + ε (9)

Among them, LBDT is the data lagged by one period of BDT.
The regression results of 2SLS are shown in Table 5. In the first stage (column 1),

the regression coefficient between the BDT and LBDT is 0.692 (1% level); in the second
stage (column 2), the regression coefficient of BDT after the simulation of BDT and LBDT
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and bank efficiency BE is 0.052 (1% level); in the second stage (column 3), the regression
coefficient of digital bank transformation BDT and commercial bank ESG performance
(ESG) after the simulation of BDT and LBDT in the first stage is 0.079 (1% level). In addi-
tion, in Table 5, the underidentification test (Kleibergen–Paap rk LM statistic) statistic is
46.855 (0.0000), indicating that the instrumental variable is identifiable. At the same time,
the Cragg–Donald–Wald statistic is 187.455, more significant than the critical value of the
weak Stock–Yogo ID test with a 10% judgment level of 16.38; thus, there is no weak instru-
mental variable problem. The above results show that after considering endogenous issues,
banks’ digital transformation is still significantly positively correlated with bank efficiency
and ESG performance of commercial banks, which once again verifies the correctness of
assumptions 1 and 2.

Table 5. Robustness test regression analysis.

(1) (2) (3)
First Stage Second Stage

VARIABLES BDT BE ESG

LBDT 0.692 ***
(13.69)

BDT 0.052 *** 0.079 ***
(2.60) (2.97)

SIZE 4.176 *** 0.631 * 2.768 ***
(3.84) (1.79) (5.95)

LEV 217.606 −101.496 ** 57.526
(1.48) (−2.49) (1.07)

GRO 26.795 14.405 *** 4.242
(1.40) (2.69) (0.60)

TOP1 −0.045 −0.046 ** 0.019
(−0.64) (−2.41) (0.75)

SOE −0.612 −0.364 1.372 *
(−0.31) (−0.67) (1.93)

CI 0.089 0.226 *** −0.553 ***
(0.44) (4.07) (−7.57)

NPGR −0.379 ** 0.007 −0.104 *
(−2.41) (0.16) (−1.75)

Constant −277.758 ** 31.011 −75.111
(−2.03) (0.80) (−1.48)

Year FE Yes Yes Yes

Observations 220 220 220

R-squared 0.877 0.301 0.715

Underidentification test
(Kleibergen–Paap rk

LM statistic)
46.855(Chi-sq (1) p-val = 0.0000)

Weak identification test
(Cragg–Donald–Wald

F statistic)
187.455

(Kleibergen–Paap rk
Wald F statistic) 164.199

10% maximal IV size 16.38
Note: t-statistics in parentheses, *** p < 0.01, ** p < 0.05, and * p < 0.1.
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6. Discussion and Conclusions
6.1. Discussion

The digital transformation of banks is a segmented field. Scholars have derived dif-
ferent definitions due to the differences between digitalization and digital transformation.
Leviäkangas [15] identified the difference between digitization and digital transforma-
tion through a metareview and meta-analysis. In general, digital transformation is the
application of information technology to the operation and management of enterprises to
improve operational efficiency [41]. Nevertheless, it is undeniable that the emergence of
artificial intelligence and big data has promoted the digital transformation of the industry,
including commercial banks. Commercial banking is a traditional industry and a pioneer
of informatization. In order to consolidate their market position and achieve overtaking in
corners, many commercial banks have already started the digital transformation. More-
over, in China, the People’s Bank of China has asked commercial banks to accelerate their
digital transformation. Therefore, commercial banks are actively or passively carrying
out digital transformation. Many scholars have developed different approaches on how
to measure the digital transformation of banks. However, the digital transformation of
banks is different from the digital transformation of other industries. Based on this, Xie
and Wang [38] contributed the theoretical basis and data sources to the digital transforma-
tion of banks through the subdimensional measurement of the digital transformation of
commercial banks. At the same time, Xie and Wang [38] also studied the impact of bank
digital transformation on commercial bank performance. The results show that the digital
transformation of banks has no significant impact on the overall performance of commercial
banks. However, it significantly affects the profitability and bank efficiency of commercial
banks. This is consistent with the research results of this paper. At present, the impact of
the digital transformation of banks on the banking efficiency of commercial banks is still
relatively small. Existing research results show that the digital transformation of banks
improves bank efficiency. This is analyzed from the perspective of financial technology and
spillover effects. The impact of bank digital transformation on commercial banks is not only
reflected in the internal performance of commercial banks but also in ESG performance.
Therefore, there is a certain gap in the research on the digital transformation of banks. This
study focuses on the impact of bank digital transformation on bank efficiency; at the same
time, it also focuses on the ESG performance of commercial banks. The research results can
not only expand the research on the digital transformation of banks but also expand the
research on ESG.

At the same time, based on the high-echelon theory, this study introduces moderator
variables of executive technical background and executive innovation awareness. From
the perspective of executive cognition, further research should be performed on the impact
of bank digital transformation on bank efficiency and commercial bank ESG performance.
The conclusion shows that the executives’ technical background and innovation awareness
play a significant positive moderating role. In addition, paying attention to the cognition
of executives has a key impact on the degree of banks’ digital transformation. Specifically,
banks’ digital transformation has exhibited some progress but further indepth transfor-
mation is needed in the future. Through online digitization, intelligence, and openness,
the digital transformation of banks can be improved, thereby improving the efficiency
and performance of commercial banks. Therefore, the results presented in this paper also
provide a new research direction. In the future, the impact of artificial intelligence on bank
efficiency and environmental protection could be studied.
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6.2. Research Conclusions
6.2.1. Theoretical Contributions

This study sampled commercial banks listed in China’s A-share market from 2011 to
2021 to test the impact of digital bank transformation on bank efficiency and commercial
bank ESG performance through empirical analysis. At the same time, the moderating
variables of executive innovation awareness and executive technical background were
introduced and the following conclusions were drawn.

First, the digital transformation of banks has improved bank efficiency. This is man-
ifested explicitly in commercial banks’ internal governance efficiency, customer service
efficiency, and business handling efficiency. Banks’ digital transformation improves effi-
ciency, reduces operating costs, increases noninterest income, and promotes the growth of
the financial performance of commercial banks. At the same time, through digital trans-
formation, the nonfinancial performance of commercial banks, namely, ESG performance,
has also been significantly improved. This is because digital technology has promoted
the digital transformation and green innovation of commercial banks, thereby allowing
commercial banks to reduce operating costs, save resources, and promote commercial
banks’ environmental protection and internal governance.

Secondly, the high-echelon theory makes scholars aware of the importance of executive
cognition. This study further examines the relationship between bank digital transforma-
tion on bank efficiency and commercial bank ESG performance by introducing moderator
variables of executive innovation awareness and executive technical backgrounds. The
research results show that executives have a sense of innovation and technical background,
which significantly and positively affects the relationship between digital bank transforma-
tion, bank efficiency, and commercial bank ESG.

6.2.2. Managerial Contributions

As Leviäkangas [15] stated, digital transformation has been extended to many indus-
tries. The digital transformation of commercial banks has achieved specific results but this
still needs to be strengthened. In the future, the digital transformation of banks will become
the norm. In the short term, banks’ digital transformation requires commercial banks to
invest considerable expenses and personnel. However, in the medium and long term, the
digital transformation of banks has improved bank efficiency, reduced bank costs, and
improved operational capabilities, thereby improving the financial performance of commer-
cial banks [42]. Therefore, commercial banks should avoid short sightedness. Focusing on
the sustainable development of commercial banks would continue to deepen the progress
and scope of bank digitalization, thereby enhancing the comprehensive competitiveness of
commercial banks.

The various policies introduced by the Chinese government are still being determined,
such as environmental protection laws. Commercial banks, small- and medium-sized banks,
and private banks need to understand and promptly respond to the policies introduced. At
the same time, commercial banks can also learn from other institutions in the same industry,
e.g., the five largest state-owned banks. Due to their state ownership, it takes more time
to obtain information. In addition, for bank practitioners, there must be a sense of crisis.
The advancements in information technology will lead to changes in the industry, and the
“iron rice bowl” era will gradually disappear. Therefore, in addition to enhancing their
competitiveness, bank employees must prepare for re-employment.

6.3. Limitations and Future Research Directions

Bank digital transformation is a comprehensive study field of digital transformation.
The research objects in this study were Chinese commercial banks. In China, most com-
mercial banks are state-owned and relatively large in scale. Therefore, Chinese commercial
banks differ from commercial banks in other countries and have Chinese characteristics.
Therefore, the conclusions of this study apply to China’s national conditions but are not
necessarily applicable to other countries. In addition, in China, the number of listed
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commercial banks is minimal; there are only about 40. Therefore, more data are needed.
Compared with developed countries such as the United States, there are still relatively
few listed commercial banks in China in comparison with the total number of banks. At
the same time, the measurement of bank digital transformation in this study applies to
commercial banks in China, not necessarily to other countries.

In China, ESG disclosure is optional; however, more and more companies are actively
disclosing ESG reports, especially environmental reports. In China, commercial banks
are primarily state owned or local government backed; therefore, they are more active
in ESG disclosure. It is undeniable that companies will “greenwash” to comply with
regulations. Therefore, it is necessary to use third-party ESG scores to research avoidance
of the “green cleaning” behavior of enterprises. Currently, ESG data sources in China
mainly include Bloomberg Consulting, ESG scores from Hexun, and SynTao Green Finance.
However, based on the background of this study, we adopted the ESG rating of Bloomberg
Consulting. Although Bloomberg Consulting’s sources of ESG data are nonacademic
disclosures, Bloomberg is a leading provider of global business, financial information, and
financial intelligence. Many Chinese scholars have evaluated such provided ESG scores; the
data are robust. At the same time, to enhance the robustness of the data, we can determine
the performance of corporate social responsibilities through the media, the public, and
other external regulatory agencies in the future to further expand ESG research.

With the introduction of the green economy and sustainable development theory,
“green” has become a hot topic. At the same time, digital transformation based on artificial
intelligence, blockchain, and big data plays a vital role in the green economy. Enterprises
use digital transformation to enhance their comprehensive competitiveness. After combing
the relevant literature, the suggested future research direction is as follows: we could
extend banks’ digital transformation to digital technologies; specifically, the impact of
artificial intelligence and the internet of things on the environment and social governance
can be studied.
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Abstract: Digitization is a megatrend that shapes the economy and society, driving major transforma-
tions. Enterprises, as the most important microeconomic entities, are critical carriers for society in
conducting digital transformation and practicing sustainable development to achieve socioeconomic
and environmental sustainability. Exploring the relationship and mechanisms between digital trans-
formation and sustainable corporate development is crucial. This study investigates the influence of
digital transformation on sustainable corporate development as well as its moderating mechanisms.
A two-way fixed effects model is used on a research sample of Chinese A-share listed companies
in Shanghai and Shenzhen from 2010 to 2020. Three methods are used for robustness testing to
alleviate endogeneity issues. The empirical results show that digital transformation can significantly
enhance sustainable corporate development, whereas empowered management and highly educated
employees are essential complementary human resources that effectively strengthen the contribution
of digitalization to sustainability. Additionally, internal controls are internal drivers that have a
positive moderating effect on the digital transformation to improve corporate sustainability. This
study reveals that digital transformation is an important tool for promoting corporate sustainability,
broadening the literature in related fields, and providing insights for corporate management and
government policymakers to advance corporate sustainability.

Keywords: digital transformation; corporate sustainability; managerial power; employee education
level; internal control

1. Introduction

With the advent of Industry 4.0, digitalization has become a major trend. Digitalization,
with digital technology as a core element, is leading society and the economy in the digital
age [1]. Digital transformation (DT) is becoming an increasingly strategic focus for building
competitive and sustainable economic advantages in many countries [2]. Hanelt et al. [3]
defined digital transformation as “organizational change triggered and shaped by the
widespread diffusion of digital technologies”. From embracing artificial intelligence and
big data analytics to leveraging cloud computing and the Internet of Things (IoT) [4],
companies are using digital technologies to adapt to changing customer expectations,
disruptive market forces, globalization, regulatory requirements, and talent needs [2,5].
Governments are competing to place them on the agenda [6–8], and business decision
makers and researchers are scrambling to exploit their potential [9]. In the digital revolution,
corporate digital transformation has become a fundamental factor in business success,
enabling companies to innovate, grow, and stay ahead of the competition [10].

Sustainability continues to be one of the main topics of concern for companies. Con-
fronted with various global challenges, the COVID-19 pandemic, energy crisis, climate
crisis, and political instability, coupled with high stakeholder concerns, the development
of an ongoing competitive advantage in a volatile and changing market environment is a
major concern for companies [11,12]. Sustainability is a complicated notion that refers to
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economic, environmental, and social development that serves the demands of the present
without interfering with the needs of future generations [13–15]. The 2030 Agenda, agreed
upon by the United Nations in September 2015, identifies digital technologies as achievable
tools for accomplishing SDGs [16]. Wang and Chen [17] showed that digital transformation
is a key strategy for enterprises to become more resilient to external shocks and achieve
sustainable development. Such technologies are increasingly used by top corporations to
transform their business models and adapt their organizational and operational approaches
to balance their economic, environmental, and social impacts, which may have a significant
impact on sustainability [2,14]. Thus, it is important to explore the relationship between
digital transformation and sustainable corporate development.

The existing literature has examined the influence of digital transformation in terms
of firm productivity [18], organizational structure [19], organizational resilience [11], or-
ganizational performance [20], and firm innovation [21], which optimize production and
business models [22], promote industrial structure upgrading [23], and achieve efficient
allocation and utilization of resources [24], thereby improving the efficiency of firm oper-
ations, R&D, and management [25]. Simultaneously, digitalization empowers corporate
innovation [10], thus improving the financial, operational, and environmental performance
of organizations [26,27], enhancing organizational resilience [17], and achieving sustainable
development goals [28]. However, the existence of a positive correlation between DT and
sustainability has not been firmly established [15,29]. According to a survey of over 300 se-
nior managers, DT and environmental performance correlate with an inverted U pattern [5].
The use of digital technologies, represented by ICT, can reduce carbon emissions, but the
vast scale of development brought about by over-investment may generate considerable
energy demands and companies still struggle to obtain an effective return from the high
investment costs [28,29], thus giving rise to the “Solow paradox” or “digital transformation
paradox” [27,30]. Smith et al. [31] also mentioned that the adoption of innovations not only
adds economic potential but also potential social challenges. For example, manufacturing
and assembly companies face significant cost pressures when expanding the use of digital
technologies. However, they cause considerable job losses and pose significant challenges
to the sustainability of businesses and society [32]. While there is optimism about the
prospects for sustainable development provided by digitization, it is critical to maintain a
high degree of awareness [26,33,34]. Merely undergoing digitalization may not be enough
to yield a positive impact on the sustainable performance of companies. Active corporate
governance is required to accompany digital transformation and ensure its effectiveness in
achieving a positive sustainable performance impact.

Top management teams shape a company’s digital strategy. Recent studies have
shown that top managers are leading organizational change agents [35], corporate strategy
shapers [36], and business model innovators [10], and play a crucial role in an organiza-
tion’s DT process. This role cannot be performed without power. Bertrand and Schoar [37]
confirmed that the power of individual managers affects a company’s decision-making
behavior and performance. Certo et al. [38] and Finkelstein et al. [39] found that top man-
agers’ decision-making power and leadership affect the implementation and effectiveness
of a firm’s strategy. Most empirical studies discuss executive characteristics [40,41], and
few studies have been conducted on strategic leadership. Therefore, this study deepens
our understanding of the connection between DT and corporate sustainability from the
perspective of management teams and their power.

Human resources (i.e., employees’ knowledge and skills) are an important component
of a company and are becoming core competencies [41]. Ruiz-Pérez et al. [42] demonstrated
that employees play a significant role in corporate sustainability by engaging in sustainable
behaviors. In addition, corporate digital transformation is regarded as a high-technology
value-added technological change that frequently necessitates highly educated individuals
by investigating the impact of corporate digital transformation on employee education
structure in state-listed companies. Liu et al. [43] showed that corporate digital transforma-
tion raises the demand for personnel with undergraduate degrees, while decreasing the
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demand for employees with high school diplomas and below. Employees with a bachelor’s
degree or higher are rare, precious, difficult to replicate, and irreplaceable qualities of
long-term human resources. We expect employees with higher levels of education to be
better positioned to leverage digital technologies and sustainability initiatives to create
value for their stakeholders in a digital context. The literature provides information on
the impact of highly educated employees on monitoring firm behavior [44], the quality of
accrued profits [45], productivity, and innovation [46]. Consequently, there is a need for
empirical testing to examine whether the effects of highly educated employees on firms are
indeed transferred to digital transformation, which subsequently influences firms’ behavior
towards sustainability.

Internal controls are essential components of corporate governance. Without an effi-
cient internal control system, businesses in the economic market cannot attain sustainable
and prosperous growth [47]. Intense market competition and instability in the external
environment exacerbate management, operational, and decision-making risks in the digital
transformation process [5]. A high-quality internal control system can restrain managers’
speculative behavior, smooth communication channels with stakeholders, rapidly identify
and prevent risks, improve operational efficiency, and create a good internal environ-
ment for digital transformation [48–50]. Meanwhile, the widespread deployment of a
new generation of information technologies has dramatically increased the effectiveness
and responsiveness of all aspects of internal control [17], facilitating the gathering and
recognition of internal and external risks, enabling more efficient and effective operations,
and achieving long-term corporate development goals.

China is well-suited for digitalization research. As the world’s most populous country
and the second largest economy, China’s digital development is immense. According to
the Digital China Development Report (2022) [51], China’s digital economy will reach CNY
50.2 trillion in 2022, ranking second in the world in terms of total volume and increasing
its share of GDP to 41.5%, and the digital economy has become an important engine for
stable growth and transformation, with digital technology being widely applied in various
fields. Studying China’s digital transformation can provide rich cases and data, and a
comprehensive understanding of the impact of digitalization on microeconomic entities [26].
In addition, the Chinese government places a significant emphasis on digital transformation,
recognizing it as a vital component in achieving strategic sustainable development goals.
With a clear vision for sustainable development, the Chinese government has identified
digital transformation as a critical driver to achieve these objectives. Exploring China’s
digital transformation journey provides valuable insights for other nations, particularly
developing countries, as they embark on a shared path towards sustainable development.
First, based on the data from A-share listed companies in Shanghai and Shenzhen from
2010 to 2020, the impact of DT on their sustainable development is empirically tested using
a two-way fixed effects model, followed by robustness tests to mitigate the endogeneity
issue. Second, from the perspective of corporate governance, we explore how managerial
power, employee education level, and internal control influence digital transformation and
corporate sustainability.

The contributions of this study are as follows. Firstly, from a microscopic perspective,
this study investigates the impact of digital transformation on corporate sustainability.
Reis and Melão [52] highlighted that sustainability is a new dimension that has yet to be
addressed in the existing literature, and empirical studies between DT and sustainability
are still scarce. The existing literature on DT and sustainable development focuses on
literature analysis methods [15], macro-level sustainability [53], and industry-level sus-
tainability [54], whereas firm-level empirical studies do not provide sufficient evidence
to demonstrate the relationship. This study creatively and empirically investigates the
positive impact of digital transformation on corporate sustainability from the perspective
of micro-enterprises, demonstrating the economic and environmental value of digital trans-
formation in developing countries while supplementing the literature on sustainability.
Second, this study expands and validates the micro-mechanisms that influence corporate
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sustainability as a result of digital transformation. Unlike previous studies that look at the
impact of DT on sustainability from the outside environment, such as industry competition
and market turbulence, this paper examines the organization itself from the perspective
of corporate governance and discovers that management teams, employees, and internal
controls are important complementary resources for corporate digital transformation to
empower sustainable development. In addition, while most previous studies analyze the
impact on companies from the standpoint of executive characteristics, this research explores
management teams and their power in a novel way. This research will help to broaden the
management literature and facilitate the creation of research applicable to a broader environ-
ment. Thirdly, this study reveals that digital transformation can fetch a larger sustainability
premium, and thus the findings provide insights into how corporate management and
government policymakers can assist businesses in achieving sustainability.

The remainder of this paper is organized as follows: Section 2 provides the theoretical
background and develops the hypotheses. Section 3 describes the research methodology
and data. Section 4 presents the empirical results. Finally, Section 5 presents the discussion
and conclusions.

2. Theoretical Background and Hypothesis Development
2.1. Digital Transformation and Corporate Sustainability

According to resource-based theory, enterprises can achieve outstanding performance
and competitive advantage by leveraging priceless, uncommon, unique, and irreplaceable
resources [55,56]. With the explosive growth of digital technologies, companies consider
the scarcity and uniqueness of digital resources as important factors in production that offer
sustainable competitive advantages [24]. In recent years, various digital technologies have
been widely used in production, sales, management, and innovation. The identification
and procurement of digital resources and the matching and exploitation of resources are
facilitated by the digital transformation of businesses [57]. Dynamic capability theory [58]
suggests that the rational integration and allocation of resources improve enterprise capa-
bilities. It enhances core competitiveness, provides more opportunities for organizational
value generation, and enables firms to respond swiftly to alterations in their internal and
external surroundings [59].

The competitive advantages of DT are reflected in the optimization of business pro-
cesses and improvement of operational efficiency. Firstly, DT integrates cutting-edge
technologies with conventional production elements to optimize production and operation
models [1], reduce costs, and improve production efficiency [25], bringing actual output
closer to the production frontier to establish competitive advantages. Secondly, the exten-
sive utilization of digital technologies enables the timely detection of shifts in the economic
and business landscape. It enhances companies’ ability to swiftly extract insights, identify
operational inefficiencies and bottlenecks, and subsequently devise efficient resource allo-
cation strategies for lean and intelligent production. This leads to improved efficiency in
resource utilization and enables companies to rapidly distinguish themselves from com-
petitors, resulting in a superior economic performance [3,30]. Thirdly, in the digital era, the
use of digital media enhances communication and interaction between companies and their
customers, suppliers, and distributors [60]. This reduces coordination costs and improves
communication efficiency, thus enabling companies to better meet their expectations and
needs [61]. Technological innovation tends to shorten product development cycles and
reduce costs while increasing productivity [62].

Dynamic capability theory further explores the sources of value creation for firms in
dynamic environments [63]. Dynamic capabilities are key to gaining competitive advantage
in a rapidly changing environment [62] and are the driving force for firms to maintain
competitive advantage and achieve sustainable growth. In the context of digitalization, the
dynamic capabilities of enterprises are digital identification, integration, and reconfigura-
tion capabilities to cope with turbulent and complex business environments. Digitalization
plays an important role in stimulating the dynamic capabilities of enterprises. First, with
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the help of digital transformation, businesses can collect distinctive information from a
variety of digital channels to follow and identify consumer requirements and preferences,
and then innovate before rivals to seize market share based on customer and market in-
sights [64]. Second, companies that implement digitalization can integrate internal and
external resources in a timely manner, promote business process innovation, and drive busi-
ness model innovation (BMI) [3,41]. Kohtamäki et al. [65] introduced the concept of digital
servitization. Their study found that manufacturing companies are actively deploying
digitalization, but have difficulty generating and delivering value from these investments
and need to enhance their capabilities in servitization. Hence, it is crucial for companies to
revamp their service and business models, transitioning from a product-centric approach to
a service-oriented one in order to effectively cater to customer demands [66]. Additionally,
digital technology plays a transformative role in reshaping both internal and external
environments for corporate innovation. It optimizes innovation models and processes,
fosters the proliferation of innovation activities, and consistently drives sustainable growth
for businesses [67].

Digital transformation also promotes companies’ positive environmental performance,
improves resource efficiency, and promotes a sustainable circular economy. First, utilizing
digital technologies helps firms to create sustainable business practices that reduce carbon
emissions and other waste emitted into the environment [68]. Shang et al. [69] empirically
examined how firms’ digital transformation reduces the intensity of their carbon emissions
by enhancing their technological innovation, internal controls, and environmental disclo-
sure capabilities. Second, the digitization of industrial processes improves the efficiency of
material and energy use, reduces overall energy consumption [31], and opens the door for
wider acceptance of renewable energy in emerging countries, such as China. Production
systems that focus on sustainable and clean processes can reduce operational costs, enhance
worker safety and profitability, and minimize the ecological impact on companies [70].

In conclusion, digital transformation offers numerous benefits, such as streamlin-
ing business processes, enhancing operational efficiency, integrating internal and external
resources, fostering innovation in business models, and driving upgrades in industrial struc-
tures. By leveraging digital technology and embracing continuous innovation, companies
can achieve differentiated production and gain sustainable competitive advantages, thus
promoting the sustainable socioeconomic and environmental development of enterprises.
Based on the preceding analysis, the following hypothesis is proposed.

Hypothesis 1 (H1). Digital transformation has a positive impact on corporate sustainable development.

2.2. The Moderating Effect of Managerial Power

Top management theory and the literature on strategic leadership coincide in stat-
ing [38,39,71] that the role of managers is critical to ensure organizational success. Bertrand
and Schoar [49] first explicitly introduced the power of individual managers into the study
of firm behavior, confirming that the power of individual managers influences decision-
making behaviors and firm performance. Managers in positions of power possess the
authority to make critical decisions and influence the overall strategic trajectory of an
organization [72]. Demerjian et al. [73] found that managers who hold greater power
tend to prioritize their personal image and reputation. Based on the reputation incentive
hypothesis [74], managers can use their power for the sake of corporate reputation and
their own image, prioritize digital transformation initiatives consistent with corporate
sustainability goals in the overall interest of the company, support innovative behaviors
such as digital strategic change, and simultaneously be willing to take risks in the change
process. Moreover, having greater management power facilitates the faster implementation
of management decisions and empowers the active utilization of advanced digital technolo-
gies to integrate internal resources efficiently. This optimal allocation of resources enables
the establishment of a robust core competitive business system, enabling the company to
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gain a competitive edge in intense market competition and fostering easier achievement of
sustainable growth [39].

According to the managerial power theory proposed by Bebchuk and Fried [75], the
primary responsibility of management is to handle information related to an organization’s
internal resources and external uncertainties. To effectively address these internal and
external events, managers are endowed with certain powers, including organizational,
ownership, expertise, and reputational powers [72]. Managers possessing a greater extent of
these powers may have access to more resources, decision-making authority, and influence
over other employees, enabling them to shape the trajectory of sustainable organizational
development [9,38]. First, the strong expert power that managers possess enables them to
reach and construct a wide range of relationships inside and outside the company, generate
and gain more information advantages, solve the various problems and obstacles that
naturally exist in the DT process, and mitigate the uncertainty caused by digitalization
on the road to sustainability [13]. Second, organizational and ownership power enables
managers to allocate resources effectively and provide abundant material, financial, and
human resources for digitally empowered sustainability. These resources are invested
in digital technologies and processes that improve sustainability performance, such as
renewable energy systems and eco-friendly supply chains, thus minimizing waste and
reducing the environmental impact of the enterprise. Third, the effective implementation of
a company’s digital transformation and sustainability strategies requires the participation of
all parties, but the process may face various kinds of resistance, and management can make
full use of reputation power to mobilize different stakeholders to actively participate [76]
and shape a sustainable digital transformation culture for long-term development [2].

Overall, managerial power can strengthen the relationship between DT and sustainabil-
ity by driving strategic decision making, resource allocation, and stakeholder engagement.
When managers recognize the importance of DT and integrate it into their sustainable
development efforts, they can enhance the organization’s ability to achieve sustainable
outcomes and long-term success. Accordingly, we propose the following hypothesis:

Hypothesis 2 (H2). Managerial power has a positive moderating effect on digital transformation
for improving corporate sustainability.

2.3. The Moderating Effect of Employee Education Level

Human capital is an important component for companies to gain core competencies
and sustainable competitive advantages [42]. Human capital theory suggests that educa-
tion and training can improve individuals’ human capital, that is, the knowledge, skills,
and abilities they possess [77]. As a source of competitive advantage for firms, Wang and
Yan [78] argued that employees’ ability to receive, understand, and process information is
closely related to the level of education received. Thus, employees with higher education
levels are more likely to comprehend digital tools, technologies, and platforms, and can
effectively use digital technologies to implement sustainable practices within the organiza-
tion. Additionally, highly educated employees tend to have a high degree of adaptability
and learning agility. They are more accustomed to acquiring new knowledge and skills
critical in the context of digital transformation. Highly qualified employees can acquire
new digital skills and knowledge more quickly and convert knowledge into productivity
at work, generating knowledge spillover effects and using these technologies to obtain
sustainable results [79].

According to the theory of core competencies, it is important for an enterprise to
have highly qualified human resources that reflect its core competencies. Better-educated
employees tend to be more creative and innovative, which is crucial to green corporate inno-
vation and digital transformation [46]. They can assist companies in innovating products,
services, and business models, thereby enabling them to gain an innovative competi-
tive advantage. In addition, better-educated and trained, highly qualified employees are
more aware of their roles and responsibilities in implementing a company’s sustainability
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strategy, thus promoting effective internal controls by reducing management myopia to
better monitor the implementation of digitalization and prevent the risks associated with
digitalization [44].

From the perspective of strategic corporate development, employees are at the core of
competitiveness, and employees with higher levels of education have faster technological
adaptation, better learning and understanding, better innovation capabilities, and a positive
influence on digital transformation for sustainable corporate development. Accordingly,
we propose Hypothesis 3.

Hypothesis 3 (H3). Employee education level has a positive moderating effect on digital transfor-
mation for improving corporate sustainability.

2.4. The Moderating Effect of Internal Control

According to the original COSO internal control evaluation framework, well-run
businesses have effective and efficient operations linked to high-quality internal control
systems [47]. Previous research has shown that deficiencies in internal control are more
likely to occur in younger, more complicated, rapidly growing, or financially weaker com-
panies [80,81]. At this point, strengthening internal control can address the internal control
weaknesses brought about by the digital model embedded in the organizational structure,
thus improving the efficiency of organizational operations. At the same time, by disclosing
high-quality internal control information to the public, the market will capture the posi-
tive momentum of companies actively engaging in digitalization to achieve sustainable
development; investors and other stakeholders can perceive their digital transformation
strategies as more sustainable, which will effectively reduce search costs and information
asymmetry with stakeholders, and investors can obtain more comprehensive and realistic
information about their operations. It not only creates a good corporate image, but also
provides more resources and cooperation to the company; the company will be favored by
more stakeholders in the management of compliance, and the operational efficiency will be
improved, which will lead to sustainable development [50].

When confronted with digital transformation to enhance sustainable corporate per-
formance, high-quality internal controls can maximize their role in restraining managerial
speculation, minimizing risk, and reinforcing a firm’s strategic objectives. First, principal-
agent theory suggests that effective internal control mechanisms help to align managers’
interests with the long-term sustainability goals of the organization [48]. A strong internal
monitoring mechanism can weaken the self-interest of managers, reduce the risk-averse
motivation of decision-makers, enhance their sustainability philosophy, and create a fa-
vorable internal environment for digitally empowered sustainability. Second, corporate
risk-taking strongly depends on investments in economic resources [48]. Good internal
controls can improve information transparency and reduce information asymmetry, mak-
ing it easier for investors to access effective internal information, enhancing firms’ ability
to obtain digital financial support [82], alleviating financing constraints, and mitigating
resistance to digital technological innovation. Finally, achieving strategic corporate goals
relies on the effective implementation of an enterprise’s internal control systems [47]. Feng
et al. [83] pointed out that high-quality internal management reports can accurately reflect
economic activities, quickly identify uncertainty risks in the digitalization process, and
improve digital management decisions. More importantly, the efficiency and effectiveness
of corporate decision making depend on good internal controls [50]. Through the timely
transmission and communication of information, enterprise departments and employees
at all levels have a timely and comprehensive understanding of the costs and benefits of
each digital transformation project of the enterprise, forming a controlled environment in
which all employees participate and supervise the effects of digital transformation imple-
mentation, thus making digital transformation in sustainable development the new norm.
Sound internal controls can mitigate agency conflicts, reduce enterprise operational risks,
improve operational efficiency, and provide a good internal environment for the smooth
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implementation of digital empowerment sustainability strategies. Accordingly, the fourth
hypothesis was as follows:

Hypothesis 4 (H4). Internal control has a positive moderating effect on digital transformation for
improving corporate sustainability.

Integrating the above arguments, the theoretical model is presented in Figure 1.
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3. Research Methodology and Design
3.1. Sample and Data Collection

The research sample consisted of Chinese A-share listed companies in Shanghai and
Shenzhen from 2010 to 2020. The sample was then screened according to the following
criteria: (1) companies in the financial sector were excluded; (2) companies with irregular
trading were excluded: ST&ST*&PT and delisted companies were eliminated; (3) companies
with substantial missing data were excluded; and (4) the main variables are Winsorized at
the upper and lower 1% levels to reduce outliers. In total, 12,544 observations were obtained.
The data used in this study were obtained from the DIBO Risk Management Database,
WIND Database, and China Securities Market and Accounting Research Database (CSMAR).
The annual reports of listed companies were sourced from the Juchao Information Website.
Multiple regression analysis was performed using STATA 16.0.

3.2. Definition and Measurement of Variables
3.2.1. Dependent Variables

Referring to the existing studies on corporate sustainability, ESG scores were se-
lected [12], and sustainability evaluation systems were constructed through textual analy-
sis [84]. First, the ESG indicators of listed Chinese manufacturing enterprises were missing.
Second, sustainability at the firm level, which is mostly reflected in financial indicators,
was referred to as the corporate sustainable development investigated in this study. In
terms of indicator measurement, the most representative scholars who have studied en-
terprise sustainability models are Robert C. Higgins and James C. Van Horne, who have
used sustainable growth rate (SGR) to judge whether an enterprise achieved sustainable
growth. They both used SGR to determine whether a firm achieved sustainable growth and
constructed corresponding sustainable growth models, and both models have their own
characteristics. This study drew on Liao et al. [85] and adopted Van Horne’s static model
to measure firm sustainability by constructing a comprehensive index of profitability, the
accumulation of development capital, long-term solvency, and operating capacity. The
index was calculated as follows:

SGR =
net sales interest rate × total asset turnover × income retention rate × equity multiplier

(1 − net sales interest rate × total asset turnover × income retention rate × equity multiplier)
(1)
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3.2.2. Independent Variables

In terms of measurement, many studies have used the method of questionnaires or
interviews [5]. However, collecting comprehensive data on the digitalization of firms is
challenging considering costs. Current studies mainly use the share of digitization-related
intangible assets to measure DT [18], but most of these indicators have deficiencies and
shortcomings that make it impossible to accurately and thoroughly evaluate DT. Quantita-
tive studies commonly use the frequency of feature words related to DT in annual reports
to illustrate the intensity of DT within an enterprise. The summary and advisory nature of
annual reports are more likely to incorporate details about the DT features [26]. Therefore,
it is feasible and reasonable to use the text-mining method to extract word frequencies
related to digital transformation to characterize DT. The studies of Wu et al. [86] and Guo
et al. [87] used a text analysis method of machine learning. Specifically, we measured the
frequency of keywords related to digital transformation in the annual reports of listed
companies. These terms included “digital technology applications”, “artificial intelligence
technology”, “big data technology”, “cloud-computing technology”, and “blockchain tech-
nology”. Detailed keywords are provided in Appendix A. The frequency of relevant words
was logarithmically processed to overcome the “right bias” feature of the data, thus forming
an overall indicator of digital transformation.

3.2.3. Moderating Variables

Managerial power (MP). Many studies use CEO power directly to represent the
power of top management teams. In fact, a large amount of evidence shows that the entire
executive team, rather than the CEO alone, is a better predictor of organizational output [72].
Therefore, the measure of management power refers to the four-dimensional model of
power proposed by Finkelstein [72]. Choosing the length of tenure (the number of years
of manager tenure in the position), CEO–chair duality (a value of 1, and 0 otherwise), the
proportion of internal directors (insider), and management shareholding ratio (Mgshder)
measures the source of management power and the monitoring constraints of corporate
governance on management power. Based on these indicators, four components were
synthesized into a composite index of management power using principal component
analysis, drawing on the indirect measure of management power by Cao et al. [88]. The
higher the index, the greater the power of the management.

Employee education level (EDU). Drawing on previous research [41,43], the percent-
age of employees with a bachelor’s degree or higher was used to represent the educational
structure. To some extent, this indicator reflects the proportion of highly educated employ-
ees in a company.

Internal control (IC). According to Liu et al. [48] and Sun et al. [82], the “internal control
indicators” in the DIBO risk management database can truly and objectively reflect an
enterprise’s internal control status. Therefore, we took the DIBO internal control indicators
from the DIBO database, multiplied them by 100, and normalized them.

3.2.4. Control Variables

Referring to previous studies [84,89], the following variables that have essential im-
pacts on firm sustainability were controlled: firm size (Size), debt to assets ratio (Leverage),
cash flow ratio (Cashflow), top shareholder ownership (Top1), and listing age (Age). In
addition, dummy variables for year and industry were included in this study. Explanations
for all variables are shown in Table 1.
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Table 1. Variable names and definitions.

Types Variables Definition Measurement

Dependent Variable SGR Sustainable development

Net sales interest rate × total asset turnover × income
retention rate × equity multiplier/(1 − net sales
interest rate × total asset turnover × income retention
rate × equity multiplier)

Independent variable DT Digital transformation
Natural logarithm of the frequency of occurrence of
the corresponding digital keywords in the annual
reports plus 1

Moderating variables MP Managerial power
Tenure, Dual, Insider, and Mgshder, which were
synthesized into a composite index using principal
component analysis

EDU Employee education level Employees with bachelor’s degree or higher/total
employees

IC Internal control DIB internal control index

Control variables Size Firm size Natural logarithm of total assets for the year

Age Listing age Natural logarithm of the difference between the
current year and the listing year plus 1

Cashflow Cash flow ratio Net cash flow from operating activities/total assets
Lev Debt to assets ratio Total liabilities/total assets
Top1 Largest ownership Shareholding ratio of the largest shareholder

3.3. Model Design

A two-way fixed effects model with individuals and years was selected to test the effect
of digital transformation on sustainable corporate development. Drawing on previous
studies [89,90], the following baseline regression model was constructed:

SGRit = α0 + α1DTit + ∑Controlsit + µi + λt + εit (2)

where i and t denote the firm and year, respectively. SGRit is the dependent variable, DTit is
the independent variable, and the controls are a set of control variables that affect corporate
sustainability. In addition to industry fixed effects, individual fixed effects µi and the year
fixed effect λt are also introduced. ε is the random error term.

To further validate the moderating mechanisms of the effects of managerial power,
employee education level, and internal controls on digital transformation to enhance cor-
porate sustainability, the following model was constructed by adding the interaction term
of digital transformation and the moderating variables to the baseline regression model:

SGRit = β0 + β1DTit + β2MPit + β3DTit × MPit + ∑Controlsit + µi +λt + εit (3)

where MPit is a moderating variable for managerial power. If the coefficient β3 of the
interaction term is positive and statistically significant, it indicates that managerial power
can enhance the positive moderating effect of digital transformation on corporate sustain-
able development.

SGRit = γ0 + γ1DTit + γ2EDUit + γ3DTit × EDUit + ∑Controlsit + µi +λt + εit (4)

where EDUit is the moderating variable of the employee education level. With a positive
coefficient for the interaction term, the role of corporate digitalization in sustainability is
more prominent when employee education level is high.

SGRit = δ0 + δ1DTit + δ2ICit + δ3DTit × ICit + ∑Controlsit + µi + λt + εit (5)
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where ICit is the moderating variable of internal controls. If the interaction term passes the
significance test and δ3 is greater than 0, internal controls strengthen the moderating effect
of firm digitalization if digital transformation positively affects sustainability.

4. Results of the Empirical Analysis
4.1. Descriptive Statistics and Correlations

Table 2 presents the descriptive data for all the variables. The median value of corpo-
rate sustainability is 0.049 and standard deviation is 0.043, which is lower than the mean
value of 0.055, indicating that the corporate sustainability of the sample companies is at a
low level. The maximum and minimum values are 0.332 and −0.021, respectively, which
demonstrates that corporate sustainability differs from the other samples. In terms of digital
transformation, the mean value is 1.122, with a minimum value of 0 and a maximum value
of 5.088, which indicates that the degree of digital transformation varies widely among
Chinese enterprises. There is also a wide range in managerial power in the entire sample of
companies, as indicated by the standard deviation of 1.231, which ranges from −2.226 to
3.191. Nearly half of the sample firms have a medium level of employee education, with the
mean and median values of 0.237 and 0.181, respectively, ranging from 0 to 0.874. Internal
control has a maximum value of 7.5 and a median value of 6.615, which is considerably
greater than the mean value of 5.958, illustrating that the sample entities have a high quality
of internal control.

Table 2. Descriptive statistics.

Variables N Mean SD Min Median Max

SGR 12,544 0.055 0.043 −0.021 0.049 0.332
DT 12,544 1.122 1.266 0 0.693 5.088
MP 12,544 0.342 1.231 −2.226 0.222 3.191
EDU 12,544 0.237 0.203 0 0.181 0.874
IC 12,544 5.958 1.985 0 6.615 7.5
Size 12,544 21.631 1.149 19.349 21.512 25.274
Lev 12,544 0.365 0.194 0.044 0.347 0.833
Age 12,544 1.868 0.906 0 1.946 3.258
Cashflow 12,544 0.045 0.063 −0.15 0.045 0.233
Top1 12,544 0.34 0.139 0.09 0.321 0.724

Note: This table presents the descriptive statistics of the main variables in this study. Our sample included
12,544 observations between 2010 and 2020. All the variables are defined in Table 1.

Table 3 presents the Pearson correlation coefficients obtained before the regression
analysis to test for multicollinearity. The table exhibits a notable coefficient of 0.030 between
DT and SGR, confirming the validity of the initial hypothesis. When conducting regression
analysis, it is ideal for the variables to be logically sound and mutually independent,
with no concerns of multicollinearity. As evidenced by the correlation analysis, all the
correlation coefficients are <0.8. Furthermore, the variance inflation factor values for all
variables are less than 3, and the average VIF value is 1.47, indicating that there are no
serious multicollinearity problems in the main model.

4.2. Analysis of the Empirical Results
Digital Transformation and Corporate Sustainability

Table 4 presents the baseline regression results for digital transformation and corporate
sustainability. Column (1) shows that the regression coefficient of DT is positive and
statistically significant at the 1% level. Therefore, digital transformation has a positive
impact on sustainability, thus supporting H1. As shown in column (2), both the coefficient
of DT and the interaction term (DT × MP) are significantly positive at the 1% level, at 0.0032
and 0.0014, respectively. Thus, managerial power positively moderates the impact of digital
transformation on corporate sustainability, supporting H2. In column (3), the coefficient
of DT is 0.0031 and the coefficient of the interaction term (DT × EDU) is 0.0120, both of
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which are significantly positive at the 1% level. This indicates that the role of corporate
digitalization in sustainability is more prominent when employee education levels are
high. Thus, H3 is supported. In column (4), the coefficients of DT and the interaction term
(DT × IC) are considerably positive at 0.0031 and 0.0010, respectively, demonstrating that
internal controls strengthen the moderating effect of digital transformation on corporate
sustainable development. Therefore, H4 is supported.

Table 3. Results of the correlation analysis.

Variables SGR DT MP EDU IC Size Lev Age Cashflow Top1

SGR 1
DT 0.121 *** 1
MP 0.052 *** 0.154 *** 1
EDU 0.078 *** 0.424 *** 0.082 *** 1
IC 0.034 *** 0.089 *** −0.097 *** 0.070 *** 1
Size 0.052 *** 0.045 *** −0.364 *** 0.044 *** 0.314 *** 1
Lev 0.040 *** −0.061 *** −0.269 *** −0.051 *** 0.175 *** 0.566 *** 1
Age −0.076 *** 0.017 * −0.385 *** 0.002 0.506 *** 0.625 *** 0.412 *** 1
Cashflow 0.283 *** −0.014 −0.038 *** −0.054 *** 0.069 *** 0.070 *** −0.127 *** 0.072 *** 1
Top1 0.069 *** −0.129 *** −0.055 *** −0.089 *** −0.024 *** 0.098 *** 0.058 *** −0.042 *** 0.050 *** 1

Note: This table presents the Pearson correlations among the main variables in this study. * and *** indicate
statistical significance at the 10% and 1% levels, respectively.

Table 4. Results of the regression analysis.

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

SGR SGR SGR SGR

DT 0.0034 *** 0.0032 *** 0.0031 *** 0.0031 ***
(6.4577) (6.0684) (5.8652) (5.8929)

MP 0.0003
(0.5276)

DT × MP 0.0014 ***
(4.5091)

EDU 0.0018
(0.3961)

DT × EDU 0.0120 ***
(6.2648)

IC 0.0025 ***
(9.5455)

DT*IC 0.0010 ***
(5.3181)

Size 0.0002 0.0003 −0.0001 −0.0008
(0.1619) (0.2944) (−0.0940) (−0.7584)

Lev 0.0326 *** 0.0315 *** 0.0316 *** 0.0370 ***
(8.2550) (7.9625) (7.9922) (9.3319)

Age −0.0053 *** −0.0062 *** −0.0058 *** −0.0133 ***
(−4.0997) (−4.7357) (−4.4910) (−8.0028)

Cashflow 0.1557 *** 0.1552 *** 0.1558 *** 0.1564 ***
(23.7017) (23.6521) (23.7601) (23.9173)

Top1 0.0129 * 0.0129 * 0.0132 ** 0.0057
(1.9411) (1.9397) (1.9953) (0.8614)

_cons 0.0312 0.0312 0.0369 0.0663 ***
(1.2300) (1.2286) (1.4431) (2.5846)

Industry Yes Yes Yes Yes
Firm Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 12,544 12,544 12,544 12,544
R2 0.0728 0.0746 0.0764 0.0815

Note: This table presents the analysis of the impact of digitalization on corporate sustainability in column (1) and
the moderating effects of managerial power, employee education level, and internal control in columns (2)–(4). *, **,
and *** indicate significance at the 10%, 5%, and 1% levels, respectively. t-statistics are provided in the parentheses.

4.3. Robustness Tests

There is the possibility of endogeneity in the regression of causality as well as mea-
surement error. To evaluate the reliability of the primary effects regressions, we changed the
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measurement method of the independent and dependent variables and performed two-stage
least squares (2SLS) regressions to solve the endogeneity problem of reverse causation.

4.3.1. Tests Based on Alternative Measurement of Dependent Variable

Following the research methodology of Sun and He [82], we expanded the Chinese
lexicon of the Python package “jieba” by incorporating 197 terms from five relevant dimen-
sions. Leveraging machine learning techniques, we then assessed the occurrence frequency
of 197 phrases associated with digitization by analyzing the text from the “Management Dis-
cussion and Analysis” (MD&A) section in the annual reports. The degree of digitalization
was determined by dividing the cumulative frequency of digitization-related terms by the
length of the MD&A sections in the annual reports. The results of the regression analysis on
the relationship between digitalization and corporate sustainability, referred to as the DIG
analysis, are presented in Table 5, and are consistent with the earlier findings. Column (1)
reveals that digital transformation contributes significantly to corporate sustainability with
a regression coefficient of 0.0048, which remains statistically significant at the 1% level. As
shown in columns (2)–(4), the coefficients of the three interaction terms are 0.0015, 0.0139,
and 0.0007, respectively, and the coefficient of DT is significantly positive at the 1% level,
which is consistent with the prior results.

Table 5. Robustness test: alternative measurement of the dependent variable.

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

SGR SGR SGR SGR

DIG 0.0048 *** 0.0044 *** 0.0034 *** 0.0047 ***
(5.3360) (4.7513) (3.5504) (5.1427)

MP 0.0001
(0.1951)

DT × MP 0.0015 ***
(2.7427)

EDU 0.0042
(0.9543)

DT × EDU 0.0139 ***
(4.5196)

IC 0.0022 ***
(8.6271)

DT × IC 0.0007 ***
(2.5900)

Size 0.0007 0.0007 0.0005 −0.0003
(0.6932) (0.7093) (0.4863) (−0.3416)

Lev 0.0325 *** 0.0320 *** 0.0320 *** 0.0369 ***
(8.2158) (8.0858) (8.0857) (9.2804)

Age −0.0052 *** −0.0056 *** −0.0055 *** −0.0138 ***
(−4.0310) (−4.2701) (−4.2147) (−8.2733)

Cashflow 0.1549 *** 0.1545 *** 0.1548 *** 0.1556 ***
(23.5734) (23.5090) (23.5783) (23.7677)

Top1 0.0112 * 0.0114 * 0.0113 * 0.0041
(1.6888) (1.7240) (1.7100) (0.6215)

_cons 0.0190 0.0220 0.0256 0.0571 **
(0.7522) (0.8710) (1.0050) (2.2327)

Industry Yes Yes Yes Yes
Firm Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 12,544 12,544 12,544 12,544
R2 0.0716 0.0723 0.0736 0.0784

Note: This table presents the robustness check by changing the measurement method of digital transformation.
Column (1) displays the impact of DT on corporate sustainability while columns (2)–(4) display the moderating
effect. *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. t-statistics are provided in
the parentheses.

158



Systems 2023, 11, 355

4.3.2. Tests Based on the Alternative Measurement of Independent Variable

Referring to the previous study of Ji et al. [89], we chose growth rate as a proxy for
sustainability since companies with stronger sustainable development capabilities typically
have higher sustainable growth rates. The formula is as follows:

SGRA =
return on net assets × earnings retention rate

1 − return on net assets × earnings retention rate
(6)

Consistent with the results of the previous regression analysis, the results reported
in Table 6 column (1) show that digital transformation makes a considerable contribution
to sustainable business growth, with a regression coefficient of 0.0043, which remains
significantly positive at the statistical level of 1%. The inclusion of moderating variables in
the regression is demonstrated in columns (2)–(4). The coefficients of the three interaction
terms are 0.0018, 0.0157, and 0.0016, and the regression coefficient of digital transformation
is significantly positive at the 1% statistical level, verifying the robustness and reliability of
the empirical results of this study.

Table 6. Robustness test: alternative measurement methods of the independent variable.

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

SGRA SGRA SGRA SGRA

DT 0.0043 *** 0.0041 *** 0.0040 *** 0.0037 ***
(7.1366) (6.7883) (6.6217) (6.2172)

MP 0.0001
(0.1230)

DT × MP 0.0018 ***
(4.9662)

EDU −0.0013
(−0.2610)

DT × EDU 0.0157 ***
(6.7325)

IC 0.0009 ***
(3.1126)

DT*IC 0.0016 ***
(7.6197)

Size −0.0046 *** −0.0045 *** −0.0049 *** −0.0045 ***
(−4.0460) (−3.9195) (−4.2534) (−3.9295)

Lev 0.0388 *** 0.0373 *** 0.0374 *** 0.0396 ***
(8.5448) (8.2106) (8.2381) (8.6836)

Age −0.0176 *** −0.0188 *** −0.0184 *** −0.0176 ***
(−11.8530) (−12.4922) (−12.3300) (−9.1885)

Cashflow 0.1693 *** 0.1688 *** 0.1694 *** 0.1695 ***
(22.4520) (22.4010) (22.5043) (22.5379)

Top1 −0.0021 −0.0019 −0.0017 −0.0031
(−0.2760) (−0.2530) (−0.2228) (−0.4082)

_cons 0.1616 *** 0.1620 *** 0.1662 *** 0.1639 ***
(5.5543) (5.5571) (5.6629) (5.5552)

Industry Yes Yes Yes Yes
Firm Yes Yes Yes Yes
Year Yes Yes Yes Yes
N 12,544 12,544 12,544 12,544
R2 0.0934 0.0957 0.0979 0.0986

Note: This table presents the robustness check by changing the measurement method of corporate sustainability.
Column (1) displays the impact of DT on corporate sustainability, while columns (2)–(4) display the moderating
effect. *** indicate significance at the 1%. t-statistics are provided in the parentheses.

4.3.3. Testing Based on Two-Stage Least Squares

Endogeneity problems can arise when examining the influence of digital transfor-
mation on sustainability. This is due to the potential issue of reverse causality, where
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the relationship between digitalization and sustainability can affect the dependability of
earlier findings. For companies, those with a stronger focus on sustainability are more
likely to actively embrace digital transformation. In this study, we referred to the existing
studies [89] and used the mean value of digital transformation in the same year in an
industry other than our firm as an instrumental variable for DT (DTmean) to overcome the
endogeneity problem of mutual causality with the help of 2SLS. Table 7 shows the results of
the instrumental variable regression. The regression coefficient of digital transformation is
0.0160 at the 1% significance level after using the instrumental variables, indicating that DT
plays a vital role in promoting sustainable development. In addition, the Kleibergen–Paap
rk LM statistic is 103.62 (equivalent to a p-value of 0), demonstrating that the instrumental
factor is identifiable (see Table 7). We can rule out the possibility of weak instrumental vari-
ables using the Cragg–Donald Wald F statistic and the Kleibergen–Paap Wald rk F statistic,
with 167.57 and 118.77, respectively, both of which are larger than the Stock–Yogo weak
identification test at the 10% significance level (16.38), rejecting the hypothesis of weak iden-
tification. According to the results of the instrumental variable test, digital transformation
can significantly improve organizational sustainability, and this conclusion is reliable. The
instrumental variable regression results led to the conclusion that digital transformation
can significantly improve enterprise sustainability, which is consistent and reliable.

Table 7. Robustness test: 2SLS regression.

Stage 1 Stage 2

DT SGR

DT 0.0160 ***
(3.5430)

DTmean 0.5267 ***
(12.9448)

Size 0.2013 *** −0.0024
(10.8277) (−1.5527)

Lev −0.0821 0.0335 ***
(−1.1065) (7.3343)

Age 0.1327 *** −0.0072 ***
(5.4553) (−4.8397)

Cashflow −0.2200 * 0.1582 ***
(−1.7849) (19.8768)

Top1 −0.8440 *** 0.0241 ***
(−6.7845) (2.6635)

Industry Yes Yes
Firm Yes Yes
Year Yes Yes
N 12,538 12,328

R2 0.3349 0.0196
Number of ID 2137 1927

Kleibergen–Paap rk LM statistic 103.62 (Chi-sq(1)p-val = 0.0000)
Cragg–Donald Wald F statistic 167.57
Kleibergen–Paap Wald rk F statistic 118.77
10% maximal IV size 16.38

Note: This table presents the robustness check using 2SLS regression. DTmean is the instrumental variable at
Year-Industry level. * and *** indicate statistical significance at the 10% and 1% levels, respectively. t-statistics are
provided in the parentheses.

5. Discussion and Conclusions
5.1. Discussion

The advent of digital technologies, such as the Internet of Things, artificial intelligence,
blockchain, and big data analytics, is heralding the onset of the digital era. The significance
of digital transformation as a strategic priority is growing, as it enables the establishment of
competitive advantages and sustainable development benefits for national economies [2].
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Enterprises, being the most crucial microeconomic entities, play a pivotal role in driving
digital transformation and shouldering the responsibility for sustainable development.
Enterprises are earnestly embracing digitalization to pursue breakthroughs and transfor-
mations in the digital economy [91]. Consequently, it is worthwhile to investigate whether
they can attain competitive advantages and foster sustainable development.

Digital transformation is a subject of significant interest in both academic and practical
circles, while sustainability practices are widely acknowledged by businesses. In the recent
research, Zhang et al. [25] argued that digital transformation has the potential to enhance
operational and production efficiency through cost reduction and innovation. Tian et al. [92]
revealed that digital transformation contributes to enterprises’ risk-taking capabilities by
enhancing operational flexibility and improving access to financing. Similarly, Wang and
Han [93] concluded that digital transformation can effectively mitigate corporate fraud and
enhance overall business quality. More importantly, digital transformation provides signif-
icant incentives for companies to embrace greater environmental responsibility, leading
to reduced carbon emissions through the adoption of green technology innovations and
improved corporate governance practices [90,94]. Interestingly, Feroz et al. [95] defined
sustainable digital transformation (SDT) and further clarified the convergence between
sustainability and digital transformation. As the importance of sustainability continues
to grow in the business world, there is a rising interest in research that combines SDGs
with DT. In this context, this study empirically investigated the positive impact of digi-
tal transformation on corporate sustainability from the perspective of micro enterprises,
demonstrating the economic and environmental value of digital transformation. In terms
of digital transformation, a more comprehensive and scientific measurement using the text-
mining method to extract word frequencies related to DT in the annual reports was used.
Van Horne’s static model was selected to measure corporate sustainability. A two-way fixed
effects model was adopted, and empirical testing showed that the digital transformation of
Chinese enterprises can greatly enhance their sustainability and boost their confidence and
determination to accelerate their digital transformation process.

Our finding is in line with the term “digital imperative” mentioned by Guandalini
et al. [15] in their article. Governments and policymakers can seize this positive impact
as a chance to expand investment in corporate digital transformation, establish enabling
policies and regulations that foster a conducive environment for businesses to undertake
transformation initiatives and promote and incentivize digital transformation initiatives
that are consistent with sustainability goals. More importantly, companies must actively
embrace digitalization as an important strategic resource for their companies, promote
the optimization and upgrading of their industrial structures, and continuously build
competitive advantages to achieve long-term sustainable development [26].

In addition, sustainable development in digitally empowered enterprises cannot be
successfully implemented without positive corporate governance. Top management teams
play an important role in corporate value creation and ensuring organizational success.
This paper explored that empowered management actively embraces digitalization for
the sake of the company’s reputation and its image, continuously explores its path to
achieve sustainable corporate development, makes the right strategic decisions, and uses
its power resources to deal with various problems and obstacles in the process of digital
transformation and obstacles in the process of digital transformation, and contribute to
the sustainable creation of digitalization. As a result, the management team and its power
resources are a significant complementary resource for enterprise digitization. For the top
management team, digital transformation provides an opportunity to effectively promote
corporate sustainability efforts. Senior management can exhibit digital leadership by
incorporating digital transformation into the company’s sustainability vision, mission, and
overall strategy, as well as creating long-term goals and digital development plans from a
large picture view to achieve long-term corporate growth [96].

Furthermore, human capital is an important component for companies to gain core
competencies and sustainable competitive advantages [41]. Ruiz-Pérez et al. [42] showed
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that the process of sustainable development depends on the participation of the work-
force through the implementation of sustainable behaviors. This study further found that
employees with higher levels of education play a positive role in digital transformation
for corporate sustainability because of their ability to adapt faster to technology, better
learning and understanding, and better ability to innovate. In the digital economy context,
companies highly prioritize the acquisition of top-tier talent. Skilled and educated employ-
ees, along with the knowledge spillover effect they provide, are crucial drivers of digital
transformation and sustainable development. These individuals serve as a significant force
and valuable asset for organizations, propelling them towards successful digitalization and
fostering long-term sustainable growth. Moreover, internal control is an important compo-
nent of corporate governance. Top-notch internal controls play a dual role in facilitating
both effective and efficient operations, as well as making substantial contributions to the
sustainable development of enterprises [50]. Within the digital realm, high-quality internal
controls can further enhance their impact by curbing managerial speculative behavior,
minimizing operational risks, reinforcing a company’s strategic objectives, and cultivating
a favorable internal environment for sustainable digital empowerment.

5.2. Conclusions

As mentioned by many scholars [15,97], the megatrends of sustainability and digitaliza-
tion are reshaping the economy and society and are responsible for major transformations.
In this study, we examined the relationship between digital transformation and corporate
sustainability of Chinese companies based on A-share listed companies in Shanghai and
Shenzhen in China from 2010 to 2020 using a two-way fixed effects model. Meanwhile,
from the perspective of corporate governance, the moderating roles of managerial power,
employee education level, and internal control in the relationship between digital trans-
formation and corporate sustainable development were analyzed from three perspectives.
The following key points can be drawn from the discussion. (1) Digital transformation can
significantly improve corporate sustainability. The reliability of the results was reinforced
by three robustness tests, confirming that digitalization is a significant driver of sustainable
development advantages for enterprises. Digital transformation facilitates efficient resource
allocation and utilization, enhances total factor productivity, drives the transformation of
business models, and upgrades industrial structures. By leveraging digital technology and
embracing continuous innovation, enterprises can achieve differentiated production and
secure sustainable competitive advantages. Consequently, this contributes to the continual
enhancement of socioeconomic and environmental sustainability. This finding is consistent
with those of most previous studies [84,89,95], where digital transformation led to a higher
sustainability premium. (2) Managerial power plays a positive moderating role in digital
transformation to improve corporate sustainability. Management behavior influences cor-
porate decision making and strategic orientation. Empowered management teams actively
embrace digitalization and make the right strategic decisions for the sake of the company’s
reputation and image while using power resources to deal with various problems and
obstacles in the process of digital transformation. (3) The sustainable development process
depends on the participation of well-educated employees. Better educated employees, as a
core element for enterprises to gain competitive advantage, not only actively adapt to new
technologies and practices but also rapidly convert their acquired digital knowledge, tech-
nologies, and competencies into productivity and generate knowledge spillover effects. At
the same time, they are aware of their responsibilities for the firm’s long-term growth and
oversee the digitalization process to prevent management shortsightedness. (4) Effective
internal controls have a positive influence on the digital transformation and sustainable
development of enterprises. Strong internal controls help to mitigate agency conflicts,
minimize risks stemming from information asymmetry, enhance operational efficiency,
and foster a conducive internal environment for the successful implementation of digital
empowerment and sustainable development strategies.
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5.3. Implications of the Study

First, only a limited number of empirical studies have investigated the impact of
corporate digital transformation on sustainability, considering the current landscape of the
digital economy and sustainable development. This research aimed to bridge this gap by
empirically examining the positive influence of digital transformation on corporate sustain-
ability at the micro-level, thereby enhancing our understanding of corporate sustainability
within the context of the digital era. Furthermore, the existing literature has paid limited
attention to the exploration of how organizations, including stakeholders and various
functions, can leverage synergies during the digital transformation process to achieve
sustainability objectives [15]. Consequently, this study explored the moderating role of
top management teams, employees, and organizations in the relationship between digital
transformation and corporate sustainability, from a corporate governance perspective. By
refocusing the literature on management and expanding the existing body of knowledge
on the subject, this research contributes a fresh perspective to the field.

This study has several practical implications, which are as follows.

(1) The government perspective. There is a need to enhance financial and technical
support for digital transformation initiatives within enterprises. Governments should
acknowledge the significance of digital transformation as a crucial means to enhance
the sustainability of businesses. Policymakers ought to implement effective measures
that promote technology investments and offer targeted incentives, such as national
Industry 4.0 programs. These actions not only foster the sustainability and resilience
of business development in the face of challenges, such as the COVID-19 pandemic
and global uncertainties, but also ensure the long-term success and adaptability
of enterprises.

(2) The corporate perspective. Firstly, companies should develop a digital transforma-
tion strategy that integrates sustainability goals, aligns digital initiatives with overall
business strategies, and recognizes the potential of digital technologies for driving
sustainability [15]. By actively transforming their business models, companies can
enhance their competitive advantage through the effective use of digital technologies,
thereby contributing to sustainable development objectives. Secondly, companies
should prioritize genuine digitalization rather than mere informatization or network-
ing. By leveraging digital technology, companies can establish seamless connectivity
across various functions, such as procurement, production, marketing, finance, and
human resources, thereby improving planning, coordination, monitoring, and control
processes and eliminating “information silos”. Thirdly, digital transformation is a high-
technology value-added transformation that often requires more qualified personnel.
Companies can retain more high-quality “brains” by signing long-term contracts.
Fourthly, it is essential to prioritize employee education, professional growth, and
training to enhance their career development within the organization. This includes
guiding employees with lower educational levels towards acquiring new skills and
redirecting their career paths towards more specialized roles. Simultaneously, com-
panies should actively encourage employees to pursue further education to expand
their knowledge and qualifications, aligning with the evolving demands of the digital
era. The organization can play an active role by sponsoring individuals to pursue
higher education, facilitating their personal career development while also meeting
the company’s specific needs in the digital landscape. Furthermore, organizations
should implement training programs aimed at enhancing employees’ understanding
of the principles and requirements of corporate sustainability. Such initiatives will
help employees to comprehend their roles and responsibilities in driving sustainable
development goals within the company [98].

(3) The management perspective. To promote digital transformation and sustainable
development, it is crucial to foster digital awareness and cultivate a digital mindset
within the organization. When managers recognize the positive impact of digital
transformation on business growth, they actively prioritize enhancing the digital
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capabilities of the company. They utilize their authority to drive the digitalization pro-
cess, thereby providing strong support for open innovation and sustainable practices.
Firstly, managers should possess a vision of digitizing their organizations and ac-
knowledge the significance of digital capabilities for long-term competitiveness. They
must leverage their influence to guide companies in embracing the opportunities pre-
sented by the digital era. Secondly, managers need to acquire a solid understanding of
digitalization fundamentals and enhance their digital awareness. This entails gaining
comprehensive knowledge of digital technologies and their operational management.
By doing so, managers can effectively lead their companies in developing a corporate
culture, organizational structure, and management team that align with the demands
of the digital age [96].

5.4. Limitations and Future Directions

This study has the following limitations. (1) When examining the competitiveness of
employees, we focused solely on the categorization of knowledge and skills, specifically
considering individuals with a bachelor’s degree or higher. However, the influence of
skilled individuals who possess digital competence and technical knowledge but do not
hold a bachelor’s degree on corporate sustainability remains unexplored. Future research
endeavors could investigate the impact of this aspect to further refine our understanding
of how human capital affects firm sustainability in the context of digital transformation.
(2) Our study provided an intra-organizational explanation for the conundrum of the rela-
tionship between digitalization and corporate performance. There are additional variables
that can influence corporate sustainability, such as green performance, including minimiz-
ing waste generation, promoting renewable energy sources, and adopting circular economy
practices. Active stakeholder engagement, involving customers, suppliers, investors, and
local communities, is another significant factor. Future research aims to explore this intrigu-
ing issue from those perspectives, examining the impact of these variables on corporate
sustainability. (3) Firms of varying sizes possess distinct degrees of digital maturity, and the
opportunities and threats associated with digital transformation may have different impacts
on firm sustainability. Thus, future research could encompass small- and medium-sized
enterprises (SMEs) in China, as well as businesses from various other nations, as potential
subjects of investigation to explore how businesses can be sustainable in the age of the
digital revolution.
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Appendix A. Detailed Keywords

Artificial intelligence Artificial intelligence, business intelligence, image
interpretation, investment decision support system, intelligent
data analysis, intelligent robot, machine learning, deep
learning, semantic search, biometric technology, face
recognition, speech recognition, authentication, automatic
driving, natural language processing.

Big data technology Big data, data mining, text mining, data visualization,
heterogeneous data, credit investigation, augmented reality,
mixed reality, virtual reality.
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Cloud computing technology Cloud computing, stream computing, graph computing,
memory computing, multi-party security computing, brain
like computing, green computing, cognitive computing,
fusion architecture, hundred million concurrence, EB level
storage, the Internet of things, information physics system.

Blockchain technology Blockchain, digital currency, distributed computing,
differential privacy technology, smart financial contract.

Digital technology application Mobile Internet, industrial Internet, internet medical,
e-commerce, mobile payment, third-party payment, NFC
payment, smart energy, B2B, B2C, C2B, C2C, O2O, Internet
connection, smart wear, smart agriculture, smart
transportation, smart medical, smart customer service, smart
home, smart investment consultant, smart culture and
tourism, smart environmental protection, smart grid, smart
marketing, Digital marketing, unmanned retail, Internet
finance, digital finance, Fintech, financial technology,
quantitative finance, open banking.
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Abstract: The economics of globalization are changing due to digitization. The increasing global
scope of digital platforms is lowering the cost of cross-border communications, allowing companies to
connect with customers and suppliers across borders. This leads to the emergence of new competitors
from anywhere in the world, increasing competition within an industry. The main objective of this
research was to conduct an analysis of the DIANA Economy and Global RPM and to examine the
various definitions and concepts of measuring the digital and analog economies in a comprehensive
approach. Furthermore, this study analyzes and ranks the changes that countries around the globe
have seen in their digital competitiveness, presenting the foundations of analog and digital economies
and refining their definitions. Based on the results, most countries, 41 out of 60, are analog and anatal,
which implies that they rely on an analog economy and need to develop digitalization strategies to
transition from analog to digital. By providing rankings, policy implications, and strategies tailored
to different population categories, it offers a roadmap for countries and businesses seeking to thrive
in an increasingly digitalized world.

Keywords: DIANA Economy; global RPM analysis; digitalization; analogization; digital competitiveness

1. Introduction

The three significant industrial revolutions, namely mechanization, electrification,
and automation, represent crucial milestones signifying important socio-economic ad-
vancements in human history [1]. Presently, alongside the fourth industrial revolution,
the term “digital transformation” has gained prominence in the context of policymakers,
the scientific community, and businesses [2–4]. This is because it has been reshaping the
foundational socio-economic structures [5–7]. Although there exists a lack of consensus
regarding the optimal approach to harnessing digital advancements, numerous countries
and most industries have devised strategies and approaches to enhance their competitive
positions in this transformative race [8–12]. Moreover, the global economic shift towards
digitalization is intimately connected with the introduction of new technologies and is often
referred to as the fourth industrial revolution [13,14]. The impact is not only economic but
also social and political [15]. Additionally, digital transformation is not just a technological
shift but also a fundamental driver of economic growth, competitiveness, and sustainability
in today’s interconnected world [16]. Businesses and governments that prioritize and invest
in digitalization are better positioned to thrive in the digital economy [17]. Furthermore,
the digital economy is a driving force in today’s world, impacting nearly every aspect of
society and the economy [16]. Embracing digitalization and understanding its importance
is crucial for individuals, businesses, and governments to thrive and remain competitive in
an increasingly interconnected and technologically driven global landscape.
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However, it is important to note that although the digital economy continues to grow
and evolve, the analog economy remains vital because it represents the real production
and consumption of goods and services, especially in today’s digital age [18]. Events
such as economic downturns, geopolitical tensions, political issues, and health crises
can have a negative effect on markets and bring about widespread fluctuations, thus
having an adverse impact on digital economies and companies as well [19,20]. In addition,
disruptions in technology, shifts in user behavior, investors’ sentiments because of news,
trends, and market dynamics, or changes in business models can have an effect on revenue
and earnings projections, causing fluctuations in stock prices [21]. An analog economy also
provides jobs, income, and wealth for millions of workers, entrepreneurs, and investors [22].
Therefore, it is vital to understand and support the analog economy in order to achieve
balanced and inclusive development. While the digital economy is an essential part of
the architecture of the fourth industrial revolution that offers numerous advantages in
terms of efficiency, speed, and convenience, it is important to recognize that the analog
economy can contribute more to societal diversity, cultural richness, and the well-being
of individuals who engage in or rely on traditional methods of economic activity [23].
The analog economy serves as the base for the growth of the digital economy, while the
digital economy acts as a booster for the analog economy [24]. Additionally, achieving
high-quality economic growth requires the advancement of the digital economy to support
the transformation and enhancement of the analog economy [25]. In summary, whether
a country is predominantly analog or digital, this is not a measure of its overall quality
or superiority [26]. A balance between analog and digital approaches can be achieved
to address the specific needs and priorities of each country, and both analog and digital
countries have opportunities for growth, development, and improvement.

The concept of the DIANA economy is related to the phenomenon of the fourth
industrial revolution that implies a change in industrial development capable of generating
important changes to develop more efficient and sustainable industrial installations and
processes. As DIANA economy focuses mostly on digital and analog environments from the
perspective of industrial convergence that is introduced for the very first time. The digital
economy and the analog economy are interdependent and mutually reinforcing, which will
eventually achieve high-quality economic development [27,28]. The DIANA economy is
important because it provides a comprehensive framework for businesses, industries, and
countries to navigate the challenges and opportunities presented by the ongoing digital
transformation and the fourth industrial revolution. In today’s fast-paced and rapidly
changing market conditions, businesses need to adapt and evolve to stay competitive
and thrive. The DIANA economy provides a roadmap that businesses can use to assess
their performance, competition, risk, and potential in the digital–analog spectrum. By
monitoring the factors that affect the business, such as global trends, economic conditions,
and social and environmental factors, businesses can adapt and adjust their strategies to
remain competitive and sustainable. Furthermore, global RPM analysis is an important
tool for businesses to evaluate and optimize their operations, make informed decisions,
and stay ahead of the curve in an increasingly competitive and dynamic global market.
Furthermore, through the application of a global RPM analysis for digitalization, countries
can gain a holistic understanding of their digital strategies. This approach ensures that
digital transformation is not solely driven by technology but also considers global reach,
rational decision-making, professionalism, and ethical considerations—all of which are
essential for successful digitalization in today’s interconnected world.

This research aimed to apply the DIANA economy and global RPM frameworks to
analyze and compare the different definitions and parameters of the digital and analog
economies in a comprehensive way. These frameworks provide a holistic perspective to
understand and succeed in today’s dynamic and digitized business environment. Moreover,
this research analyzed and ranked the differences that countries around the globe have ex-
perienced in their digital competitiveness, presenting the foundations of analog and digital
economies and refining their definitions. As the DIANA economy explores the concepts
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of digital and analog environments, governments can design appropriate strategies for
their specific needs and challenges by identifying their position within this framework.
Meanwhile, the global RPM analysis enables countries to develop strategies that emphasize
globalization methods, rational economic decision-making, professionalism, and moral
considerations by evaluating the four dimensions comprehensively. Furthermore, this
paper categorized the countries into three groups according to their population size: large,
mid-sized, and small. Moreover, the purpose of this paper is to present the DIANA econ-
omy and global RPM analyses for assessing the level of digital development in a country,
industry, or human capital, which can be applied to various business levels to build and
adjust strategies and plans for adoption and implementation of digital transformation and
the fourth industrial revolution. Through our research, our objective is to contribute to a
better understanding of the digital and analog economies’ coexistence and interdependence
on economic development and sustainability. By utilizing the DIANA economy and global
RPM frameworks, the goals of this study are to provide practical tools for policymakers and
stakeholders to make informed decisions aimed at shaping the digital future of countries,
adapting their strategies, and thriving in today’s interconnected and technologically driven
global market.

2. Conceptualization of the DIANA Economy and Global RPM Analysis

The economics of globalization are changing due to digitization. The increasing global
scope of digital platforms is lowering the cost of cross-border communications, allowing
companies to connect with customers and suppliers across borders. This leads to the
emergence of new competitors from anywhere in the world, increasing the competition
within an industry. Global RPM analysis is a strategic planning tool of the DIANA economy
that is used when countries or industries consider implementing a major change, such
as adopting a new business model or starting a digital transformation. It is essential to
document the current situation to establish the basis of the digitalization process. By
performing an analysis of the DIANA economy and global RPM, decision makers can gain
a more comprehensive understanding of the key factors that could influence the outcome
of a proposed action (Figure 1).
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There are various analyses that are required when a business is run, from small
businesses to large industries. Several methods can be used in order to reach an assessment
about a business’ current state and to make an informed decision based on that assessment.
The DIANA economy and global RPM analysis can be used significantly by countries and
companies. Business owners can implement these methods in order to determine where
their venture stands in terms of growth. The DIANA economy and global RPM analysis’
applications are not limited to companies or industries only. It is possible to implement the
frameworks for products, places, and even human capital. Moreover, regardless of whether
a business is new or established, it can be used by both.
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2.1. DIANA Economy

The DIANA Economy is an acronym for digital (DI) and analog (ANA) that is a
framework for how a business experiences significant changes as it engages digital trans-
formation and the fourth industrial revolution [29]. The model was first introduced by
Professor Jeong, J.Y. at Jeonbuk National University in the year 2015. The DIANA economy
framework is central to economic growth, which also focuses on more than digitalization
and provides a common reference point that can evolve as the business changes. By using
this framework, countries and industries can develop strategies and roadmaps that enable
them to adapt and compete in the rapidly changing market conditions of digitization
processes by identifying socio-economic conflicts between digital and analog societies [30].

The DIANA economy examines the digital, dinalog, anatal, and analog environments
that affect industries and companies. For the digital environments, countries have a high
level of digital expertise, and they are also moving forward at a very rapid pace. Dinalog
countries have achieved a significant degree of digital progress while making steadily in-
creasing enhancements. Anatal describes countries that are growing and improving rapidly
but still have a low digital transformation score. Finally, analog countries have achieved
a significant degree of digital progress while making steadily increasing enhancements.
Furthermore, the DIANA economy is a technique which is based mainly on digital and
analog concepts to evaluate the productivity, competitiveness, risk, and opportunities of
a business, as well as parts of a business such as a product line or division, an industry,
another entity or human capital for each area, and all the related competences, providing a
general description for each competency.

Figure 2 shows the DIANA economy model, which mainly consists of four concepts
(digital, dinalog, anatal, and analog). This model can be used not only for a business or
industry, but also for countries, companies, and even human capital to provide strategies
and recommendations according to their position in the DIANA economy. This is done by
analyzing which one is closer among the four concepts after learning their places. A country
or company may not be completely digital or analog. As we can see, the digital model can
be 90 percent digital and 10 percent analog, and vice versa for analog. Dinalog usually
involves a large share of digital, with a 70 percent or less share of analog. Conversely, anatal
involves a 30 percent share, as shown in Figure 2 [31].
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The choice of keywords for the digital and analog economies provides a clear dis-
tinction between these two economic paradigms. For example, the keyword “active”
usually characterizes the dynamic and proactive nature of the digital economy, reflecting
the constant innovation, adaptability, and quick responses to changing market conditions.
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Conversely, “passive” mainly represents the traditional and steady approach of the analog
economy, emphasizing continuity and adherence to established practices with a preference
for stability over rapid change. Furthermore, in the digital economy, keywords such as
“open”, “creative”, and “speed” highlight the dynamic and innovative nature of digital
operations. Openness, both in terms of data accessibility and open-source principles,
fosters creativity and the rapid pace at which digital processes evolve. “Challenge” un-
derscores the competitive and ever-changing landscape of digital markets, and “passion”
reflects the enthusiasm and drive of those involved in digital innovation, which can help
people overcome the challenges and uncertainties that come with the rapid changes and
innovations in the digital world. Terms like “unlimited” and “innovative” emphasize
the boundless possibilities and continuous innovation that define digital economies. On
the other hand, the keywords for the analog economy, such as “closed”, “faithful”, and
“traditional”, underline its adherence to established practices and traditions. The keyword
“sacrifice” embodies the idea of the analog economy’s willingness to invest time, effort, and
resources in maintaining established processes, systems, and traditions by preserving exist-
ing practices and values. “Diligence” and “patience” highlight the meticulous and steady
approach of analog economies, which may involve longer business cycles and processes.
“Socialize” points to the importance of social relationships and community interactions,
which play a central role in analog economies. The term “constancy” signifies the focus
on stability and reliability in these systems, and “dependable” reflects the emphasis on
trustworthiness and predictability. These keywords collectively paint a picture of a sharp
contrast between the fast-paced, innovative, and open digital economy and the traditional,
stable, and community-oriented analog economy. However, it is essential to recognize that
real-world economies often exhibit a blend of these characteristics, and the keywords are a
simplification of complex economic systems.

In addition, it should be noted that the percentage scores obtained by dividing coun-
tries by the DIANA economy’s four concepts (digital, analog, analog, and dinalog) are not
static, and different research areas may employ different methodologies and weightings
based on their specific goals and objectives to adjust their assessments according to their
specific objectives and goals. Additionally, the appropriate percentage of the frameworks
can be calculated and applied independently based on the study methodology. As a first
step toward applying and calculating the DIANA economy framework, it may be neces-
sary to identify the relevant competencies in each environment and then to measure them
using the appropriate indicators. For example, some possible competencies for the digital
environment are innovation, creativity, agility, collaboration, and data literacy, while other
potential indicators include patents, R&D expenditure, start-up activity, digital skills, and
internet connectivity. The data sources can be official statistics, surveys, reports, or other
reliable sources. The indicators can be normalized and weighted to create a composite
index for each competency. Then, the competencies can be aggregated to create a score for
each environment. The score can be expressed as a percentage or a rank. The framework
can be used to compare different entities across the four environments and to identify their
respective advantages and disadvantages for improving their performance and competi-
tiveness in the DIANA economy. It can also be used to monitor their progress over time and
to evaluate the impact of policies or interventions on their digital transformation. Moreover,
to better understand the DIANA economy, it may be better to know definitions of digital
and analog. In Figure 2, we can see the components and short definitions of digital and
analog. Moreover, while digital can be seen as active, analog can be passive.

2.1.1. Digital and Analog

To define the concepts of analog and digital, it is important to understand the analog
and digital economies on which they are based. An analog economy makes predominantly
physical products and services that all people buy and sell in the system of production,
distribution, exchange and consumption [32]. By itself, the digital economy does not
produce generally material goods (food, clothing, equipment, motor fuel, etc.), but instead
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creates conditions for the more efficient production of these goods such as online courses,
non-fungible tokens, digital transactions with digital cash, and online and mobile games,
predetermining progress in all spheres of the national economy [33,34]. Digital and analog
economies are fundamentally different from each other in many parameters, the most
important of which are, in our opinion, the following: the main resource of the economy;
the prevailing type of economic ties in the economy and organizations, markets, sales of
products; the rate of change in the economy; uncertainty and risk; and changes in the labor
market [35]. The differences between these parameters in the digital and analog economies
are considered.

Digital refers to the representation of physical objects or actions using binary code.
When employed in a positive sense, it characterizes the frequent use of the most up-to-
date digital technologies to enhance organizational processes, to foster interactions among
individuals, companies, and objects, or to enable innovative business models. Conversely,
analog stands in contrast to digital [36]. It describes any technology, such as analog clocks
with physical hands or vinyl records, that operates without breaking down functions into
binary code. Everything emerging from a digital process, on the other hand, bears no
resemblance to the initial binary code input. Analog can be demonstrated by a watch that
employs physical hands traversing its face to indicate the time, as opposed to displaying
digital numerical figures.

“Analogization” could therefore refer to the process of making something more analog
in nature or using analog technology or methods to accomplish a task or solve a prob-
lem [29,37]. Moreover, analogization can refer to the process of incorporating analog
elements into a primarily digital business model or strategy. For example, a company
that has been relying solely on online sales may decide to open a physical store to pro-
vide a more tangible experience for its customers. This is an example of analogization,
as the company is adding an analog component to its primarily digital business model.
Another example of analogization in the economy is the integration of digital technologies
in traditional analog industries such as agriculture or manufacturing. By incorporating
sensors, automation, and other digital tools, these industries can increase their efficiency
and productivity while maintaining the human touch and experience that comes with
analog practices [35,38]. Overall, analogization involves finding a balance between the
benefits of digital technologies and the value of analog practices in the economy. It can
help businesses and industries to remain competitive and adaptive in the rapidly changing
market conditions of the modern economy. Moreover, by combining digital and analog
technologies, analogization can create a bridge between new and old systems, allowing
for enhanced compatibility between different technologies and systems [30]. This can help
companies to respond more quickly to changing market conditions and customer needs.

As a way to better understand the analog and digital concepts, we can see digital as
a two-digit number system consisting of one (1) and zero (0), while analog is a ten-digit
number system (0 1 2 3 4 5 6 7 8 9). Digital can be rapidly changed from 0 to 1 or vice versa.
However, analog can take longer to change from 2 to 5, for example. As mentioned above,
changing something is difficult for analog, which can be a country, company, or industry
such as tourism or agriculture [30].

Analog economies typically offer more physical products and services that are tangible,
whereas the products and services of digital economies are mostly produced using digital
technologies, such as the internet, cloud computing, artificial intelligence, or the internet
of things [39]. These products are specialized in digitally enhanced tangible goods and
embedded digital services [40]. Digital economies offer faster and more convenient transac-
tions than analog economies [36]. In digital economies, transactions can be completed in a
matter of seconds or minutes, whereas in analog economies, transactions can take days or
weeks to complete. Furthermore, in digital economies, transaction records are stored on
the block chain, providing a public and immutable record of all transactions. This requires
sophisticated digital infrastructure, such as high-speed internet and advanced telecom-
munication networks, whereas analog economies rely on physical infrastructure, such as
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roads and transportation systems. Physical barriers such as distance and location, on the
other hand, might limit analog economies. Digital economies can reach a global market
in a very short amount of time, whereas analog economies have a more limited market
reach which is often confined to local or regional areas [34]. However, Analog economies
offer more social interactions than digital economies. In analog economies, people often
engage in face-to-face interactions while exchanging goods and services. Digital economies,
on the other hand, rely on digital interactions, which can be less personal and more im-
personal. Overall, the choice between an analog and digital economy depends on various
factors, including the type of goods or services being exchanged, market demand, and
cultural context [37]. Both types of economies have their strengths and weaknesses, and
the most effective approach will depend on the specific needs and goals of the individual
or business [41].

2.1.2. Dinalog and Anatal

Anatal and dinalog are two concepts that are part of the DIANA economy model.
These represent different degrees of digitalization and analogization in economies. Anatal
and dinalog concepts are important parts of the DIANA economy model. This model
consists of digital and analog models and can be used for countries, companies, and human
capital to provide strategies and recommendations based on their position in the DIANA
economy. Anatal refers to economies that are in the early stages of digitalization and have
significant room for growth in this area. These economies may still rely heavily on tradi-
tional analog methods and technologies, but they can evolve rapidly as digital technologies
become more accessible and affordable. Dinalog, on the other hand, refers to economies
that are highly digitalized, but they still may retain some elements of analog methods and
technologies. These economies may have reached a certain level of digitalization, but they
are not yet completely digital and may still require analog methods to function properly.

It can be often observed that a dinalog economy can emerge as a natural progression
when an anatal economy reaches a certain level of development. From one perspective, the
effective functioning of an anatal economy can serve as a strong foundation for a dinalog
economy. Consequently, the stability of a dinalog economy is closely associated with the
potential conversion of digital capital into tangible anatal assets.

Dinalog economies have achieved a high degree of digital development and adop-
tion across different sectors of the economy and society and have strong momentum in
continuing to advance their digital capabilities. These countries have high scores in all
dimensions or indicators of digitalization, such as connectivity, human capital, use of inter-
net services, integration of digital technology, or digital public services. It can be essential
for these economies to actively enhance their competitiveness, invest in emerging digital
technologies where they mostly have a competitive advantage, and remove obstacles to
innovation. In order to maintain growth driven by innovation, dinalog economies may
consider digital economies as a way forward. Furthermore, an observation can be made that
dinalog economies might place a strong emphasis on factors such as sustained social equity,
inclusion, and a culture of trust, potentially favoring these values over rapid growth. While
it is possible that they hold positive views about technology and digital transformation and
they may experience some level of digital integration, these claims should be considered in
the context of their potential socio-economic objectives and strategies.

Anatal economies are less advanced on digitalization in their present state, but they
often improve rapidly. In such economies, both traditional industries, which may rely
on conventional methods and technologies, and digital sectors, which partially leverage
digital technologies, contribute to the overall economy. Furthermore, these countries can
leverage their unique strengths and resources in traditional economic sectors while slowly
adapting to the digital era. Anatal economies may tend to be less susceptible to global
economic fluctuations and shocks, as they are not heavily integrated into the global digital
market. Investments would be highly attracted to anatal economies due to their growth
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potential. Analog economies demonstrate a generally optimistic perspective regarding
technology and digitalization.

The fundamental direction and guiding principles of contemporary economic develop-
ment revolve around the globalization of economic activities. This involves enhancing the
integration of diverse sectors within the economy, facilitated by the emergence of the global
information age. Knowing analog and digital or dinalog and anatal state of a business
and capitalizing on them can lead to better achievements. Successful countries are built by
building a system where industries can contribute to their full capacity. By surrounding an
economy which is able to capitalize on the strengths of smart and driven strategies and
provide support, it will develop a culture that yields a great deal of success.

2.2. Global RPM Analysis

The global RPM analysis was first proposed by Professor Jeong, J.Y. in 2018 at Jeonbuk
National University [30]. Global RPM stands for globalization, rationality, professionalism,
and morality, which are four dimensions that enable individuals or groups to assess and
improve the critical factors related to successful performance in a business environment.
By using global, rational, professional, and moral evaluation, this framework provides an
opportunity for a company, product line, division, industry, or other entity to increase its
competitiveness in today’s market and to view local and global strategies from different
perspectives (Figure 3).
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We can use global RPM analysis to evaluate how to become an international brand
and to globalize businesses in a globalization dimension, as well as how to reasonably
to establish and benefit from a business in rationality dimension, how to professionally
develop the business process in professionalism dimension, and how to consider suitable
decisions to the society and moral concepts in a morality dimension. Therefore, we can
reduce the chances of failure in the future by understanding every aspect of a business
without focusing on only rational factors. The holistic model recognizes that globalization
affects not only the economy but also culture, politics, and social values. It acknowledges
that rationality is not just a matter of efficiency and productivity, but it also involves the
human experience and subjective perceptions. It understands that professionalism is not
just a matter of technical expertise but also involves ethical considerations and social
responsibility. In addition, it recognizes that morality is not just a matter of individual
beliefs but also involves the broader social norms and values that shape human behavior.

Globalization, as part of global RPM, is a term employed to identify the increasing
interconnectedness of the world’s economies, cultures, and populations. This connectivity
arises from international trade in products and services, technological advancements, and
the movement of investments, individuals, and data across borders [38]. When we mention
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globalization factors, we are referring to the strategies and approaches that a business or
company can utilize to achieve success in various markets and locations.

Rationality refers to the use of reason and logic in decision-making, with the aim of
achieving the most efficient and effective outcome. Rational decision-making involves
a systematic and analytical approach to problem solving, with a focus on identifying
and evaluating all available options, weighing the costs and benefits of each option, and
selecting the option that is most likely to achieve the desired outcome. Rationality is often
associated with the use of scientific and data-driven approaches to decision-making, as
well as with the use of formal models and quantitative analyses. However, rationality can
also be applied in a more intuitive and practical way, involving a careful consideration of
all relevant factors and the use of sound judgment and common sense.

Professionalism relates to the level of competence, expertise, or qualifications antici-
pated from a professional. It also involves adhering to a defined set of standards, guidelines,
or a set of qualities that differentiate acceptable practices within a particular field. Business
models are used to inform strategic decisions, such as market entry, pricing strategies,
and resource allocation. Professionalism ensures that these decisions are based on accu-
rate and well-founded models [39,40]. Professionalism is essential for building credibility,
maintaining ethical standards, and making informed decisions. It fosters trust among
stakeholders, supports effective communication, and contributes to the long-term success
and sustainability of a businesses.

Morality represents a set of guidelines that establish principles governing the be-
havior and interactions of companies, businesses, individuals, and groups in relation to
the environment and various stakeholders or institutions [41]. Within the context of a
global RPM analysis, morality includes a broad range of interconnected moral, economic,
environmental, and social considerations [42,43]. It involves a comprehensive examination
of the fundamental topics and discussions regarding sustainable development within the
modern global and professional landscapes. This field explores how businesses should
respond to moral issues and contentious circumstances.

By using the global RPM analysis model, individuals and organizations can gain a
better understanding of the complex forces that shape modern society. They can use this
understanding to inform decision-making, anticipate potential challenges and opportuni-
ties, and promote positive change. For example, in the context of globalization, the analysis
might draw on economic theories of international trade and investment to understand the
drivers and effects of global economic integration. In the context of rationality, the analysis
might draw on behavioral economics and psychology to understand how individuals make
decisions and the factors that influence their choices. In the context of professionalism,
the analysis might draw on organizational theory and management studies to understand
how professional roles are structured and how they contribute to organizational perfor-
mance [44]. In addition, in the context of morality, the analysis might draw on ethical
theories, environmental issues, sustainable goals, and cultural studies to understand how
moral values are shaped and transmitted in different societies and how they affect indi-
vidual and collective behavior. Overall, while globalization, rationality, professionalism,
and morality are not an economic model themselves, they can be analyzed within the
context of various economic models and theories. This model takes a comprehensive and
interdisciplinary approach within the broader context of social, economic, and political
systems. By using the globalization, rationality, professionalism, and morality holistic
model, individuals and organizations can gain a deeper understanding of the complex
forces shaping modern society. They can use this understanding to develop more effective
strategies and policies that take into account the interconnectedness of these forces and
their impact on society as a whole.

Global RPM analysis sets itself apart from other planning tools by offering the flex-
ibility to employ its four dimensions—globalization, rationality, professionalism, and
morality—either collectively or individually to assess various aspects of a business. Un-
like other methods, there is not one dominant dimension; instead, each dimension can
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be applied to any sector of the economy to identify opportunities for profitability and
attractiveness. In particular, global RPM examines and tracks the macro–micro environ-
mental factors affecting a company, as each business possesses distinct characteristics and
conditions. It is beneficial to have a well-rounded view of the many factors that could
affect a business. In order to make the best decisions for a business, it is beneficial to have
an understanding of as many factors as possible. For this reason, we performed a global
RPM analysis for our chosen businesses to identify advantages, disadvantages, limitations,
and influences.

Global RPM analysis can be used for digitalization because it provides a comprehen-
sive framework for evaluating various dimensions of a business or economy, including
those that are highly relevant to digital transformation. Digitalization often involves
expanding a business’s reach to global markets. The globalization dimension of global
RPM helps to assess how well a business can succeed in different markets and places. It
considers factors such as global rankings, international infrastructure, the internet, and
international trade, all of which are crucial in the digital age [45]. Digital businesses can
leverage technology to reach a global audience, and the globalization dimension helps
evaluate their strategies in doing so. Moreover, digitalization requires rational decision-
making processes, including understanding the economic feasibility and utility of digital
initiatives. The rationality dimension of global RPM assesses the economic decision-making
process, which aligns with the need for businesses to make sound investments in digital
technologies. Analytical tools like SWOT and PESTLE, which are part of this dimension,
can help evaluate the rationality of digitalization strategies. Furthermore, digitalization
is often associated with high levels of professionalism, especially in technology-driven
industries. This dimension of global RPM focuses on competence, skills, adherence to
standards, and characteristics that distinguish acceptable practices in a specific field. In
the context of digitalization, professionalism encompasses the technical expertise required
for implementing digital solutions, complying with industry standards, and ensuring data
security and privacy. Importantly, ethical considerations become crucial, as digitalization
impacts society and the environment. The morality dimension in global RPM includes
factors related to ethics, environmental and social governance (ESG), and adherence to prin-
ciples and standards [39]. In the digital realm, this dimension assesses a business’s ethical
stance regarding data privacy, cybersecurity, responsible AI usage, and its overall impact on
society and the environment. In summary, global RPM analysis offers a comprehensive and
adaptable framework that considers multiple dimensions relevant to digitalization. It not
only helps in evaluating digital strategies but also supports adaptability, risk assessment,
benchmarking, sustainability, and stakeholder alignment, making it a valuable tool for
countries embarking on their digital transformation processes.

3. Application to Digitalization Levels of Countries
3.1. Research Design, Data Collection, and Analysis

This research study’s main objective is to conduct a DIANA economy and global
RPM analysis of selected countries to explore where they currently stand in terms of
digitalization and analogization for adapting, thriving, and addressing the challenges of
an increasingly interconnected and technology-driven world while being an appropriate
method for situations of strategic planning. Therefore, the DIANA economy and global
RPM analysis allow policymakers to obtain a combined view of globalization, rationality,
professionalism, and morality of their countries. Since both frameworks analyze the
environment based on different factors, the digitalization and analogization processes can
provide a holistic view of the drivers of innovation, economic growth, and improvements
in various aspects of modern life. Each tool complements the other, allowing for a broader
analysis of the environment when used together. When both approaches are applied
together, it is possible to understand how the dimensions of the DIANA economy will
increase its opportunities globally, rationally, professionally, and morally.
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In particular, this study measures the current situations of 60 countries in the digitaliza-
tion progress, which is based on three sectoral dimensions covering government, industry,
and human capital, with each dimension assigned an equal weight. Each dimension plays
a distinct yet interdependent role in shaping the overall digital landscape. Recognizing the
significance of these dimensions, this research assigns equal weight to each, acknowledging
their equal contribution to a country’s digital transformation. Additionally, the objective is
not merely to assess digitalization progress, but more importantly, to provide actionable
insights and policy recommendations. These insights are designed to empower policymak-
ers, industry leaders, and educators, offering them a comprehensive perspective on their
country’s digitalization process. While the policies, regulations, and initiatives set forth by
governments can either catalyze or hinder the diffusion of digital technologies, assessing
the digital maturity and adoption rates of industries within a country provides profound
insights into their competitive edge on the global stage. Most importantly, at the heart of
every digital transformation is a country’s human capital. The digital age imposes unique
demands on the workforce, necessitating adaptability, technical proficiency, and digital
literacy. Therefore, these insights are designed to empower policymakers, industry leaders,
and educators, offering them a comprehensive perspective on their country’s digitalization
path. These three dimensions, each playing a distinctive yet interconnected role, form
the foundation of a country’s digital transformation. The combination of the global RPM
analysis and the DIANA economy enables policymakers to horizontally analyze the con-
nections between each indicator of globalization, rationality, professionalism, and morality
in relation to government, industry, and human capital.

Moreover, we disaggregated the countries into three subgroups, which are countries
with large, mid-sized, and small populations. Accordingly, there were 20 countries in each
of the three groups, for a total of 60 countries represented within the analysis. For each
group of countries, we chose the top 20 countries based on their GDP as a criterion for
analyzing their digitalization levels, providing a structured and informative perspective
on the relationship between economic strength and technological advancement. Namely,
this criterion can help elucidate how countries with varying economic capacities approach
digitalization and provides insights into their readiness, investments, and strategies in
embracing the digital age. Furthermore, the choice to examine countries with diverse pop-
ulation sizes—large (more than 50 million), mid-sized (between 15 million and 50 million),
and small (less than 15 million)—in the context of their roles in digitalization is rooted in
the recognition of the unique dynamics and implications that population size can have on
a nation’s digital transformation. In fact, countries with populations exceeding 50 million
face the challenge of serving diverse and often geographically dispersed citizenry. They
must invest heavily in digital infrastructure, digital literacy, and e-governance to meet the
needs of their vast populations. Meanwhile, countries with populations between 15 million
and 50 million strike a balance between scale and agility. They have the potential to excel
in niche industries, foster innovation, and manage the digital divide more effectively. Addi-
tionally, countries with populations of less than 15 million often exhibit nimble governance
structures and may prioritize targeted digital initiatives. Smaller nations can achieve higher
levels of digital inclusion and innovative solutions. Their small scale allows for efficient
resource allocation. By studying countries across the spectrum of population sizes and
volume of GDP, we gain valuable insights into the diverse strategies, challenges, and
achievements in digitalization. This allows us to appreciate the multifaceted nature of the
global digital landscape and fosters a deeper understanding of how nations of varying
sizes and economic capabilities play pivotal roles in shaping the digital environment.

We chose the following 60 countries:

- Countries with large populations, namely United States, China, Japan, Germany,
United Kingdom, India, France, Italy, South Korea, Russia, Brazil, Spain, Mexico,
Indonesia, Turkiye, Thailand, Nigeria, Argentina, Egypt, and Bangladesh.
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- Countries with mid-sized populations, namely Canada, Australia, The Netherlands,
Saudi Arabia, Poland, Malaysia, Chile, Romania, Peru, Kazakhstan, Morocco, Ecuador,
Sri Lanka, Guatemala, Ghana, Cote d’Ivoire, Uzbekistan, Angola, Cameroon, and Nepal.

- Countries with small populations, namely Switzerland, Sweden, Belgium, Austria,
Ireland, Norway, Denmark, United Arab Emirates, Singapore, Finland, Hong Kong
(China), Czechia, Portugal, New Zealand, Greece, Hungary, Qatar, Cuba, Slovakia,
and Kuwait.

To assess the level of digitalization of these countries and to determine the similarity
between them, it was necessary to choose appropriate indicators. To choose appropriate
indicators of global RPM, a purposeful sampling method was used [40] to deliberately select
a sample of participants which had a firm association with a digital economy and digital
transformation and adequately understood its functional and operative requirements.
Moreover, 31 in-depth interviews were conducted with participants from four groups,
i.e., policymakers—7, scientists—9, IT engineers—5, and digital business owners and
specialists—10. Then, the DIANA economy and global RPM analyses were performed
to identify the key indicators. Consequently, this study identified four dimensions of the
global RPM analysis based on experts’ interviews and previous literature. Each dimension
consisted of three indicators in the appropriate case of global RPM and 12 indicators. In
addition, each of the four indicators from the government, industry, and human capital
dimensions of the DIANA economy were adopted to measure the global RPM’s affective
evaluation. All of the indicators used in this study can be seen in Table 1.

Table 1. Relevant indicators for global RPM analysis for the digitalization levels.

Globalization Rationality Professionalism Morality

Government Global
connectivity

E-government
development

Open
government data Internet freedom

Industry
High-

technology
exports

Online creativity Online access to
financial account

Green and
sustainable

development

Human Capital Research and
development

Knowledge-
intensive

employment
digital skills Control of

corruption

Source: Constructed by the authors.

In order to determine where the countries were in relation to the digital economy, a
number of data points were used as a basis for the analysis. All the data are public and
available on internet sources. As previously mentioned, we extracted a set of 12 indicators
that measured the influence that digitalization had on the economies, that were divided into
four dimensions, including globalization, rationality, professionalism, and the adoption of
morality. The selection of the indicators for the global RPM analysis is a critical component
of our research methodology. To ensure transparency and a robust justification for these
choices, we provide the following rationale for selecting these specific indicators for each
dimension: globalization, rationality, professionalism, and morality.

For the globalization dimension, to assess a nation’s degree of globalization in dig-
italization, the following indicators were selected: global connectivity, high-technology
exports, and research and development. These indicators measure the extent to which the
countries are connected to the global digital network, as well as the extent to which they
participate in the global digital trade and invest in digital innovation.

Regarding the rationality dimension, rationality in the digital era is a fundamental
aspect of efficient economic decision-making [46]. The indicator of e-government develop-
ment assesses the accessibility and efficiency of government services. The presence of online
creativity indicates the implementation of digital tools and creative thinking of a country,
while professionals in knowledge-intensive roles, such as data analysts, researchers, and
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digital strategists, play a crucial role in gathering and interpreting data to support rational
policy and business decisions.

For the professionalism dimension, the indicators of open government data, online
access to financial accounts, and digital skills are used to assess professionalism. These
indicators assess the extent to which countries use digital technologies to promote their
transparency and accountability, to facilitate their professional financial transactions and
literacy, and to develop their digital competencies.

For the morality dimension, internet freedom, green and sustainable development,
and control of corruption were chosen as indicators to measure morality in digitalization.
These indicators assess the extent to which countries use digital technologies to protect
their online rights and freedoms, support their environmental and social goals, and combat
their corruption and fraud in the digital age by promoting transparency, accountability,
and anti-corruption technologies.

These indicators collectively provide a holistic view of each dimension, allowing us
to evaluate the influence of digitalization on economies comprehensively. Taking into
account that different research areas can prioritize unique indicators or methodologies,
future studies are encouraged to explore variations and modifications to the approach
of this study [47–49]. This transparent justification offers a clearer understanding of the
indicator selection and its relevance to the research objectives.

Because the digital economy is essentially a fusion of the analog economy and digital
technologies, it is influenced by a wide range of elements. At the same time, each dimension
summarizes the information of several individual indicators (from 1 to 100). Each indicator
has equal weight in the calculation of the final point. The time coverage of the study for the
last updates is from 2019 to 2023 based on data availability. Therefore, this was the period
that we considered for our analysis, which is presented in Table 2. The indicators utilized
for measuring digitization and competitiveness rely on the data collected in the previous
year. For example, the indicators for the year 2022 are based on information from the year
2021 and are identifiable in the sources used in the year 2022. The analysis used data from
the most recent year for each indicator due to difficulty in finding data for the same year. In
order to facilitate the understanding of our interpretations, we have kept the same notation.
The descriptions of the indicators adopted for evaluation that characterize the processes for
the digitalization level of the countries are presented in Table 2.

The DIANA economy framework focuses on categorizing countries into four types:
digital, dinalog, anatal, and analog, based on various dimensions of digitalization. How-
ever, there are alternative frameworks and opposing views when it comes to assessing
digitalization, such as the IMD world digital competitiveness ranking, which specifically
evaluates a country’s competitiveness in the digital age [62]. They consider factors like
technology infrastructure, digital skills, and the adaptability of businesses to digital trans-
formation. On the other hand, the ranking primarily focuses on business-related aspects of
digital competitiveness. It may not fully capture social or government aspects of digital-
ization or digital inclusion. Moreover, the United Nations’ EGDI measures the readiness
and capacity of national governments to use digital technologies and the internet to deliver
public services [42]. It focuses primarily on the digitalization of government services and
does not encompass broader economic or societal aspects.

Another alternative framework is the digital economy and society Index (DESI), which
was developed by the European Commission to measure the progress of EU member
states towards a digital economy and society [63]. The DESI uses five main dimensions:
connectivity, human capital, use of internet services, integration of digital technology,
and digital public services. However, the index does not cover all aspects of the digital
economy and society, such as the quality, security, or impact of digital services, or the social
and environmental dimensions of digitalization. Therefore, DESI may not reflect the full
potential and challenges of digital transformation for a country.
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Table 2. Descriptions and sources of the indicators used in this study.

Indicator Description Year

Global connectivity

Global connectivity index (GCI): GCI ranks countries along an S-curve graph
based on the pillars (supply, demand, experience and potential) and

horizontally in connection with each of core technologies (broadband, cloud,
IoT and AI) [50]

2020

E-government development
E-government survey: The report ranks countries based on the e-government

development index (EGDI), which measures the readiness and quality of
online services, telecommunication infrastructure, and human resources [51]

2022

Open government data
Global open data index: The index ranks countries based on the availability
and accessibility of data in thirteen key categories, including government

spending, election results, procurement, and pollution levels [52]
2019

Internet freedom

Internet freedom scores: The scores are numerical ratings that measure the
level of internet freedom in different countries based on three categories:

obstacles to access, limits on content, and violations of user rights ranging
from 0 (least free) to 100 (most free) [53]

2022

High-technology exports

High-technology exports (% of manufactured exports): The economic indicator
is used to assess a country’s level of technological sophistication and its ability
to produce and export high-tech goods in the global high-tech market and its

potential for innovation and economic growth [54]

2021

Online creativity

Online creativity indicator of global innovation index: The indicator measures
the online presence and impact of a country’s creative outputs, such as cultural

and creative services exports, video uploads, Wikipedia edits, and generic
top-level domains [55]

2020

Online access to financial
account

Online access to financial account indicator of global cybersecurity index: The
indicator is a comprehensive dataset, which measures how people in selected

economies access and use financial services using the internet to access an
account at a financial institution or through a mobile money service

provider [56]

2020

Green and sustainable
development

Green economic outlook index: The index is a ranking of countries and
territories based on their commitment and progress toward a low-carbon

future. Investing in renewable energies, innovation, and green finance is an
indication of how their economies are shifting toward clean energy, industry,

agriculture, and society [57]

2021

Research and development

Research and development indicator of global innovation index: The indicator
is one of the five components of the innovation input sub-index in the global

innovation index (GII). It measures the level of investment and effort in
creating new knowledge and technologies, which are essential for

innovation [58]

2020

Knowledge-intensive
employment

Knowledge-intensive employment indicator of the network readiness index:
The indicator measures the share of employment in knowledge-intensive

activities, such as high-tech manufacturing, information and communication,
financial and insurance, professional and technical services, and education and

health [59]

2022

Digital skills

Digital skills gap index: The index measures and ranks the digital skill levels
of economies and territories based on six pillars: digital skills demand, digital
skills supply, digital skills mismatch, digital skills focus, digital skills inclusion,

and digital skills resilience [60].

2021

Control of corruption

Corruption perceptions index: The index is a global ranking of countries based
on their perceived levels of public sector corruption. The report identified that

corruption and conflict fuel each other, undermining peace and security
around the world [61].

2022

Regarding the theoretical framework of the study, the DIANA economy differs from
the other tools due to its focus on adaptation, dynamic and real-time data, holistic assess-
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ment, customization, policy recommendations, emphasis on resilience, inclusivity, global
relevance, and evolving metrics. It serves as a forward-looking tool to guide countries in
their efforts to navigate and thrive in the digital age. Additionally, most of indexes related to
digital transformation demonstrate that countries with a higher level of digitalization tend
to have more developed economies and digital products, and technologies are vitally essen-
tial tools for modernizing and advancing countries. However, there is no doubt that digital
products offer many advantages, such as convenience, accessibility, and reusability [52,56],
yet they generally lack the tangible and emotional qualities that make analog items so
valuable to collectors and consumers. In fact, analog products can often be more valuable
than digital products, especially when it comes to luxury items or handcrafted goods [53].
Most developed countries today have embraced digital technologies to a significant extent
because of the advantages they offer in terms of efficiency, innovation, and competitiveness.
However, the specific mix of factors contributing to a country’s economic development can
vary widely, and digitalization is one of many potential drivers [20]. Therefore, there are
some possible scenarios in which analog countries might have more developed economies
because of natural resource wealth, competitive specialized industries with a relatively
low reliance on digital technologies, strategic geopolitical positioning, or unique economic
policies [54]. The DIANA economy is unique compared to other frameworks due to its
concept that digital and analog economies are equal in importance and not superior to each
other. It analyzes a country profile based on digital and analog environments that can help
to identify weak points, and it offers digitalization and analogization strategies for analog
and digital economies to be more competitive in today’s age.

With the improvement in a country’s economy, the question of how to drive the
further development of digital and analog economy has aroused the thinking of policy
makers. In order to maintain high levels of productivity and achievement, each economy
struggles with digitalization and analogization. This paper studies the factors spurring the
digital and analog economy in world counties based on a sample of selected countries and
their data availability. Using the DIANA economy methodology, multivariate indicators
have been developed to measure both the digital and analog economies. Additionally, we
provide information about each country’s economy as well as the steps that need to be
taken in order to improve and enhance their position within the context of digitalization
and analogization by conducting an in-depth comparative analysis.

3.2. Results and Discussion

This study analyzes and ranks the changes that countries around the globe have seen
in their digital competitiveness to present the theoretical and practical fundamentals of
analog and digital economies, refining their definitions. An analog economy, or a digital
economy, is one part of a mixed economy that was first introduced in this study. As
defined by the DIANA economy, digital economies are comprised of 90 percent digital
and 10 percent analog, while analog economies comprise 90 percent analog and 10 percent
digital. Moreover, dinalog economies can have a large share of digital at 70 percent and a
smaller share of analog at 30 percent, and anatal economies can have 70 percent analog and
30 percent digital. However, in the previous section, it was stated that the percentage scores
of dividing countries into the DIANA economy’s the four concepts (digital, dinalog, anatal,
and analog) are not static, and different fields of research may use their own methodologies
and weightings based on their specific goals and objectives to adapt their assessments.
Therefore, when using or interpreting a digitalization index, it is essential to understand
the methodology and factors used and be aware of any changes or updates that may occur
over time.

According to this study’s criteria, data availability, quality, and comparability, as well
as its methodological consistency, transparency, and interpretation and communication of
its results calculating the scores and rankings of the selected countries, the initial percentage
scores used to divide the four concepts of the DIANA economy have been modified in
order to increase the study’s applicability, relevance, and effectiveness. In the analysis
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of the countries, 12 indicators of the DIANA economy pertained to every global RPM
dimension (globalization, rationality, professionalism, and morality), including scores
ranging from a minimum of 1 point to a maximum of 100 points. In our assessment,
a country was categorized as a “digital country” when it attained a score of 75 points
or higher. A “dinalog country” is identified when a country achieves a score within
the range of 60 to 75 points. An “anatal country” classification is assigned to a country
which scores between 30 and 60 points. Lastly, an “analog country” classification is
solely applicable to countries that score below the threshold of 30 points. The choice of
specific percentage thresholds for categorizing countries into “digital”, “dinalog”, “anatal”,
and “analog” classifications is based on a combination of factors that aim to provide
meaningful distinctions while remaining practical and broadly applicable. Furthermore,
the thresholds are designed to facilitate cross-country comparisons and benchmarking by
allowing researchers, policymakers, and businesses to understand where countries stand in
their digital development journey, making comparisons and assessments more manageable.
While the chosen thresholds serve as a starting point, they can be adjusted or refined based
on specific research objectives, regional variations, or evolving global standards. This
flexibility ensures that the classification system can adapt to changing contexts and criteria.

Table 3 shows the level of digitalization of countries which have populations of
40 million citizens or more based on seven dimensions: government (GOV), industry
(IND), human capital (HUM), globalization (G), rationality (R), professionalism (P), and
morality (M). As stated above, each dimension is scored from 1 to 100, and the total score is
the average of the global RPM dimensions or government, industry, and human capital
dimensions. Accordingly, the classifications of the countries into the four categories of the
DIANA economy are shown based on their total score: digital, dinalog, anatal, and analog.

According to the table, the results show that among the 20 countries with large
populations (40 million citizens or more), only two countries were classified as digital:
the United States and the United Kingdom, with 76.0 and 75.2 points, respectively. These
countries had high scores in all dimensions, especially in government, industry, people,
and globalization. They are considered to have successfully adopted and explored new
digital technologies across different sectors of the economy. The U.S. government was
rated as the most digitalized government among the large population countries, scoring
85.0 out of 100, while its industry is the least digitized in comparison to the government
and human capital dimension of the country. In fact, the U.S. government has actively
pursued e-government initiatives and open data policies, aiming to improve the delivery of
government information and services to citizens and businesses through digital channels,
online portals, applications, and platforms. Although it seems that the U.S. industry lacks
a digitalization process because of its highly diverse economy, encompassing industries
ranging from traditional manufacturing like steel and textiles to high-tech sectors such as
aerospace and electronics, it can embrace a more digitalized approach to remain competitive
in the global market by leveraging its potential in globalization and professionalism factors,
which are ranked as the highest scoring factors with 78.3 and 78.8 points. Additionally, the
UK scored 76.6 out of 100 in the morality dimension, ranking first among the 20 countries.
As this dimension measures the ethical and social standards for digitalization, such as
internet freedom, green and sustainable development, and control of corruption, the
country prioritizes promoting and adhering to ethical principles when developing and
using technology, which can include considerations such as the responsible use of artificial
intelligence, ethical guidelines for algorithmic decision-making, and avoiding technologies
that may have harmful consequences.

The next category is dinalog, which includes three countries: Germany, Korea, and
France. These countries have relatively high scores in most dimensions, but they are lagging
behind in industry and globalization. The results suggest that Germany, Korea, and France
are on a path towards digitalization, with significant strengths but also specific areas that
require further attention and development to reach a higher level of digital economy. They
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are considered to have potential to become digital leaders by improving their industrial
competitiveness and global integration to digitalization.

Table 3. Analysis of countries with large populations (40 million citizens or more) based on the
DIANA economy (2023).

Countries GOV IND HUM G R P M Total Results

United States 85.0 63.4 79.6 78.3 74.8 78.8 72.0 76.0 Digital

United Kingdom 82.6 66.2 76.7 71.1 75.7 77.4 76.6 75.2 Digital

Germany 72.7 48.5 74.0 53.4 67.9 66.1 72.8 65.1 Dinalog

Korea, Rep. 70.8 45.2 70.0 64.6 56.8 67.5 59.0 62.0 Dinalog

France 74.3 44.3 64.6 53.8 63.5 56.8 70.2 61.1 Dinalog

Japan 72.0 31.6 62.0 57.1 46.7 47.9 69.1 55.2 Anatal

Spain 67.1 30.5 55.4 39.5 54.2 50.1 60.2 51.0 Anatal

Italy 68.4 27.0 53.2 39.0 51.3 44.9 62.9 49.5 Anatal

China 72.7 48.5 74.0 54.2 44.1 46.9 27.8 43.2 Anatal

Russian Federation 46.2 27.1 49.3 32.7 54.4 46.9 29.5 40.9 Anatal

Brazil 63.0 20.0 37.1 30.3 41.0 40.0 48.9 40.0 Anatal

Mexico 59.2 21.2 32.6 31.0 35.7 38.1 45.8 37.6 Anatal

Turkiye 48.7 20.3 36.7 26.4 41.3 41.8 31.4 35.2 Anatal

Thailand 50.2 21.9 29.9 29.3 33.5 35.5 37.7 34.0 Anatal

India 50.5 9.6 38.6 29.2 28.9 37.0 36.5 32.9 Anatal

Argentina 50.5 13.5 25.2 22.4 34.4 28.0 34.0 29.7 Analog

Indonesia 47.4 13.1 28.4 19.8 29.3 32.3 37.1 29.6 Analog

Nigeria 34.6 13.7 29.9 11.3 34.8 21.6 36.4 26.0 Analog

Egypt 36.0 10.7 31.3 16.7 33.2 23.1 30.8 26.0 Analog

Bangladesh 39.8 9.7 18.3 11.6 22.3 26.0 30.4 22.6 Analog

The largest category is anatal, which includes 10 countries: Japan, Spain, Italy, China,
Russia, Brazil, Mexico, Turkey, Thailand, and India. These countries had relatively low
scores in most dimensions, especially in industry and morality. As a result, they are also
seen as having challenges to overcome in terms of digital transformation and innovation.
Accordingly, managing digitalization initiatives in countries with large populations can be
particularly complicated due to the scale and complexity of their diverse demographics,
geography, and socioeconomic conditions [55]. It is essential for countries to improve their
industrial productivity, quality, and morality concepts in order to embrace digitalization in
an effective manner.

The last category is analog, which includes five countries: Argentina, Indonesia,
Nigeria, Egypt, and Bangladesh. These countries have very low scores in all dimensions.
They are considered to have a lack of digital readiness and capability. All of the countries
also face shortages in human capital and skills, as well as difficulties in creating an enabling
an environment for digitalization through effective government policies and regulations.
To overcome these challenges, they may need to invest more in their digital infrastructure
for industry and education, government policies, and regulations, as well as fostering a
digital culture and mind-set among their human capital [56,64].

On the one hand, the data for the countries with large populations shows that the
digital economy is rapidly expanding throughout government sectors. On the other hand,
the findings reveal that industry and human capital are the most critical factors in acceler-
ating the development of the digital economy. At the same time, they perform different
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actions in different areas. Therefore, it is crucial for the governments of these countries to
enhance their levels of human capital and technology innovation to address the deficit in
the digital economy. It is also possible that the anatal countries will benefit from learning
from the best practices and experiences of other countries that have achieved higher levels
of digitalization in their region or globally. In the analog countries, the governments may
boost the digital economy by encouraging globalization and professionalism factors to
work in digital transformation.

It is important for policymakers and researchers to tailor policy recommendations
according to the unique strengths and challenges of each country based on their digital-
ization levels. The following are some possible policy recommendations for each category
of country:

• For digital countries, such as the United States and the United Kingdom, the policy rec-
ommendations are to maintain their digital leadership and competitiveness, to foster
digital innovation and entrepreneurship, to address the digital divide and inequality,
and to balance the benefits and challenges of digitalization. It is also recommended
for these countries to develop analogization strategies to be more competitive in the
global market. For example, they could invest more in research and development,
integrate digital and analog systems, support start-ups and small businesses, promote
digital literacy and inclusion, and protect online rights and privacy.

• For dinalog countries, such as Germany, Korea, and France, the policy recommen-
dations are to improve their industrial competitiveness and global integration to
digitalization, to enhance their digital skills and creativity, to strengthen their digital
governance and transparency, and to incorporate analog elements into their digi-
tal business models or strategies [12,65]. In particular, the government can develop
their manufacturing and service sectors, develop online creative industries, open
government data and services, and leverage the strengths of both digital and ana-
log approaches.

• For anatal countries, such as Japan, Spain, Italy, China, Russia, Brazil, Mexico, Turkey,
Thailand, and India, in order to embrace digitalization in an effective manner, the
policy recommendations can include improving industrial productivity, quality, and
morality, increasing their investment and innovation in digital infrastructure and tech-
nologies, developing their human capital and skills, and creating an environment that
facilitates digitalization through effective government policies and regulations. A few
examples include adopting best practices and standards for their industries, enhancing
their education and training systems, and implementing supportive institutional and
legal frameworks.

• For analog countries, such as Argentina, Indonesia, Nigeria, Egypt, and Bangladesh,
the policy recommendations are to invest more in their digital infrastructure for in-
dustry, education, government policies, and regulations, as well as to foster a digital
culture and mindset among their human capital. They also need to address their basic
development needs and challenges that hinder their digital readiness and capability.
Accordingly, they could improve their digital supply and internet connectivity, pro-
mote online learning and access to information, reform their bureaucratic and corrupt
systems, and raise awareness and interest in digital opportunities.

Table 4 shows an analysis of 20 countries with mid-sized populations (between 15 mil-
lion and 40 million citizens) based on the DIANA economy and global RPM dimensions.
The categories are as follows: digital, dinalog, anatal, and analog. The table shows that
only one country out of the 20 was categorized as digital, which is The Netherlands. This
country has high scores in all dimensions, especially in government, people, rationality, and
professionalism. Two countries are categorized as dinalog: Canada and Australia. They
have moderate scores in most dimensions, but lower scores in industry and globalization.
Six countries are categorized as anatal: Poland, Malaysia, Romania, Chile, Saudi Arabia,
and Kazakhstan. They have low scores in most dimensions, especially in industry and
people. Eleven countries are categorized as analog: Ecuador, Uzbekistan, Ghana, Morocco,
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Peru, Cameroon, Sri Lanka, Guatemala, Nepal, Angola, and Cote d’Ivoire. Based on the
results, most of the countries with mid-sized populations were considered as analog coun-
tries, which had very low scores across all the dimensions. In fact, as an analog economy
typically refers to an economic system that primarily relies on traditional, non-digital meth-
ods and processes for conducting business and economic activities, the selected analog
countries are likely labor-intensive and often lack automation or computerized systems.
These countries may need to adopt more tailored and inclusive strategies that address their
specific needs and opportunities in the digital era [12,66]. The results suggest that there is a
wide variation in the levels of digitalization and analogization among countries with mid-
sized populations. Some countries have achieved high levels of digitalization by investing
in their infrastructure, human capital, government policies, and social acceptance [67,68].
Others have lagged behind due to various challenges such as a lack of resources, skills,
or innovation.

Table 4. Analysis of countries with mid-sized populations (between 15 million and 40 million citizens)
based on the DIANA economy (2023).

Countries GOV IND HUM G R P M Total Results

The Netherlands 81.7 64.2 79.5 64.8 78.7 86.0 71.1 75.1 Digital

Canada 77.8 58.9 73.9 60.2 71.1 75.2 74.3 70.2 Dinalog

Australia 80.3 52.6 71.5 59.9 69.5 76.5 66.6 68.1 Dinalog

Poland 59.3 38.7 52.9 35.6 54.8 55.8 55.1 50.3 Anatal

Malaysia 52.6 35.4 47.0 43.9 41.4 45.5 49.3 45.0 Anatal

Romania 61.8 29.4 36.7 25.1 41.9 46.2 57.4 42.6 Anatal

Chile 51.9 27.6 39.6 27.2 45.9 41.5 44.3 39.7 Anatal

Saudi Arabia 44.3 20.8 48.7 31.4 42.6 39.7 38.2 38.0 Anatal

Kazakhstan 28.7 30.0 40.4 31.0 19.9 42.1 39.1 33.0 Anatal

Ecuador 50.7 14.0 23.8 15.6 28.9 26.9 46.6 29.5 Analog

Uzbekistan 42.9 21.2 23.9 14.2 30.2 42.7 30.2 29.3 Analog

Ghana 44.1 17.4 23.5 10.4 23.5 31.8 47.7 28.3 Analog

Morocco 43.5 15.4 22.2 14.8 22.9 23.5 46.9 27.0 Analog

Peru 40.3 13.4 26.1 15.0 31.5 28.0 31.9 26.6 Analog

Cameroon 36.7 19.4 18.5 15.4 19.8 27.7 36.6 24.9 Analog

Sri Lanka 22.4 10.2 30.3 9.2 13.1 24.6 37.0 21.0 Analog

Guatemala 33.0 12.7 17.4 12.0 21.4 22.9 27.9 21.0 Analog

Nepal 34.5 9.5 19.0 12.4 24.0 20.1 27.5 21.0 Analog

Angola 21.7 21.8 17.3 14.0 17.4 15.2 34.5 20.3 Analog

Cote d’Ivoire 26.2 15.2 17.0 9.7 20.9 21.0 26.3 19.5 Analog

As most countries with mid-sized populations are categorized as analog countries,
an analog economy can have some advantages, such as preserving traditional values,
cultures, and practices, as well as being less vulnerable to cyberattacks or digital espionage.
However, an analog economy can also face many challenges in the modern world, such
as lower efficiency, productivity, innovation, and competitiveness, as well as higher costs,
risks, and environmental impacts [69]. It is important to note that while some regions or
sectors of the global economy can still exhibit the characteristics of an analog economy, the
trend in recent years has been toward increasing digitalization and the adoption of digital
technologies across various industries and economies worldwide. In accordance with the
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DIANA economy classification, the following policy recommendations can be tailored to
each country category:

• For digital countries (The Netherlands), the The Netherlands is leading the digital-
ization efforts. To maintain and strengthen this position, the government should
continue supporting applied research and the fourth industrial revolution, especially
in emerging and frontier technologies, such as artificial intelligence, blockchain, cloud
computing, big data, and the Internet of Things. It is also essential that digital coun-
tries can benefit from analogization strategies by incorporating analog elements into
a predominantly digital economy to enhance their compatibility, flexibility, and cus-
tomer experiences.

• For dinalog countries (Canada and Australia), Canada and Australia are making good
progress, but they face challenges in industry and globalization. These countries
should prioritize industry modernization and the adoption of digital technologies.
They must enhance global integration, foster trade relationships, and promote interna-
tional collaborations to facilitate digital globalization.

• The anatal countries (e.g., Poland, Malaysia, Romania, etc.) face significant challenges,
especially in theindustry and people dimensions. To enhance digital readiness, these
countries should promote digital industrial transformation, supporting industries in
transitioning to digital processes and automation for improved productivity. Addi-
tionally, it is recommended to address issues related to corruption and governance to
build trust and attract investments to enhance digital skill development and digital
literacy through training and education.

• The analog countries (e.g., Ecuador, Uzbekistan, Ghana, etc.) are in the early stages of
digital transformation. They need to invest in building essential digital infrastructure,
such as high-speed internet access and data centers. It can be essential to focus on
human capital investment by streamlining regulatory processes and stimulating a dig-
ital mindset among the population to embrace digital opportunities and innovations,
close the skills gap, and prepare the workforce for the digital era.

Table 5 presents an analysis of the countries with small populations, defined as 15 mil-
lion citizens or less, based on the 12 indicators of the DIANA economy. The analysis shows
that six countries out of the twenty are categorized as digital: Denmark, Singapore, Sweden,
Switzerland, Norway, and Finland, while there are five countries classified as dinalog:
New Zealand, Hong Kong (China), Austria, Belgium, and Ireland. In comparison with
countries with large or mid-sized populations, countries with small populations appear to
be more digitally advanced. It is likely that there are more opportunities and incentives for
digitalization for countries with small populations due to their higher degree of openness
and integration with the global economy [70,71]. Additionally, some countries with small
populations are endowed with a higher level of income and education, which can enable
them to invest more in their digital infrastructure, human capital, government policies,
and social acceptance in comparison to countries with large populations. Therefore, they
are likely to have a higher level of digital literacy and demand, as well as to be able to
afford and access more digital goods and services. Furthermore, six countries are cate-
gorized as anatal: Czechia, Portugal, Hungary, United Arab Emirates, Slovak Republic,
and Greece. Only three countries are categorized as analog: Qatar, Kuwait, and Cuba.
Considering the results shown in Table 5, it appears that the countries that rely primarily on
natural resources, such as agriculture, mining, or oil production, tend to be less digitalized.
Accordingly, natural resource-dependent countries often derive a significant portion of
their income from resource exports [72]. This economic dependence can lead to a focus
on traditional industries, with less emphasis on diversification into digital sectors. When
natural resources provide substantial revenue, there may be less incentive for governments
and businesses to invest in digitalization. There is a possibility that they prioritize resource
extraction and export over digital transformation.
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Table 5. Analysis of countries with small populations (15 million citizens or less) based on the DIANA
economy (2023).

Countries GOV IND HUM G R P M Total Results

Denmark 85.5 70.6 81.2 68.7 77.9 86.4 83.5 79.1 Digital

Singapore 85.8 67.7 79.8 72.1 84.9 73.6 80.4 77.8 Digital

Sweden 84.5 65.2 79.3 68.6 80.7 78.4 77.8 76.3 Digital

Switzerland 84.6 62.3 80.2 71.1 82.5 71.7 77.3 75.7 Digital

Norway 82.7 63.9 79.0 63.4 73.1 85.0 79.3 75.2 Digital

Finland 82.8 65.2 77.0 63.9 75.1 81.3 79.7 75.0 Digital

New Zealand 83.8 59.3 65.6 55.3 68.5 76.2 78.1 69.6 Dinalog

Hong Kong, China 67.4 57.7 67.3 58.5 71.9 51.8 74.4 64.1 Dinalog

Austria 72.5 53.2 64.7 55.0 70.0 58.3 70.6 63.5 Dinalog

Belgium 68.2 45.4 69.4 49.8 63.7 60.4 70.1 61.0 Dinalog

Ireland 69.2 44.6 67.1 51.0 65.3 54.0 70.8 60.3 Dinalog

Czechia 71.7 44.4 49.5 40.2 58.1 60.9 61.7 55.2 Anatal

Portugal 62.9 29.1 57.8 35.8 58.4 43.9 61.7 49.9 Anatal

Hungary 62.6 31.5 47.7 35.7 52.4 50.6 50.4 47.3 Anatal

United Arab Emirates 49.0 30.5 55.1 37.4 54.3 41.1 46.9 44.9 Anatal

Slovak Republic 56.0 31.6 43.3 26.5 50.8 47.3 49.9 43.6 Anatal

Greece 56.6 22.6 41.9 25.9 48.5 36.8 50.4 40.4 Anatal

Qatar 39.3 9.6 40.0 16.7 35.1 30.8 36.0 29.7 Analog

Kuwait 40.5 19.2 28.7 17.2 36.9 29.0 34.7 29.4 Analog

Cuba 28.1 10.8 25.3 10.4 21.8 23.4 30.1 21.4 Analog

In accordance with the results, most of the countries with small populations are classi-
fied as digital and dinalog, indicating that their economies are highly digitized. However,
digitalization can also pose some risks and barriers for developing countries. Accordingly,
it is important to note that digital countries can be highly volatile due to the fast-paced
nature of the technology industry [72]. Investors should conduct thorough research and
consider both the opportunities and risks associated with investing in digitalized economies.
Additionally, market conditions and industry-specific factors can change rapidly, impacting
share prices accordingly. Investors may replace certain sectors or industries with others
based on changing economic conditions. Economic factors such as inflation, interest rates,
and overall market conditions can influence share prices. If the broader economy is strug-
gling or facing uncertainty, it can lead to a decline in digital industry shares. Furthermore,
political tensions, trade disputes, or geopolitical events can affect the digital economies with
international operations, including digital industries. In this case, analogization strategies
are important for digital countries because they can help them to balance the benefits and
challenges of digitalization and to leverage the strengths of both digital and analog systems.
Incorporating analog elements into digital business models or strategies allows systems to
provide a more personalized and human touch to customers or stakeholders. Analogization
is not a rejection or replacement of digitalization, but rather a complement and enhance-
ment of it. By finding the optimal mix of digital and analog systems for different contexts
and purposes, digital countries can achieve a more inclusive and sustainable development.
The following recommendations are for the digital countries (e.g., Denmark, Singapore,
Sweden, etc.), as part of their analogization strategies:

• Opening physical stores or showrooms to complement online sales and provide a
more tangible experience to customers.
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• Integrating digital technologies in traditional analog industries such as agriculture or
manufacturing to increase efficiency and productivity while maintaining the human
touch and experience.

• Hosting hybrid events that combine physical attendance with digital streaming or
participation options.

• Combining digital and analog systems to create hybrid solutions that can overcome
the limitations or vulnerabilities of each mode.

In countries with small populations, digitalization can have an enormous impact on
growth and development. The following are some strategies for digitalization that the
anatal and analog countries (e.g., Czechia, Qatar, Cuba, etc.) can consider:

• Developing a comprehensive national digitalization plan that outlines clear goals,
strategies, and timelines. This plan should be aligned with the country’s broader
economic and social development objectives.

• Implementing e-government strategies to simplify administrative processes, reduce
government regulations, improve public service delivery, and offer online portals for
citizens to access government services conveniently.

• Expanding digital learning opportunities, including online education platforms and
digital resources for schools and universities. This can help bridge educational gaps
and improve access to quality education.

• Designing smart city projects that use technology to improve urban planning, trans-
portation, energy efficiency, and overall quality of life in urban areas.

• Reducing regulations and promoting e-commerce to make it easier for local businesses
to access global markets and expand their reach.

• Promoting sustainable and green technologies to reduce the country’s environmental
footprint while fostering innovation in renewable energy and eco-friendly practices.

• Establishing international partnerships and agreements with other countries, organi-
zations, and corporations to access expertise, resources, and global markets.

In our study, we also conducted a correlation analysis to examine the relationship
between the dimensions of global RPM. A correlation analysis is considered as a useful
instrument for exploring our data and understanding the characteristics of relationships.
Presenting a correlation matrix can significantly enhance the comprehensibility of research
results, assisting readers in gaining insight into more detailed analyses. A correlation
coefficient, on the other hand, offers a quantitative assessment of both the magnitude
and direction of the linear connection between two variables. The correlation coefficient
spans from −1 to 1, with −1 denoting a complete negative correlation, 0 signifying no
correlation, and 1 indicating a complete positive correlation. Table 6 shows that this cor-
relation matrix indicates that there are positive relationships between the dimensions of
globalization, rationality, professionalism, and morality in the context of digitalization in
countries. As evidence, the correlation between globalization and rationality showed the
most significant coefficient of 0.7167. This suggests that as a country scores higher in terms
of globalization, it also tends to score higher in rationality. In other words, the positive
correlation implies that as a country engages more with the global digital economy, it is
more likely to make decisions related to digitalization in a more rational and methodical
manner. Policymakers and researchers can use these findings for countries aiming to
enhance their digital economies to focus on rational decision-making processes and strate-
gies as they engage more with the global digital landscape. The correlation coefficient of
0.5432 between globalization and professionalism in the context of digitalization suggests
a positive but moderate association between these two dimensions. This means that as a
country’s level of globalization increases, its level of professionalism in digitalization tends
to increase as well, though the relationship is not as strong as in the case of globalization
and rationality. There is higher positive correlation between the globalization and morality
dimensions, with a correlation coefficient of 0.6212. By exploring the connections between
globalization and morality in digitalization, it is possible to gain a more comprehensive
understanding of the opportunities and challenges that digitalization brings to our society

190



Systems 2023, 11, 544

and environment. There is also the possibility of developing more ethical frameworks and
strategies to shape the digital future in a way that respects human dignity and promotes
sustainable development.

Table 6. Correlation coefficients of independent indicators.

Globalization Rationality Professionalism Morality

Globalization 1.0000

Rationality 0.7409 1.0000

Professionalism 0.5432 0.4423 1.0000

Morality 0.6212 0.5292 0.5983 1.0000

The correlation between rationality and professionalism resulted in the lowest coeffi-
cient, standing at 0.4423. While the correlation was positive, it was weaker than the other
correlations observed in the analysis. This could lead to discussions on how to strengthen
the relationship between rationality and professionalism in the context of digitalization.
The correlation of morality with rationality and professionalism showed positive results,
with coefficients of 0.5292 and 0.5983, respectively. In both cases, the correlations between
the dimensions were close to each other, with a small difference. These insights can be
valuable for understanding how these dimensions interact and influence the digitalization
efforts of countries.

In conclusion, the analysis shows that most of the countries, 41 out of 60, are analog
and anatal, which means that these countries depend on an analog economy. Therefore,
there is a need to form digitalization strategies for converting from analog to digital. By
exploring the current situation of the main industries using the DIANA economy, this
analysis can be useful to form strategies and policy recommendations to develop a country’s
economy in the long-term and short-term. Some of the issues discovered here will require
urgent attention, and neglecting them could lead to serious problems in economic and
social processes of the country in the long-term. These are the analyses of main industries
that hold them back from achieving their full potential, restricting growth in the process
and giving an edge to their competition. For instance, a lack of a digital economy is often a
weakness for most industries.

4. Conclusions

The main objectives of this research was to conduct a DIANA economy and global
RPM analysis and to examine the various definitions and concepts of measuring digital
and analog economies using a comprehensive approach. Furthermore, this study analyzed
and ranked the changes that countries around the globe have seen in their digital compet-
itiveness, presenting the foundations of analog and digital economies and refining their
definitions. As the DIANA economy investigates the concepts of digital, dinalog, anatal,
and analog environments, the governments can develop appropriate strategies to meet
their unique needs and challenges by identifying their position within this framework.
In the meantime, the global RPM analysis enables countries to formulate strategies that
emphasize globalization methods, rational economic decision-making, professionalism,
and moral considerations by comprehensively evaluating the four dimensions.

Furthermore, this paper has classified the countries into three groups according to
their population size: large, mid-sized, and small. There are a number of important findings
and implications presented in this research. In this regard, countries with large populations
tend to have low levels of digitalization and were mostly classified as anatal countries.
These countries need to improve their policies and practices based on globalization and
professionalism factors to develop digital transformations. Additionally, countries with
mid-sized populations possess the lowest level of digitalization and are mostly classified
as analog countries. It is possible for these countries to boost their digital economies by
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enhancing their rationality and professionalism factors and by adopting growth strategy-
oriented governments, industries, or human resource development. Lastly, countries with
small populations generally experience high levels of digitalization and are considered
mostly as digital or dinalog countries. While digital economies offer numerous advantages
in terms of efficiency, speed, and convenience, analogization strategies are important for
digital countries for balancing the benefits and challenges of digitalization and to leverage
the strengths of both digital and analog systems by incorporating analog elements into their
digital business models or strategies. Furthermore, the analysis revealed that the majority
of the countries were classified as analog and anatal, which implies that they rely on analog
economies and need to develop digitalization strategies to transition from analog to digital.

This research study offers several key contributions to the sustainable tourism litera-
ture. This research could benefit from a more detailed explanation of the DIANA economy
and global RPM frameworks, as well as further explanation of the methodology and data
sources used to measure and classify the countries. This would help the readers to under-
stand the logic and validity of the analysis and results. Furthermore, the findings have
implications for policymakers by offering guidelines for strategic decisions aimed at shap-
ing the digital future of their countries. It emphasizes the importance of addressing specific
factors, such as globalization, professionalism, and rationality, in designing effective digital-
ization strategies. Moreover, this study introduces the concept of analogization as a strategy
for digital countries to balance the benefits and challenges of digitalization. This innovative
approach suggests incorporating analog elements into digital business models to enhance
compatibility, flexibility, and customer experiences by categorizing countries into three
groups based on population size, providing appropriate recommendations for each group.
In conclusion, this research contributes valuable insights into digital and analog economies,
emphasizing the critical role of frameworks like the DIANA economy and global RPM in
understanding and navigating the complexities of the digital age. By providing rankings,
policy implications, and strategies tailored to different population categories, it offers a
roadmap for countries and businesses seeking to thrive in an increasingly digitalized world.

While the digitalization indicators of the DIANA economy provide valuable insights
and a relative ranking of countries in terms of their digital and analog progress, it should
be noted that there are some limitations. They serve as useful tools for benchmarking and
identifying areas for improvement, but they may not provide an exact or comprehensive as-
sessment of a country’s overall development or digital maturity due to several factors such
as subjectivity in indicator selection, data availability and quality, and regional disparities.
Moreover, different researchers or organizations may have varying interpretations and may
assign different scores, potentially leading to inconsistencies. The lack of standardization
in scoring and categorization could affect the comparability of results. Therefore, future
research should consider using multiple sources of data for each indicator and should
apply robustness checks and a sensitivity analysis to test the reliability and validity of the
results. Secondly, the analysis relied primarily on quantitative data, potentially missing
qualitative insights from different countries regarding digitalization. Furthermore, this
quantitative approach may not deeply explore the characteristics and complexities of each
country’s digital landscape. Additionally, the research acknowledges data availability and
comparability as criteria, but it does not elaborate on how these issues may have influenced
the results or how data gaps were addressed. Qualitative analyses, such as case studies
or stakeholder interviews, can offer a deeper understanding of the specific challenges
and success stories within each country. Additional context and qualitative analyses for
future study are necessary to validate, explain, or challenge the findings of the quantitative
analysis, as well as to generate new questions and hypotheses of a country’s digitalization
status and issues.

A further limitation of this research study is the potential for data time lag. For
example, the indicators from the year 2022 can be based on information from the year 2021
and are identifiable in the sources used for the year 2022. Using data from different time
periods, with a time lag of a year or more between data collection and the analysis, can limit
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the accuracy and timeliness of the findings. This time lag may not accurately reflect the
current state of digitalization and competitiveness in the countries under study. It can also
affect the ability to capture dynamic changes and developments in these areas, particularly
in fast-moving fields like technology and digitalization. Future research should make
efforts to improve the accuracy and comparability of the data and consider their impact on
the relevance and applicability of the research to the present for cross-country analyses.

Lastly, this research does not account for the diversity and complexity of digital and
analog economies within and across countries, which may limit the generalizability and
applicability of the findings and recommendations. For example, it is possible that different
regions, sectors, or groups within a country may have different levels of digitalization
or analogization, or they may face different challenges or opportunities in their digital
transformation. Moreover, it is possible that different countries may have different contexts,
cultures, or preferences that influence their digitalization or analogization strategies, or
they may require different solutions or approaches to address their specific needs or goals.
A comparative analysis is needed for future research of the digital and analog economies
across different regions, sectors, or groups within a country to identify the factors that
influence their level of digitalization or analogization and the challenges or opportunities
by exploring how their contexts, cultures, or preferences affect in their digital transfor-
mation. These limitations should be considered when interpreting this study’s findings
and recommendations, as they impact the overall reliability and generalizability of the
research. Addressing these limitations in future research can lead to a more comprehensive
understanding of digital competitiveness and its complexities.

In conclusion, our research underscores an important consideration of the DIANA
economy and global RPM frameworks in the modern business landscape. These analytical
tools provide a comprehensive understanding of the factors that contribute to success and
failure, thereby guiding organizations towards informed decision-making and enhanced
competitiveness. As businesses continue to evolve in the digital age, the insights offered by
the DIANA economy and global RPM analyses serve as indispensable compasses, guiding
them through the intricacies of an ever-changing economic and global environment. In
an era where adaptability and strategic acumen are key, these frameworks offer a crucial
advantage in achieving sustainable growth and resilience.
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Abstract: Under the dual pressure of economic development and environmental protection, it is
urgent that we improve the efficiency of green innovation. Enterprise digital transformation brings
opportunities to improve the efficiency of green innovation. However, most current studies focus
on the relationship between the two from the micro level, ignoring the impact of enterprise digital
transformation on the green innovation of other innovation entities within the region, and have not
yet described it in detail from the perspective of digital capabilities. Therefore, based on Chinese
data, this paper studies the impact of enterprise digital transformation on regional green innovation
efficiency from the perspective of digital capability, and provides a theoretical reference for improving
regional green innovation efficiency. The research shows that (1) the digital capabilities of enterprise
digital transformation include digital acquisition capability, digital utilization capability, and digital
sharing capability, which have significant promoting effects on regional green innovation efficiency;
(2) strengthening information resources, knowledge resources, R&D funds, and human resources
are the role channels indicated by mechanism analysis; (3) heterogeneity analysis shows that the
promotion effect is not related to geographical location, but the disadvantaged areas of enterprise
digital transformation and regional green innovation efficiency have a greater impact. Further, the
applicability of the research conclusions is extended through case studies in other countries. This
study enriches the research perspective of the relationship between enterprise digital transformation
and green innovation, and provides a new path for regional sustainable development.

Keywords: digital transformation; green innovation efficiency; digital capability; mechanism analysis;
heterogeneity analysis

1. Introduction

China’s economy continues to improve, but the accompanying environmental pol-
lution cannot be ignored [1]. In the latest global-scale assessment of the environmental
performance index, China’s ranking is not ideal. Although China’s efforts to protect the
environment cannot be denied, this result also shows that improving the ecological environ-
ment performance is still an urgent task for China at this stage. Sustainable development
theory also believes that the cost of developing the economy must not be to abandon the
environment [2]. As a special form of innovation, green innovation is a good solution to
this problem, because this innovation model can take into account the economy and the
environment [3]. However, there are many obstacles in green innovation, such as long
cycle, high risk, and difficulty in realization, which lead to the low efficiency of regional
green innovation (ERGI) [4]. Therefore, promoting the ERGI can effectively alleviate the
contradiction between economic growth and environmental pollution, and promote the
sustainable development of regional economy.

With the introduction of Industry 4.0, as a major participant in green innovation,
digitization has become an important support and inevitable choice for its development [5].
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The digital transformation of enterprises (DTE) has a strong digital capability, which makes
it easier to integrate fragmented innovation resources and knowledge organizations [6].
Meanwhile, the threshold for green innovation access will be lowered, and the interaction
and cooperation between enterprises and other innovation entities will be strengthened.
The strong digital ability of enterprises is conducive to promoting enterprises to collect mas-
sive information resources related to green innovation, realizing data mining at a deeper
level, discovering new market demand and green innovation opportunities, improving
product quality and supply and demand, matching efficiency [7,8], realizing the trans-
fer, sharing, integration, utilization, and recreation of green innovation resources among
innovation entities, and then improving the ERGI.

There is no doubt that the DTE will affect the efficiency of green innovation, and
scholars have proved this view from multiple perspectives. Xue et al. (2022) found that DTE
can promote green innovation from the perspective of transformation degree [9]. Stroud
et al. (2020) believed that combining the application of digital technology with management
strategies is helpful for enterprises to achieve green innovation cooperation [10]. Based
on digital leadership, Sarfraz et al. (2022) found that DTE is a powerful engine for green
product innovation and sustainable innovation performance [11]. Zhao et al. (2023) pointed
out that the DTE strategy can promote green process and product innovation [12]. Although
there are abundant studies on DTE and green innovation at present, digital capability, as
an important dimension of DTE [13–15], is still rarely used to describe the relationship
between DTE and green innovation. Moreover, the existing research mostly focuses on how
the DTE acts on the green innovation of the enterprise, and does not consider the influence
of the DTE on other enterprises or other innovation entities in the region. Accordingly, this
paper aims to explore the impact of DTE on ERGI from the perspective of digital capability,
and clarify the mechanism channels and regional heterogeneity of this effect, so as to enrich
the theoretical research on DTE and ERGI.

This paper achieves these contributions: (1) Considering that the DTE will also af-
fect the green innovation of other innovation entities in the region, and exploring the
relationship between DTE and ERGI based on the perspective of digital capability, the
DTE is divided into three dimensions: enterprise digital acquisition capability, digital
utilization capability, and digital sharing capability, which expand the research perspective
of the relationship between DTE and ERGI. (2) Based on the perspective of innovation
resources, information resources, knowledge resources, R&D funds, and human resources
are used as mediating variables to clarify the influence path of DTE and ERGI. (3) The
heterogeneity analysis of the impact of DTE on ERGI considers geographical location and
clustering results.

Other parts of the arrangement: Section 2 combs the research hypothesis and builds the
theory. Section 3 expounds the research method. Section 4 provides results and discussion.
Section 5 summarizes the conclusions.

2. Theoretical Analysis and Research Hypothesis
2.1. Baseline Hypothesis

The digital empowerment theory points out that in the process of DTE, based on
information and communication technology, data elements and digital technologies are
used to endow behaviors such as innovation resource allocation with digital characteristics,
connectivity, intelligence, and analysis capabilities, and strengthen the collection, mining,
and sharing capabilities of enterprise innovation resources [16,17]. According to the theory
of green innovation, there are some problems in its implementation, such as high risk and
long profit period, and then it faces the problems of insufficient innovation will of the
innovation subject and difficulty in cooperation [18]. The realization of DTE can strengthen
the digital capability [19], which is conducive to the analysis and utilization of green
innovation resources of enterprises or the sharing with other innovation entities, thus
accelerating the improvement of ERGI. Specifically, as an important factor of production in
the digital era, data contain a lot of important information, which has an important impact
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on whether enterprises can grasp the green market dynamics, understand competitors,
meet consumer needs, and, thus, gain opportunities. This also places a great test on the
digital acquisition of enterprises. The strong digital acquisition capability of enterprises
is not only conducive to obtaining more information [20], but also has a positive effect
on the docking of various links of regional green innovation [21]. However, it is worth
noting that, compared with traditional innovation, green innovation has greater risks and
serious asymmetry of information resources. In the context of rapid digital development
and enterprise digital transformation, although the digital information acquisition ability of
enterprises has been strengthened, massive data resources make it difficult for enterprises to
distinguish between true and false in the process of use. Therefore, enterprises should have
the ability to effectively analyze and use a large number of data resources, screen valuable
information in the data resources [22], promote enterprises to make breakthroughs in green
innovation, help eliminate the concerns of enterprises when exchanging information with
other innovation entities, and promote all kinds of innovation entities to jointly improve the
ERGI. In addition, the DTE also facilitates the sharing of resources. In the process of DTE,
enterprises use digital information technology to improve their own digital sharing ability,
realize the intelligent matching between the supply side and the demand side, and then
promote the exchange of information among regional innovation subjects. The complexity
of the implementation process of green innovation determines the importance of green
innovation cooperation, and enterprise digital sharing ability provides opportunities and
convenience for green innovation cooperation [23–25]. Based on this, we believe that digital
capability is a key dimension for DTE to promote the improvement of ERGI. Enterprise
digital ability is considered to involve the use of modern digital technology to optimize
processes, improve customer experience, and provide a new business model, with the
ability to solve business problems [26,27], including digital acquisition, utilization, and
sharing capability.

Enterprise digital acquisition capability is the ability to acquire digital resources. As
the core subject of regional green innovation system, enterprises are the main organiz-
ers and participants of scientific and technological innovation activities [28]. Enterprises
have high data collection capabilities, which are conducive to enriching the knowledge
base of green innovation and strengthening the communication between enterprises and
enterprises and other innovation entities, and have a positive impact on the ERGI. First,
enterprises have higher digital acquisition capabilities, which is conducive to obtaining
more information needed for business operations [20], increasing opportunities for coop-
eration and communication, and providing support for enterprises to obtain more new
technologies and information. Second, enterprises should improve their digital acquisition
capability, expand the method of collecting green innovation knowledge, enrich the knowl-
edge base of regional green innovation [29], and provide more intellectual support for ERGI.
Third, the content of green innovation is diverse, including multiple links. By enhancing
digital collection capabilities, companies can efficiently deploy innovation resources to
provide connectivity across manufacturing processes [21], thereby increasing ERGI. More-
over, the collected massive multidimensional high-frequency data also create conditions
for the subsequent correlation analysis and in-depth mining of enterprises, thus forming
an innovation model in terms of industrial resource organization, knowledge inheritance
and diffusion, and providing a foundation for improving the ERGI.

Enterprise digital utilization capability refers to the ability of enterprises to analyze
and sort out the acquired digital resources, remove redundant resources, screen data
resources, and develop and utilize them. Strengthening the digital utilization capability
of enterprises is conducive to mining valuable information from massive data, effectively
coping with unpredictable changing environments [22], and improving the use of digital
information and ERGI. In the digital era, enterprises are faced with massive data, but
there are redundant and repetitive data resources, which is a double-edged sword for the
improvement of ERGI. Compared with traditional innovation, green innovation faces higher
costs, and this dilemma will be further amplified if the high-quality resources of green
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innovation cannot be efficiently identified. Strengthening enterprise digital analysis and
utilization capabilities is conducive to integrating internal resources, forming key shared
knowledge, identifying high-quality resources from massive data, improving resource
exchange frequency, reducing costs [6], and, thus, improving ERGI. In the meantime, the
improvement of enterprise digital utilization capability is conducive to enterprises’ greater
data mining space, deeper mining and use of data information, alleviating information
asymmetry, rational use of resources [14], and promoting the exchange of innovative ideas
between enterprises and other innovation subjects, so as to improve the ERGI.

Enterprise digital sharing capability is regarded as the ability of enterprises to share
data resources with each other. Digital sharing ability affects the value co-creation between
enterprises and other innovation entities. Improving enterprise digital sharing capability
is conducive to promoting regional information sharing, strengthening the efficiency of
innovation resource transfer and exchange, and it has a positive impact on ERGI. First,
strengthening digital sharing capabilities can promote the transmission and exchange of
resources and environment-related information within enterprises, improve the efficiency
of green innovation information transmission and knowledge accumulation, expand the
research and development path of green products, reduce research and development and
operating costs, and encourage enterprises to participate in green innovation activities [30].
Second, the complexity of green innovation makes cooperation more important. Enterprises
improve their digital sharing capabilities, which is conducive to information sharing [23],
enhancing the familiarity of the green innovation collaboration process, and increasing the
possibility of successful cooperation in regional green innovation. Third, digital sharing
is conducive to enterprises obtaining external resources, accelerating the acquisition and
absorption of heterogeneous knowledge, improving the accuracy of knowledge [24,25],
promoting the flow of green innovation knowledge and new technologies, expanding the
spillover effect of green innovation knowledge, and improving the ERGI.

In addition, the theory of green innovation holds that the study of green innovation
should also take into account the actual situation of regional development [31]. From the
perspective of regional development and civilization level, when the regional civilization
level is improved, the regional green development awareness may be enhanced, which is
more conducive to the improvement of the ERGI by enterprise digital capability. Urbaniza-
tion rate refers to the proportion of urban population in the total population, which is often
used to measure the level of regional economic development and civilization [32], and is
also one of the important factors affecting green innovation. However, it is worth noting
that although the improvement of regional civilization level is conducive to deepening the
awareness of regional green development, with the increase of regional urbanization rate, a
large number of residents flock to cities, which may lead to environmental pollution and
emission increase, thus slowing down the improvement of ERGI. To sum up, although the
specific impact of urbanization rate on ERGI cannot be determined, this factor still needs to
be considered under the theme of this study. Similarly, the level of economic development
cannot be ignored when studying the impact of enterprise digital capability on ERGI [33].
Regional economic development often determines the local innovation environment and
the level of innovation infrastructure construction. This is also one of the factors that must
be considered when exploring the relationship between an enterprise digital capability and
the ERGI on a regional scale. From the perspective of regional industrial structure, optimiz-
ing industrial structure can improve the independent innovation ability of enterprises [34].
As a special form of innovation, green innovation is also affected by the industrial structure.
It can be seen that the industrial structure is also one of the factors to be considered in
this study. From the perspective of regional residents’ quality of life, it mainly includes
residents’ consumption level and unemployment rate. When the consumption level of
residents increases, to a certain extent, it means that residents’ requirements for quality
of life are improved, regional green environmental awareness is enhanced, green product
purchase behavior is generated [35,36], and enterprises are forced to strengthen the role
of digital capability in ERGI. Unemployment represents social sustainability [37]. When
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the unemployment rate rises, it will not only reduce the desire of consumers to buy green
products, but will also lead to the low willingness of enterprises to invest in green products.
At the same time, the local strategic planning will also change, and with a higher unem-
ployment rate, the local government may face pressure to urgently solve the employment
problem, and then promote the development of some high-energy industries, which is not
conducive to the digital ability of enterprises to promote the ERGI. Therefore, in this study,
the consumption level and unemployment rate of residents should also be included.

Based on the above analysis and considering the regional urbanization rate, economic
development level, industrial structure, consumer consumption level, and unemployment
rate, the following hypothesis is proposed:

In summary, the hypotheses are as follows:

H1: DTE can positively affect ERGI.

H1a: Enterprise digital acquisition capability can positively affect ERGI.

H1b: Enterprise digital utilization capability can positively affect ERGI.

H1c: Enterprise digital sharing capability can positively affect ERGI.

2.2. Mediating Effect Hypothesis

The improvement of enterprise digital capabilities means that enterprises rely on
information technology such as big data to achieve cross-regional and cross-sectoral multi-
integration. Digital technologies such as algorithms (digital twins, etc.), computing power
(core chips, etc.), or data (Internet of Things and data perception) enable manufacturing,
marketing, organizational models, product services, etc. By improving digital acquisition
capabilities, the total amount of enterprise information resources is increased [29], which
provides a basis for rational planning of green innovation and allocation of innovative
resources. The improvement of enterprise digital utilization capability is conducive to
enterprises’ better use of artificial intelligence, blockchain analysis and big data technology,
deeper mining of the hidden laws in massive data, improving the availability of information
resources, and then helping enterprises to make the best production and sales decisions
under the premise of complying with environmental laws, minimizing the negative impact
on the environment and improving the ERGI. By improving the digital sharing ability,
enterprises can fully realize the sharing of information resources, expand the regional
resource sharing pool, accelerate the dissemination, transformation, absorption, and uti-
lization of information resources, connect enterprises with partners [38], and improve the
quality of access to green innovation information resources. To sum up, we point out the
following hypotheses:

H2: DTE indirectly improves ERGI by increasing information resources.

H2a: Enterprise digital acquisition capability indirectly improves ERGI by increasing information
resources.

H2b: Enterprises digital utilization capability indirectly improves ERGI by increasing information
resources.

H2c: Enterprise digital sharing capability indirectly improves ERGI by increasing information
resources.

Knowledge resources represent the amount of knowledge owned by enterprises. The
improvement of digital acquisition capability of enterprises is conducive to improving the
efficiency of data information collection by enterprises for users, collaborators, competi-
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tors in the same industry, etc. [39], timely understanding of market frontier information,
enriching their own green innovation knowledge database, and helping to clarify their
own development pain points, combined with their own situation, and formulate tar-
geted measures to improve the level of knowledge resources. Enterprise digital utilization
capability enhancement promotes the development of resources and knowledge integra-
tion. By analyzing the available knowledge information contained in massive data, it
is helpful to understand the internal knowledge, quickly identify and integrate external
knowledge, clearly grasp the mainstream technology, new ideas, and development trends
of green innovation [40], and provide comprehensive and diversified knowledge resources
for regional green innovation development. Enterprise digital sharing capabilities are
enhanced to facilitate the sharing of heterogeneous knowledge resources with other green
innovation participants. Thus, regions can obtain different and scarce green innovation
knowledge resources, accelerate the conversion of tacit knowledge into usable knowledge
resources, improve the knowledge spillover effect [24], and strengthen ERGI. On this basis,
we propose the following hypotheses:

H3: DTE indirectly improves ERGI by increasing knowledge resources.

H3a: Enterprise digital acquisition capability indirectly improves ERGI by increasing knowledge
resources.

H3b: Enterprise digital utilization capability indirectly improves ERGI by increasing knowledge
resources.

H3c: Enterprise digital sharing capability indirectly improves ERGI by increasing knowledge
resources.

Capital investment is the foundation of enterprise research and development. Green
innovation, as a special form of innovation, has the characteristics of high investment,
long return period, and high risk [41], and often lacks sufficient R&D funds. R&D funds
investment is very critical to improving the ERGI. The strengthening of digital capabilities
of enterprises is conducive to bringing more R&D funds to improve ERGI by identifying
business opportunities and obtaining more investment funds. Specifically, the digital
acquisition capability of enterprises can enhance the function of information collection,
become the leader of digital innovation [13], discover the business opportunities of green
products and services, achieve service value addition, improve user satisfaction, expand
the scope of services, attract more investors to invest in regional green innovation, and
provide financial guarantee for the development of regional green innovation. Through
strong digital utilization capabilities, enterprises can realize data information mining and
utilization, understand customer needs, make timely and accurate decisions [14,42,43],
reduce operating costs, provide diversified production methods to promote enterprises
to obtain new customers, increase value increment, and have more funds to invest in
R&D links [44,45]. Similarly, enterprise digital sharing can also reduce transaction costs
and marginal costs of services, improve the utilization rate of R&D funds [46], meet
the changing market demand of consumers, expand market scale, enhance the value of
innovation subjects, and use more funds for innovation R&D investment. Accordingly, the
following hypotheses are proposed:

H4: DTE indirectly improves ERGI by increasing R&D funds.

H4a: Enterprise digital acquisition capability indirectly improves ERGI by increasing R&D funds.

H4b: Enterprise digital utilization capability indirectly improves ERGI by increasing R&D funds.

H4c: Enterprise digital sharing capability indirectly improves ERGI by increasing R&D funds.

202



Systems 2023, 11, 526

Whether it is DTE or the improvement of ERGI, high-quality human capital is needed.
Improving the quality of regional human capital is conducive to providing new ideas and
new plans for regional green innovation [47,48], and thus enhancing ERGI. Specifically, the
improvement of digital acquisition capability enables enterprises to understand the regional
talent market more comprehensively, realize electronic human resource management [49],
and realize the allocation efficiency of human resources more scientifically and reasonably.
The improvement of digital utilization capability reduces the cost of human resources and
information search, provides a platform for the exchange of talent information, ideas, and
views within the innovation subject, stimulates the potential of talent, and improves the
quality and ability of the original talent. The enhancement of enterprise digital sharing
capability promotes the construction of regional talent information-sharing networks.
Enterprises can not only share talent training plans and platforms, but also realize digital
management of business process through data information resource sharing, clarifying
the talent input demand of each link, and absorbing high-level talents [47]. Therefore, the
following hypotheses are proposed:

H5: DTE indirectly improves ERGI by improving human resources.

H5a: Enterprise digital acquisition capability indirectly improves ERGI by improving human
resources.

H5b: Enterprise digital utilization capability indirectly improves ERGI by improving human
resources.

H5c: Enterprise digital sharing capability indirectly improves ERGI by improving human resources.

To sum up, a theoretical model of the impact mechanism of DTE on ERGI is proposed,
as shown in Figure 1.
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3. Research Methods
3.1. Variables
3.1.1. Explained Variables

Regional green innovation efficiency (ERGI): Patent data are often used to measure
innovation efficiency due to their versatility and consistency [50]. In addition, patent
licensing requires a certain fee and has a long time lag. Therefore, we take the total number
of green patent applications in each provincial administrative region as a proxy variable for
ERGI. From the type point of view, it is also divided into invention type and utility model
patents; the former is more innovative than the latter. Accordingly, this paper takes the
number of green invention patent applications (RPI) as a substitution variable for ERGI in
the robustness test. In order to eliminate the dimensional differences between the data, the
data are maximized.
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3.1.2. Explanatory Variables

Enterprise digital transformation (DTE): Based on the perspective of digital capability,
this paper mainly includes enterprise digital acquisition capability (da), digital utilization ca-
pability (dau), and digital sharing capability (ds). At present, few studies strictly distinguish
the measurement of different digital capabilities of enterprises. For listed companies, the
annual report is an important report on the development strategy and ability of enterprises.
Accordingly, we selected the Python crawler function to collect the annual reports of all
A-share listed enterprises (Shanghai Stock Exchange and Shenzhen Stock Exchange), and
divided the annual reports of enterprises by the dictionary of Python open source “Jieba”.
Referring to the DTE lexicon constructed by Zhao et al. (2021) [51] and Wu et al. (2021) [52],
the frequency of related words was counted. On this basis, China National Knowledge
Network, SCI, EI, core journals, CSSCI, and CSCD were used as the journal sources, and
the relevant literature was retrieved with the keywords of “digital acquisition”, “data
acquisition”, “data collection”, “digital utilization”, “data utilization”, “digital sharing”,
and “data sharing”. After manually eliminating redundant papers, meeting notices, and
papers that did not fit the research topic, 79 papers with digital acquisition capability,
217 papers with digital utilization capability, and 364 papers with digital sharing capability
were obtained. Word frequency analysis technology was used in combination with the
meaning of words related to DTE to clarify the keywords of digital capability and calculate
the frequency of their keywords, respectively (Table 1). In addition, the listed enterprises
were matched according to the listing place and province, and the relevant word frequency
of each provincial administrative region was finally taken as the proxy variable of DTE. In
order to eliminate the dimensionless data, the word frequency was maximized.

Table 1. Keyword selection.

Variable Keyword

Enterprise digital acquisition capability

stream computing, artificial intelligence, data mining, big data, multiparty security
computing, augmented reality, Internet of Things, 100 million level concurrency,
distributed computing, EB level storage, information software, information system,
information network, memory computing, virtual reality, information terminal,
information center, information integration, informatization, networking, industrial
information, mixed reality, industrial communication, information physical system,
heterogeneous data, cloud IT, cloud ecology, etc.

Enterprise digital utilization capability

image understanding, intelligent data analysis, Internet technology, investment
decision aid system, natural language processing, intelligent environmental protection,
text mining, semantic search, brain-like computing, green computing, cognitive
computing, biometrics, intelligent transportation, face recognition, speech recognition,
digital finance, data visualization, deep learning, information management, machine
learning, Industrial Internet, credit investigation, mobile Internet, data management,
digital control, data science, intelligent production, numerical control, intelligent wear,
intelligent agriculture, intelligent medical care, etc.

Enterprise digital sharing capability

business intelligence, cloud computing, Internet action, Internet marketing, Internet
model, B2B, B2C, C2B, C2C, O2O, Internet mobile, blockchain, digital currency, data
platform, Internet strategy, data center, Internet application, e-commerce, information
sharing, Internet healthcare, mobile payment, third-party payment, Internet thinking,
NFC payment, intelligent robot, mobile Internet, e-commerce, Network connection,
intelligent network connection, etc.

3.1.3. Mediating Variables

Mediating variables included information resources (apt), knowledge resources (know),
R&D funds (rdi), and human resources (hc). Information resources (apt): Based on the
number of websites owned by enterprises (number), Internet broadband access users
(10,000 households), and the proportion of post and telecommunications business (CNY
100 million) in regional gross domestic product (GDP), the entropy method was used to
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calculate the comprehensive index. Knowledge resources (know) was measured by the
entropy method of education funds (CNY 10,000), the number of undergraduate and junior
college students (people) in general higher education, and the average years of education
(years) of employed persons. R&D funds (rdi): Internal expenditure on R&D as a percentage
of GDP. Human resources (hc): The total number of R&D personnel with doctorate degree,
master’s degree, and bachelor’s degree was winsorized by 1%, respectively, and the data
were maximized.

3.1.4. Control Variables

Based on the above theoretical analysis, it was also necessary to consider the urban-
ization rate, economic development level, industrial structure, consumer consumption
level, and unemployment rate in the study of DTE and ERGI from the perspective of digital
capability [32–37]. At the same time, this further ensured the rationality of the research
results and overcame the influence of missing variables as much as possible. Regional ur-
banization rate (ru) is expressed as the proportion of urban population to the total resident
population at the end of the year. The level of economic development (gdp) is expressed
as GDP per capita. The industrial structure (is) is expressed as the proportion of the gross
secondary industry to the gross domestic product (GDP) of the region. Consumer con-
sumption level (hgh) is expressed as the proportion of total retail sales of social consumer
goods (CNY 100 million) to regional gross domestic product (GDP). The unemployment
rate (r) is expressed as the registered urban unemployment rate.

3.2. Model
3.2.1. Fixed Effect Model

The Hausman test was carried out on the relevant data of the relationship between
enterprise digital acquisition capability (da), digital utilization capability (dau), digital
sharing capability (ds), and regional green innovation efficiency (ERGI). The result strongly
rejects the null hypothesis, so a fixed effect model should be used to test the benchmark
relationship. Fixed effects model can control some unobservable factors and alleviate
endogenous problems. Based on this, a fixed effect model including time and individual
was constructed with reference to the study of Lee et al. (2010) [53]. The model is as follows:

ERGIp,q = α + βDTEp,q + γControlsp,q + λp + µq + εp,q (1)

Among them, ERGI is regional green innovation efficiency, DTE is enterprise digital
acquisition capability (da), digital utilization capability (dau), and digital sharing capability
(ds), p and q represent provinces and years, respectively, Controls represents all control
variables, λp represents individual fixed effect, µq represents time fixed effect, and εp,q is a
random disturbance term.

3.2.2. Mediating Effect Model

The causal step-by-step regression method proposed by Baron et al. (1986) is widely
used in the action channel test [54], which can not only test the mediating role of a single
variable, but also provide intuitive results [55–57]. Accordingly, the mediating effect model
was constructed:

ERGIp,q = α1 + β1DTEp,q + γ1Controlsp,q + λp + µq + εp,q (2)

Mediatorp,q = α2 + β2DTEp,q + γ2Controlsp,q + λp + µq + εp,q (3)

ERGIp,q = α3 + β3DTEp,q + β3′Mediatorp,q + γ3Controlsp,q + λp + µq + εp,q (4)

Among them, Mediator is information resources (apt), knowledge resources (know),
R&D funds (rdi), and human resources (hc).
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In summary, the conceptual model diagram of this paper was drawn to help clarify
the subsequent empirical analysis results of this paper, as shown in Figure 2.
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3.3. Research Samples and Data Sources

There are 34 provincial-level administrative regions in China, and there is a big gap in
the development of politics, economy, culture, and education level among provincial-level
administrative regions. Based on the provincial-level data, this paper explores the impact of
DTE on ERGI. The coverage is more comprehensive, which is conducive to the realization
of regional green coordinated development in provincial-level administrative regions, and
is of great significance to improve the ERGI. In addition, the time series of provincial-level
data is longer than that of urban-level data, and the missing values are fewer. Accordingly,
this paper takes China’s 30 provincial-level administrative regions (due to lack of data,
Hong Kong, Macau, Taiwan, and Tibet are not included) as the research object, and the
research interval was selected for 2013–2020.

Sources of measurement data involved variables. The China Research Data Service
Platform (CNRDS) obtained green patent data to measure the explained variable “ERGI”.
The annual report data collected by Python web crawler came from the official websites of
Shenzhen Stock Exchange and Shanghai Stock Exchange, and the data have been made
public. The deadline for obtaining the data in this paper was 10 January 2023. The obtained
data were used to measure the explanatory variables “enterprise digital acquisition capabil-
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ity”, “enterprise digital utilization capability”, and “enterprise digital sharing capability”.
The mediating variable of R&D funds and mediating variable of human resources were
obtained from China Science and Technology Statistical Yearbook. The urban registered
unemployment rate was derived from the China Population and Employment Statistical
Yearbook, which is used to measure the unemployment rate of the control variable. The
average years of education of employed people are derived from China Labor Statistics
Yearbook, which is used as an indicator to measure knowledge resources. All indicators of
information resources, residual indicators of knowledge resources (education funds, the
number of undergraduate and junior college students (people) in general higher educa-
tion), and the measurement data of control variables such as urbanization rate, economic
development level, industrial structure, and residents’ consumption level were derived
from the China Statistical Yearbook.

4. Results
4.1. Descriptive Statistics

Descriptive statistics of the main variables in this chapter were performed using
Stata15.0 64-bit software (Table 2). Results show that the maximum and minimum values
of ERGI are quite different, indicating that there is a non-negligible gap in ERGI. Digital
acquisition capability (da), digital utilization capability (dau), and digital sharing capability
(ds) of enterprises not only have the same situation, but their mean and median are far
lower than half of their maximum value, indicating that the current digital capability
of enterprises in most areas of China is still in the initial stage of development, and the
problem of unbalanced development is serious. Hence, based on digital capability, it is of
practical significance to analyze the improvement path of DTE to ERGI.

Table 2. Descriptive statistics.

Variable Mean Median SD Maximum Minimum N

ERGI 0.139 0.0712 0.177 1.000 0.00152 240
da 0.0972 0.0363 0.165 1.000 0.00167 240

dau 0.0791 0.0263 0.137 1.000 0.000608 240
ds 0.103 0.0372 0.168 1.000 0.000978 240
apt 0.221 0.182 0.156 0.865 0.022 240

know 0.371 0.311 0.218 1.000 0.020 240
rdi 0.0172 0.0146 0.0114 0.0644 0.00446 240
hc 0.347 0.255 0.269 1.000 0.0238 240
ru 60.305 58.745 11.573 89.600 37.890 240

gdp 0.0810 0.0654 0.0695 1.000 0.0298 240
is 0.416 0.430 0.0832 0.573 0.158 240

hgh 0.393 0.400 0.0680 0.603 0.222 240
r 0.248 0.214 0.108 0.560 0.0950 240

4.2. Benchmark Regression Analysis

Regression results of enterprise digital transformation and regional green innovation
efficiency are shown in Table 3. Columns (1)–(2) show the regression results of enterprise
digital acquisition capability (da) and ERGI. Column (1) only considers the fixed effect
of province and time, and further adds control variables to column (2). Both regression
coefficients are significantly positive. Columns (3)–(4) show the regression of digital uti-
lization capability (dau) and ERGI, which also passes the significance test. Columns (5)–(6)
show the regression between digital sharing capability (ds) and ERGI, and the correlation
coefficient is also significantly positive. Summary analysis, Hypothesis 1 is verified.
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Table 3. Benchmark regression.

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

da 0.640 *** 0.721 ***
(0.0887) (0.0860)

dau 1.002 *** 1.075 ***
(0.123) (0.137)

ds 0.796 *** 0.931 ***
(0.106) (0.104)

ru 0.00871 *** 0.00666 *** 0.00963 ***
(0.00282) (0.00228) (0.00281)

gdp −0.146 0.0357 −0.268
(0.407) (0.413) (0.385)

is −0.0747 −0.119 −0.145
(0.125) (0.119) (0.118)

hgh −0.0218 −0.0158 −0.00791
(0.0572) (0.0597) (0.0593)

r 0.0854 0.120 * 0.146 **
(0.0666) (0.0658) (0.0691)

_cons 0.0767 *** −0.427 *** 0.0608 *** −0.323 *** 0.0572 *** −0.489 ***
(0.00877) (0.153) (0.00913) (0.123) (0.0107) (0.155)

year Yes Yes Yes Yes Yes Yes
province Yes Yes Yes Yes Yes Yes

N 240 240 240 240 240 240
R2 0.948 0.953 0.956 0.959 0.950 0.956

* p < 0.1, ** p < 0.05, *** p < 0.01.

4.3. Endogenous Treatment and Robustness Test

There may be a reverse causal problem between the explanatory variables and the
explained variables; therefore, the instrumental variable method was used to alleviate the
impact of this endogenous problem and conduct an endogenous test. The explanatory
variables included enterprise digital acquisition capability (da), digital utilization capability
(dau), and digital sharing capability (ds). There are relatively few existing studies, and most
of them integrate enterprise digital transformation into an indicator to measure it. Based on
this situation, this paper refers to the research idea of Zhao et al. (2023) [58], and lags the
core explanatory variables as instrumental variables (iv_da, iv_dau, iv_ds). The explanatory
variables of the lag phase are related to the current core explanatory variables, but not
related to the disturbance term, which meets the correlation and exogenous requirements
of the instrumental variables. The results in Table 4 show that Hypothesis 1 still holds
when considering endogenous problems.

Table 4. Endogenous treatment.

da(1) ERGI(2) dau(3) ERGI(4) ds(5) ERGI(6)

da 0.640 ***
(0.0861)

iv_da 0.966 ***
(0.0564)

dau 1.054 ***
(0.139)

iv_ dau 0.971 ***
(0.0869)

ds 1.058 ***
(0.135)

iv_ds 0.847 ***
(0.0540)

Controls Yes Yes Yes Yes Yes Yes
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Table 4. Cont.

da(1) ERGI(2) dau(3) ERGI(4) ds(5) ERGI(6)

_cons 0.230 *** −0.674 *** 0.147 ** −0.573 *** 0.301 *** −0.968 **
(0.0751) (0.251) (0.0604) (0.193) (0.0642) (0.250)

year Yes Yes Yes Yes Yes Yes
province Yes Yes Yes Yes Yes Yes

N 210 210 210 210 210 210
R2 0.962 0.964 0.960

First-stage F statistic 293.270 *** 124.820 *** 245.610 ***
Cragg–Donald Wald F statistic 1725.372 [16.38] 1018.023 [16.38] 1456.726 [16.38]

Kleibergen–Paap rk LM
statistic 20.783 *** 19.329 *** 17.322 ***

** p < 0.05, *** p < 0.01.

In addition, the robustness test was carried out by removing special samples and
changing the measurement methods of variables. In Table 5, columns (1)–(3) are municipal-
ities excluded, columns (4)–(6) are ERGI measured by the total number of green invention
patent applications (RPI), and columns (7)–(9) have 2020 sample data excluded. The cor-
relation coefficient obtained by the test is still significantly positive, and Hypothesis 1 is
still valid.

Table 5. Robustness test.

ERGI(1) ERGI(2) ERGI(3) RPI(4) RPI(5) RPI(6) ERGI(7) ERGI(8) ERGI(9)

da 0.842 *** 0.670 *** 0.792 ***
(0.0838) (0.0671) (0.0918)

dau 1.144 *** 0.910 *** 1.279 ***
(0.142) (0.110) (0.112)

ds 1.050 *** 0.832 *** 1.029 ***
(0.113) (0.0800) (0.102)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
_cons −0.195 −0.150 −0.262 ** −0.236 ** −0.109 −0.275 ** −0.389 ** −0.304 ** −0.451 ***

(0.137) (0.109) (0.129) (0.119) (0.117) (0.124) (0.161) (0.127) (0.159)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 208 208 208 240 240 240 210 210 210
R2 0.966 0.967 0.967 0.950 0.947 0.949 0.955 0.965 0.959

** p < 0.05, *** p < 0.01.

4.4. Intermediary Mechanism Tests

Table 6 shows the test results of the mediating effect of information resources on
DTE and ERGI. Among them, columns (1)–(3) show the mediating effect test of infor-
mation resources (apt) between enterprise digital acquisition capability (da) and ERGI,
columns (4)–(6) show the mediating effect test of information resources (apt) between enter-
prise digital utilization capability (dau) and ERGI, and columns (7)–(9) show the mediating
effect test of information resources (apt) between enterprise digital sharing capability (ds)
and ERGI. The results show that the intermediary effect of information resources (apt) on
the relationship between DTE and ERGI is thorough; that is, Hypothesis 2 is established.

Table 7 shows the test results of the mediating effect of knowledge resources on
DTE and ERGI. Among them, columns (1)–(3) show the mediating effect test of knowl-
edge resources (know) between enterprise digital acquisition capability (da) and ERGI,
columns (4)–(6) show the mediating effect test of knowledge resources (know) between
enterprise digital utilization capability (dau) and ERGI, and columns (7)–(9) show the medi-
ating effect test of knowledge resources (know) between enterprise digital sharing capability
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(ds) and ERGI. The results show that the intermediary effect of knowledge resources (know)
on the relationship between DTE and ERGI is thorough; that is, Hypothesis 3 is established.

Table 6. Mediating role of information resources.

ERGI(1) apt(2) ERGI(3) ERGI(4) apt(5) ERGI(6) ERGI(7) apt(8) ERGI(9)

da 0.721 *** 0.101 * 0.679 ***
(0.0860) (0.0534) (0.0797)

dau 1.075 *** 0.134 * 1.019 ***
(0.137) (0.0775) (0.133)

ds 0.931 *** 0.140 ** 0.879 ***
(0.104) (0.0707) (0.103)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
apt 0.415 *** 0.416 *** 0.367 ***

(0.141) (0.114) (0.135)
_cons −0.427 *** −0.357 * −0.278 −0.323 *** −0.337 * −0.183 −0.489 *** −0.372 * −0.353 **

(0.153) (0.195) (0.180) (0.123) (0.186) (0.145) (0.155) (0.201) (0.174)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 240 240 240 240 240 240 240 240 240
R2 0.953 0.975 0.956 0.959 0.975 0.963 0.956 0.976 0.958

* p < 0.1, ** p < 0.05, *** p < 0.01.

Table 7. Mediating role of knowledge resources.

ERGI(1) know(2) ERGI(3) ERGI(4) know(5) ERGI(6) ERGI(7) know(8) ERGI(9)

da 0.721 *** 0.155 *** 0.617 ***
(0.0860) (0.0525) (0.0698)

dau 1.075 *** 0.266 *** 0.937 ***
(0.137) (0.0602) (0.126)

ds 0.931 *** 0.208 *** 0.802 ***
(0.104) (0.0658) (0.0887)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
know 0.668 *** 0.518 *** 0.619 ***

(0.109) (0.0904) (0.0941)
_cons −0.427 *** −0.0456 −0.396 *** −0.323 *** −0.0355 −0.305 ** −0.489 *** −0.0634 −0.450 ***

(0.153) (0.115) (0.142) (0.123) (0.120) (0.118) (0.155) (0.117) (0.143)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 240 240 240 240 240 240 240 240 240
R2 0.953 0.963 0.961 0.959 0.966 0.964 0.956 0.964 0.963

** p < 0.05, *** p < 0.01.

Table 8 shows the test results of the mediating effect of R&D funds on DTE and
ERGI. Among them, columns (1)–(3) show the mediating effect test of R&D funds (rdi)
between enterprise digital acquisition capability (da) and ERGI, passing the significance test.
Columns (4)–(6) show the mediating effect test of R&D funds (rdi) between enterprise digital
utilization capability (dau) and ERGI, passing the significance test. Columns (7)–(9) show
the mediating effect test of R&D funds (rdi) between enterprise digital sharing capability
(ds) and ERGI, passing the significance test. Therefore, Hypothesis 4 is true.

The test results of the mediating effect of human resources on DTE and ERGI are shown
in Table 9. Columns (1)–(3), (4)–(6), and (7)–(9), respectively, show the mediating effect test
of human resource (hc) in the relationship between enterprise digital acquisition capability
(da), enterprise digital utilization capability (dau), enterprise digital sharing capability
(ds), and ERGI. The correlation regression coefficients are all significantly positive; that is,
Hypothesis 5 is true.
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Table 8. Mediating role of R&D funds.

ERGI(1) rdi(2) ERGI(3) ERGI(4) rdi(5) ERGI(6) ERGI(7) rdi(8) ERGI(9)

da 0.721 *** 0.00414 ** 0.692 ***
(0.0860) (0.00184) (0.0806)

dau 1.075 *** 0.00696 ** 1.038 ***
(0.137) (0.00309) (0.136)

ds 0.931 *** 0.00529 ** 0.896 ***
(0.104) (0.00236) (0.0987)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
rdi 6.886 *** 5.242 ** 6.613 ***

(2.255) (2.372) (2.176)
_cons −0.427 *** 0.00905 * −0.489 *** −0.323 *** 0.00937 ** −0.372 *** −0.489 *** 0.00872 * −0.547 ***

(0.153) (0.00477) (0.144) (0.123) (0.00466) (0.114) (0.155) (0.00478) (0.145)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 240 240 240 240 240 240 240 240 240
R2 0.953 0.989 0.955 0.959 0.989 0.960 0.956 0.989 0.958

* p < 0.1, ** p < 0.05, *** p < 0.01.

Table 9. Mediating role of human resources.

ERGI(1) hc(2) ERGI(3) ERGI(4) hc(5) ERGI(6) ERGI(7) hc(8) ERGI(9)

da 0.721 *** 0.533 *** 0.651 ***
(0.0860) (0.0758) (0.0905)

dau 1.075 *** 0.738 *** 0.994 ***
(0.137) (0.108) (0.148)

ds 0.931 *** 0.644 *** 0.844 ***
(0.104) (0.0919) (0.110)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
hc 0.131 ** 0.109 * 0.135 **

(0.0625) (0.0555) (0.0580)
_cons −0.427 *** −0.656 *** −0.341 ** −0.323 *** −0.560 ** −0.262 ** −0.489 *** −0.677 *** −0.398 **

(0.153) (0.245) (0.161) (0.123) (0.229) (0.133) (0.155) (0.244) (0.163)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 240 240 240 240 240 240 240 240 240
R2 0.953 0.970 0.954 0.959 0.970 0.960 0.956 0.969 0.957

* p < 0.1, ** p < 0.05, *** p < 0.01.

4.5. Regional Heterogeneity Analysis

Based on the three regions classified by the website of the National Bureau of Statistics
(NBS), namely, the eastern, central, and western regions, the regional heterogeneity of the
geographical location of the impact of DTE on ERGI was explored by grouping regression
(Table 10). Columns (1)–(3) show the regression results of digital acquisition capability
(da), digital utilization capability (dau), digital sharing capability (ds), and ERGI of the
eastern region. Columns (4)–(6) represent the regression results of the central region,
and columns (7)–(9) represent the regression results of the western region. All correlation
regression coefficients are significantly positive, indicating that the impact of DTE on ERGI
is not correlated with the region to which enterprises belong, and it also indicates that DTE
has a strong positive effect on ERGI.

On this basis, the regional heterogeneity of DTE on ERGI is further discussed, using
K-mean clustering analysis. The average values of enterprise digital acquisition capability
(da), digital utilization capability (dau), digital sharing capability (ds), and ERGI from 2013
to 2020 were calculated, and these four variables were used as the basis for clustering. The
clustering number was set to 2, 3, and 4, respectively. Through comparative analysis of
clustering results, it was found that the clustering number was more reasonable when it
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was 3. Among them, Category I includes Beijing and Guangdong, which represents the top
regions for DTE and ERGI. Category II includes Shanghai, Jiangsu, Zhejiang, and Shandong,
where the DTE and ERGI are also high, above the national average level, but there is a
certain gap compared with Beijing and Guangdong. Category III includes the remaining
provincial-level regions, mainly located in the central and western regions, where the DTE
and ERGI is weak compared to Category I and Category II regions.

Table 10. Regional heterogeneity analysis of geographical location.

Eastern Central Western
ERGI(1) ERGI(2) ERGI(3) ERGI(4) ERGI(5) ERGI(6) ERGI(7) ERGI(8) ERGI(9)

da 0.722 *** 1.430 *** 0.711 **
(0.0925) (0.287) (0.282)

dau 1.091 *** 0.931 *** 1.045 **
(0.149) (0.225) (0.512)

ds 0.932 *** 1.223 *** 1.310 ***
(0.108) (0.392) (0.343)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
_cons −0.815 *** −0.476 ** −0.725 ** −0.209 ** −0.239 *** −0.286 *** 0.282 ** 0.176 0.141

(0.287) (0.219) (0.275) (0.0876) (0.0862) (0.0909) (0.140) (0.148) (0.150)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 88 88 88 64 64 64 88 88 88
R2 0.953 0.963 0.956 0.952 0.940 0.939 0.918 0.904 0.920

** p < 0.05, *** p < 0.01.

Based on the results of K-means cluster analysis, the group regression explores the
regional heterogeneity analysis of DTE on ERGI in depth (Table 11). Columns (1)–(3),
(4)–(6), and (7)–(9) represent the regression results of enterprise digital acquisition capability
(da), digital utilization capability (dau), digital sharing capability (ds), and ERGI in Class
I, Class II, and Class III regions, respectively. It can be found that enterprise digital
acquisition capability can significantly promote ERGI, in Category I and Category III
regions, and enterprise digital utilization capability (dau) and digital sharing capability
(ds) can significantly promote ERGI in Class III regions. It can be seen that for regions
with weak efficiency of DTE and ERGI, enterprises should actively cultivate their digital
acquisition capabilities, digital utilization capabilities, and digital sharing capabilities, so as
to enhance ERGI.

Table 11. Regional heterogeneity analysis based on clustering.

Category I Category II Category III
ERGI(1) ERGI(2) ERGI(3) ERGI(4) ERGI(5) ERGI(6) ERGI(7) ERGI(8) ERGI(9)

da 1.286 * −0.297 0.806 ***
(0.133) (0.338) (0.164)

dau 1.017 0.365 0.928 ***
(0.175) (0.755) (0.174)

ds 1.021 −0.136 0.915 ***
(0.198) (0.573) (0.171)

Controls Yes Yes Yes Yes Yes Yes Yes Yes Yes
_cons −11.33 0.240 3.303 −0.950 −1.053 * −1.062 −0.0179 −0.00396 −0.0619

(2.114) (5.101) (6.231) (0.595) (0.565) (0.610) (0.0689) (0.0653) (0.0738)
year Yes Yes Yes Yes Yes Yes Yes Yes Yes

province Yes Yes Yes Yes Yes Yes Yes Yes Yes

N 16 16 16 32 32 32 192 192 192
R2 1.000 0.999 0.999 0.957 0.957 0.956 0.907 0.895 0.899

* p < 0.1, *** p < 0.01.
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4.6. Case Studies of Other Countries

Case studies are of great benefit to further explore the usability of research conclusions
from a practical point of view [59]. In the previous narrative, we used Chinese provincial
data to empirically test the relationship between DTE and ERGI from the perspective of
digital capabilities. Although this research is based on the actual situation in China, in
the context of rapid digital development and increasing environmental pollution, other
foreign countries are also facing the need to use digital transformation to improve the ERGI.
Therefore, it is indispensable to analyze typical foreign cases and provide reference for
other countries in the world.

Smart cities, as outstanding examples of digital transformation for sustainable eco-
nomic and social development, have been promoted by governments and businesses
around the world [60]. Although the digital transformation problem studied in this paper
is based on the enterprise level, and a smart city is the digital transformation at the city
level, enterprises, as an important stakeholder of smart city, play a non-negligible role in
the urban digital transformation. At the same time, this also confirms the research idea of
this paper. DTE is not only limited to influencing internal green innovation, but also has
an impact on other innovation entities in the region. Because Singapore and the European
Union (EU) are relatively successful representatives of smart city development on a global
scale [60–62], the smart city construction in Singapore and the European Union is selected
for the case study.

The construction of smart cities in Singapore began in the 1980s, and it is one of the
earlier and more representative countries in the world. Singapore’s smart city construction
mainly includes two aspects: smart city infrastructure construction and digital economy
ecosystem construction. After the formulation of the strategic plan for the construction of
smart cities, the Singapore government has actively promoted the development of digital
economy, built digital infrastructure and a digital industry ecosystem, provided opportu-
nities for regional green innovation with urban digital transformation, and promoted the
sustainable development of regional economy [60]. Although the smart city is promoted by
the government, it is found in the process of Singapore’s smart city construction that if you
want to achieve sustainable development through smart cities, you need the joint efforts
of the government, enterprises, and all parties in society. Only by cooperating with each
other and jointly promoting regional digitalization and smart construction can we improve
energy utilization efficiency, reduce energy waste, improve regional green and innovative
development, and promote sustainable economic and social development.

In the context of the need to promote clean energy and sustainability, the EU sees smart
cities as an important initiative to achieve this goal [62]. Similarly, when developing smart
cities, the EU also pointed out that the use of smart city construction and the realization of
digital transformation to promote sustainable development cannot be completed by one
party, but requires multiple stakeholders, including enterprises, governments, universities,
citizens, and so on [61]. Among them, Stockholm in Sweden and Amsterdam in the
Netherlands are both successful areas in the construction of smart cities. They stressed the
importance of digital transformation for regional sustainable development. Support from
digital information technology is conducive to improving the collection and utilization of
data information resources and realizing knowledge sharing.

To sum up, although this study takes the enterprise level as the research object of digital
transformation, and the smart city is at the city level, the positive role of DTE on regional
sustainable development is also emphasized in the smart city, which is consistent with our
view to some extent. At the same time, in the construction of smart cities, Singapore and
the EU have pointed out that they should not only rely on one side, but should combine
the forces of enterprises, governments, universities, the public, and other parties to jointly
achieve regional sustainable development through close cooperation, and they have also
pointed out the important role of data information resources collection, utilization, and
sharing. This paper confirms the rationality of exploring the relationship between DTE
and ERGI based on the perspective of digital capability. In short, in the process of case
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analysis, it not only supports the above theoretical and empirical analysis results, but also
expands the applicability of the research conclusions of this paper, proving that ERGI can be
improved through DTE based on the perspective of digital capability not only in China, but
also in other countries abroad. However, it is worth noting that it is necessary to formulate
a strategic plan suitable for its own development according to its own actual situation. In
addition, it also gives us inspiration for future research: digital transformation should not
only focus on the enterprise level; the digital transformation of other stakeholders in the
region is also important for sustainable development.

4.7. Discussion

Enterprises are the main force of scientific and technological innovation and the main
body of regional green innovation. Under the trend of digitalization, promoting the DTE
provides opportunities for improving the ERGI. Many studies have noted the positive
impact of DTE on green innovation [9,63–65], but most studies only focus on the micro
level. DTE not only affects the green innovation development of the enterprise, but also
affects other innovation subjects in the region. However, there is still a lack of research
on how the DTE affects green innovation at the regional level. In addition, studies on the
impact of the relationship between DTE and green innovation are mostly conducted from
the perspectives of digital transformation degree [9], digital technology application [10],
digital leadership [11], and digital strategy [12], while there are few studies from the
perspective of digital capability, which is one of the important dimensions of DTE. Based
on this, we discuss the impact of DTE on ERGI from the perspective of digital capability. It
can be said that it has enriched the theoretical research of DTE and green innovation.

The results show that from the perspective of digital capability and regional level,
the impact of DTE on ERGI is still positive. At the same time, we find that the channel
mechanism of this positive effect is achieved by improving innovation resources, including
information resources, knowledge resources, R&D funds, and human resources. He et al.
(2023) also pointed out that the DTE can strengthen the resources and knowledge base,
and then have an impact on green innovation [65], which is similar to our conclusion.
In addition, after noting the current digital divide problem [66–68], we further explored
whether there is heterogeneity in the role of digital capabilities in promoting ERGI based on
geographical location and clustering results. The study found that although this promotion
effect is not related to geographical location, it is related to the digital capabilities of local
enterprises and the ERGI. Where the digital capabilities of enterprises and ERGI are poor,
it is more conducive to play this role, which just provides guidance for the coordinated
development of ERGI. Therefore, for the weak areas of ERGI, it is necessary to increase
the support for the DTE of local enterprises, so as to narrow the gap of ERGI. In addition,
we further extended the applicability of the conclusions of this study through the case
analysis of smart cities in Singapore and the EU. In the analysis process, we also found that
the positive effect of digital transformation on regional sustainable development should
not only be limited to the enterprise level; it is also important to other stakeholders in the
region, including the government, universities, and the public.

5. Conclusions
5.1. Main Conclusions

Based on sustainable development theory, green innovation theory, and digital em-
powerment theory, this paper studies the impact of DTE on ERGI from the perspective
of digital capability by using Chinese provincial level data. The main conclusions are
as follows.

(1) The digital capabilities of DTE mainly include acquisition, utilization, and sharing,
which have a significant role in promoting ERGI. This not only enriches the research
perspective of the relationship between DTE and green innovation but also promotes
the cross-integration of digital empowerment theory and green innovation theory.
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(2) Enterprise digital acquisition capabilities, digital utilization capabilities, and digi-
tal sharing capabilities can improve ERGI by strengthening information resources,
knowledge resources, R&D funds, and human resources. It not only expands the
research content of sustainable development theory from the perspective of regional
innovation and environmentally sustainable development, but also provides a new
path for regional promotion of green innovation development.

(3) The positive impact of DTE on ERGI has little correlation with geographical location,
but the regional heterogeneity analysis based on clustering shows that the positive
impact is greater for regions where DTE and ERGI are weak. Based on the heterogene-
ity of regional development, the paper highlights the differences in the relationship
between DTE and ERGI in different regions, which deepens the research on digital
empowerment theory and green innovation theory, and also provides references
for various regions to formulate regional green innovation development strategies
according to local conditions.

It is worth noting that on the basis of empirical analysis of Chinese data, this paper
further conducts case studies on smart cities in Singapore and the EU to expand the
applicability and influence of this study. However, it must be remembered that when
other countries and regions learn from the conclusions of this study, they should formulate
appropriate strategic planning based on their own actual conditions.

5.2. Policy Recommendations

Based on the conclusions, the following suggestions are proposed for China to better
play the role of DTE in promoting ERGI based on digital capabilities.

(1) Strengthening digital capabilities for enterprise digital transformation. Digital
development strategies and construction targets should be formulated according to local
conditions. Beijing, Guangdong, Shanghai, Jiangsu, Zhejiang, Shandong, and other re-
gions with strong digital capabilities should increase continuous investment in the Internet
industry and further strengthen infrastructure construction and supporting services. Ad-
ditionally, other areas with insufficient digital capabilities of enterprises should play the
role of market players, stimulate the innovation vitality of innovation players in all fields
and at all levels, and strengthen the construction of digital platform. In the meantime, they
should give play to the overall role of the government to promote the establishment of
digital resources quality management system, and enhance the overall awareness of the
digital resources related units in the region, popularize the legal protection and interest
advantages of digital resources sharing, and give play to local advantages. They should
summarize and promote the experience and practice of advanced regions such as Beijing,
Guangdong, and Shanghai, improve the planning and design from top to bottom, promote
the docking of government digital resources and social digital resources, and expand the
benefits of digital sharing.

(2) Improving the optimal allocation of innovation resources. Local governments
should play a good role in organizing and guiding. Upwards, the government should
actively strive for the central support, relying on the national strategy of science and tech-
nology strength and key laboratories of building areas, to attract top talent at home and
abroad, and to optimize the trans-regional optimized allocation of innovation resources
and communities in promoting innovation resources flow between regions. Downward,
the government should focus on the problems existing in the allocation of innovation
resources of green innovative enterprises, including those above the scale and those at the
top position. By establishing industrial alliances and innovation consortiums, advanta-
geous resources can be integrated. Through the vertical integration of the industrial chain
and the optimal combination of innovation resources, we will strengthen the advantages
of technological innovation and the transformation of scientific research achievements
upstream and downstream of the industrial chain, and seek a wider range of cooperation.

215



Systems 2023, 11, 526

Similarly, these policies are based on China’s actual situation, but they can also provide
reference for other countries and regions. However, other countries and regions should
adjust their strategic plans according to their actual conditions.

5.3. Limitations and Future Research

There are still shortcomings in the existing research:

(1) Research data are of the timespan of less than ten years. The data will be further
updated and the timespan extended in the future to verify the accuracy and rationality
of the research conclusions. In addition, the research data in this paper are limited
to China, although we have also conducted case studies of other countries. Other
countries should adjust their strategic planning according to their own conditions
when referring to the conclusions of this study.

(2) The relationship between DTE and ERGI is only discussed from a static perspective,
without considering a dynamic perspective, which will be the direction for further
improvement of this study in the future. At the same time, with the in-depth develop-
ment of digitalization, the relationship between DTE and ERGI from the perspective
of space can be further discussed in the future.

(3) In the research process, although we consider the differences in the current economy,
industrial structure, consumption, and employment of different regions, the natural
ecological environment and the degree of ecological environment control in different
regions may also have an impact on the research results regarding the relationship
between DTE and ERGI. This is also one of the future improvement directions.

In view of the above shortcomings, future studies will expand the data time range and
verify the conclusions of this paper with data from other countries. At the same time, from
the dynamic and spatial perspectives, the relationship between DTE and ERGI is constantly
deepened. Furthermore, the ecological environment and environmental control in each
region are further included in the study.
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Abstract: Digital transformation is seen as an “elixir” for companies to improve their economic
performance and expand their market power in the digital economy. Therefore, how does digital
transformation affect enterprises’ market power? This paper used machine learning to construct a
digital transformation index and used panel data of listed enterprises from 2008 to 2020 to study
the impact of digital transformation on market power and its mechanism of action. The findings
showed that digital transformation significantly increases market power, and this conclusion still
holds after considering potential endogeneity issues and conducting robustness tests. The results
of mechanism analysis revealed that digital transformation facilitates endogenous scale expansion
and promotes merger and acquisition (M&A), which reshapes firm boundaries and, thus, enhances
market power. This paper revealed new changes in the micro-organization of enterprises in the
context of digital transformation and provided micro-evidence for the industrial organization effect
of digital transformation.

Keywords: digital transformation; market power; firm boundaries

1. Introduction

After agriculture and industry, the digital economy is the main economy. The “White
Paper on the Development of China’s Digital Economy (2023)” shows that the scale of
China’s digital economy reached RMB 50.2 trillion in 2022, indicating that the digital
economy has become the main force of contemporary economic development. President Xi
Jinping emphasized that it is necessary to accelerate the development of the digital economy
and promote the deep integration of the digital economy and the real economy. Digital
transformation aims to use digital technologies to systematically reconfigure corporate
business models and influence market structures and economic performance. However,
it is still unclear whether digital transformation expands or narrows the market power of
enterprises. As a measure of a firm’s ability to control the market, market power reflects
the changes in market structure and enterprise performance. As a result, researching
how digital transformation changes market power lays the theoretical groundwork for
developing market policies that will help businesses grow and become more powerful.

Market power has always been a focus of research in industrial organizations, and
many literature works have identified its macro- and micro-level determining elements.
Researchers have discovered that market power is influenced at the macro-level by factors
including the proportion of foreign capital [1], economic cycles [2], and tariffs [3]. On the
micro-level, scholars have explored the impact of firm size [4] and M&A [5] on market
power. Within the digital economy, digital technology is gradually penetrating all aspects
of business and driving optimal market restructuring. As a new engine for business
development, digital transformation is changing the cost structure and reshaping the
firm boundaries, which will inevitably affect market power, but current micro-evidence is
still lacking.
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Digital transformation is an important symbol of moving from traditional business to
a digital ecology at the micro-level and a micro-mirror of the deep convergence of infor-
mationization and industrialization at the macro-level. Along with digital transformation,
scholars have made significant progress on digital transformation’s economic effects in
recent years. Some scholars examine digital transformation’s influence on innovation [6],
and organizational change [7] from a corporate governance perspective. Other scholars
examine corporate digital transformation’s influence on optimizing the capital market
environment and reducing capital market risks [8] from the capital market view. Digital
transformation has brought about a profound impact at both the micro-enterprise level
and the macro-economic level. Market power is the bridge between internal corporate
governance and macroeconomic performance. Dissecting the mechanisms underlying
the changes in corporate market power under digital transformation can help bridge the
gap between micro-and macro-effects. Currently, the key to digital transformation is to
reduce costs and increase efficiency, and changes in cost structures will reshape the firm
boundaries. In addition, the 2021 China Enterprise Digital Transformation Index shows
that the gap in revenue growth between companies that have successfully undergone
digital transformation and the average company has widenedfrom 1.4 times to 3.7 times.
Therefore, we cannot help but think: Will digital transformation “reshuffle” the market and
change corporate market power? What are the underlying mechanisms? The answers to
these questions can theoretically help clarify the microscopic mechanism of industrial orga-
nization change under digital transformation and also have important practical significance
for precise measures to improve corporate high-quality development.

From the applications and characteristics of digital transformation, it can be found that
it may have the following two effects on corporate market power. Based on economies of
scope, digital transformation breaks through geographic location and language constraints,
allowing firms to operate in multiple markets simultaneously, improving service quality
and market power. Based on economies of scale, suppliers and partners of firms can
also share consumer data and technical expertise through digital transformation in order
to facilitate firms to build a business ecosystem and increase their market power and
market share. However, there is a lack of direct empirical analysis on the impact of digital
transformation on market power.

This paper first used the Python web crawler to obtain the annual reports of listed
companies from 2008 to 2020. It then used text analysis to examine the frequency of words
in the annual reports of listed companies based on the extracted common lexicon and
calculated the digital transformation index of each listed company in each year. Then, the
panel data were constructed by combining the relevant financial indicators. The impact of
digital transformation on market power and its mechanism were elucidated by empirical
analysis. The following are the paper’s primary conclusions: First, digital transformation
increases corporate market power. Considering the possible endogeneity issues, this
paper adopted the instrumental variables approach for endogeneity analysis and still
obtained consistent conclusions. In addition, the conclusions still held after robustness
tests. Second, this article found through mechanism analysis that digital transformation
not only stimulates the endogenous scale expansion of firms, but also promotes M&A and
restructuring, which expands the firm boundaries and, thus, increases the market power.

Compared with previous studies, the potential contributions of this paper are as
follows. First, this paper explored the industrial organization effects of digital transfor-
mation from the micro-enterprise level. Scholars have studied digital transformation’s
economic effects from a micro-perspective. In contrast, some scholars have examined
digital transformation’s influence on the macroeconomy. However, few scholars have built
a bridge between the micro-effects and macro-effects of digital transformation from the
perspective of corporate market power. Moreover, how digital transformation changes firm
boundaries has become one of the three important questions to tackle in digital economy
research [9]. This paper also provided a research basis to answer further how industrial
structure and economic performance change under digital transformation. Second, re-
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garding the construction of the indicators, this paper optimized digital transformation
measurement based on machine learning methods. The deep integration of digital and
traditional economies makes measuring enterprise digital transformation more difficult,
and there is no scholarly consensus yet. Currently, scholars mostly measure corporate
digital transformation at the macro-level [10], and the degree of digital transformation at
the micro-level is not perfect. Some scholars focus on one aspect of digital technology,
such as Rammer et al. [11], who used industrial robot data to examine the influence of
AI on labor, employment, and industrial innovation. In addition, some scholars have
measured digital transformation in a single dimension, such as digital innovation [12].
However, digital transformation is a systematic redefinition of enterprise organizational
processes, business models, and product forms using digital technologies, including many
elements such as digital assets, talent, and innovation. Thus, an effective portrayal of
enterprise digital transformation should consider all these aspects. Therefore, we refer to
Li et al. [6] and use the text mining method in machine learning for digital transformation
index construction based on the lexicon formed by common word extraction. Third, this
paper provided empirical evidence for enterprises to grow bigger and stronger with the
help of digital transformation, but also provided empirical evidence and policy reference
to strengthen digital economy governance.

2. Theoretical Analysis and Hypothesis

Digital transformation refers to the redefinition of corporate organizational processes,
business models, and product forms by digital technologies, which reshape firm boundaries
and, thus, affect market structures and patterns. Based on the inherent logic of external
expansion and internal growth, this paper analyzed the mechanism of digital transfor-
mation on market power in two ways: M&A and the establishment of subsidiaries. The
mechanistic framework is presented in Figure 1.
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2.1. Digital Transformation Enables External Expansion and Increases Market Power by Promoting
Corporate M&A

The cost structure change under digital transformation will promote M&A from both
internal and external aspects. Internally, digital transformation has the effect of reducing
costs and increasing efficiency. Based on neoclassical economics theory, companies have
an incentive to promote M&A. On the other hand, externally, digital transformation, as an
important initiative for high-quality corporate development, will release favorable infor-
mation to the capital market, consequently pushing up share prices. Based on behavioral
finance theory, firms can initiate M&A.

From neoclassical economics theory, specific industry shocks and productivity dif-
ferences are the main causes of M&A [13]. High-productivity firms are more inclined
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to buy assets, while low-productivity firms are more inclined to sell assets [14]. Digi-
tal transformation involves incorporating data as a new production factor into business
management [15] to reduce cost and efficiency. Specifically, digital transformation will
affect enterprise productivity and, thus, M&A on both the demand and supply side. On
the demand side, digital transformation alleviates productivity inefficiencies caused by
asymmetric information. Digital transformation reduces the cost of information gathering,
facilitates more-targeted production planning, and improves enterprise productivity. On
the supply side, digital technologies such as AI have replaced many jobs and automated
business production. Compared with ordinary employees, intelligent machines are not
limited by physical strength and energy, so they can produce for an extra-long time and
with extra-high efficiency. In addition, digital transformation allows enterprise production
data visualization, and enterprises can monitor the production status at any time. Digital
technology has enabled sales to break through the limitations of geographic location. The
business scope and sales path of enterprises can be opened. The expansion of consumption
will increase production, increasing productivity. Productivity increases in some firms
widen the productivity gap between industries. High-productivity firms will become
potential M&A parties in the market, expanding their corporate boundaries and increasing
their market power by acquiring low-productivity firms.

From behavioral finance theory, the stock value is the main driver of M&A in the
financial market. Subject to irrational expectations, management tends to practice arbitrage
in non-efficient stock markets through M&A [16]. When the stock price increases, M&A
will be more frequent. The essence of digital transformation is to revolutionize business
management and modelling using digital technologies. Therefore, digital transformation
means releasing good news to the market and increasing the stock price. Confronted with
rising stock prices, companies may acquire other companies to complete their industrial
layout and increase their market power. On the other hand, companies’ shareholders are
likely to practice arbitrage through M&A, thus promoting M&A and increasing market
power. Therefore, the share price effect of digital transformation will cause frequent M&A
and, thus, increase market power.

Whether analyzed in neoclassical economic or behavioral finance theory, digital trans-
formation creates and satisfies the requirements for M&A. Therefore, digital transformation
will inevitably promote M&A. Enterprises broadening their boundaries through M&A will
also lead to an increase in market power. This paper puts forth the following hypothesis:

Hypothesis 1 (H1). Digital transformation enables external expansion and increases market power
by promoting corporate M&A.

2.2. Digital Transformation Enables Internal Growth and Increases Market Power by Facilitating
the Establishment of Subsidiaries

Establishing subsidiaries is an important means to achieve scale expansion and in-
crease market power [17]. However, asymmetric information and management costs
between subsidiaries and parent companies have always prevented setting up subsidiaries.
Digital transformation uses digital technology to reduce the cost of setting up subsidiaries
and amplify the advantages of subsidiaries, thus enabling companies to increase their
market power by setting up subsidiaries.

Specifically, digital transformation’s information dissemination and management
structure changes help weaken the communication and management costs between sub-
sidiaries and parent companies. In information dissemination, digital technology breaks
through the limitations of time and space, which helps business collaboration and infor-
mation sharing between subsidiaries and parent companies and reduces communication
costs. In management structure, digital transformation changes the enterprise’s original
management process and organizational structure [18]. Digital transformation brings the
finance, personnel, production, and sales of subsidiaries and parent companies under
the same digital system [19], realizing the automation and intelligence of management
and reducing management costs. In addition, digital transformation will amplify the
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advantages of subsidiaries in production, sales, and innovation. For production, digital
transformation helps subsidiaries determine reasonable input–output ratios and realize the
efficient production management of subsidiaries, so they can provide more products for the
parent company. The most-important thing for sales is customer preference and product
pricing. Big data can accurately reveal customer preferences [20] and overcome the friction
in the corporate demand accumulation process [21], making sales more targeted and in-
creasing customer stickiness. In addition, firms can set prices based on individual demand
functions in product pricing, acquiring more consumer surplus capacity and increasing the
advantage of subsidiaries in sales. Product innovation is an important asset for subsidiaries
to develop their markets [22,23]. Digital technology is the key to product innovation. The
learning ability of AI will largely reduce the uncertainty of product innovation, shorten the
product innovation cycle, and seize the first opportunity for the subsidiary to develop the
market. The development and growth of subsidiaries in production, sales, and marketing
will provide the parent company with more resources, products, and information and pull
the parent company to increase its market power.

Digital transformation reduces the cost of setting up subsidiaries, prompting them
to gain a larger market share and greater market power through establishing subsidiaries.
This paper presents the following hypothesis:

Hypothesis 2 (H2). Digital transformation enables internal growth and increases market power
by facilitating the establishment of subsidiaries.

3. Research Methodology
3.1. Variables
3.1.1. Explanatory Variable

The key to an in-depth examination of digital transformation lies in effectively measur-
ing the digital transformation index. Through the literature review, it was found that the
key to the reasonable measurement of digital transformation lies in solving the following
problems. First, the research perspective was chosen from the research questionnaire.
There is a large amount of literature on digitization at the macro-level. Ran et al. [24] and
Wu et al. [25] studied the impacts of digital on natural resources and environmental pollu-
tion using the digital economy development index at the provincial and city level. Second,
the characteristics of digital transformation should be comprehensively and effectively
portrayed. In the existing literature, some scholars take a specific aspect of digital trans-
formation such as digital innovation [12] and ICT investment [26] as a proxy variable for
digital transformation. This approach has difficulty reflecting the full picture of enterprise
digitization. Third, machine learning techniques are used wisely. It is now possible to
measure digital transformation using machine learning. The key to this approach is to
extract digital-transformation-related information. To some extent, the greater the terms
related to digital transformation, the faster the digital transformation process. Although
many terms differ in specific designations depending on corporate attributes, they express
similar meanings. However, the existing literature has an insufficient common vocabulary
for the thesaurus construction [27], resulting in a large cross-sectional bias in the digital
transformation index. No bias can be eliminated even with individual fixed-effects mod-
els. In addition, there is a “long-tail feature” in word frequency statistics. If each word
is counted individually, there is a problem with excessive computation. The “long-tail
feature” will also bring large statistical bias if the low-frequency words are neglected.

According to the above analysis, it can be found that the construction of the thesaurus
is crucial to comprehensively reflect the dynamics of digital transformation from the micro-
level. Therefore, this paper constructed the lexicon from the common characteristics and
target concepts of enterprise digital transformation to avoid the bias caused by individual
characteristic factors [28]. Then, we manually filtered out the phrases with poor relevance
to digital transformation and eliminated them after using Python to extract the 4-digit
terms linked to common words from the annual reports of all listed firms. Finally, we
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obtained the word frequency of each phrase. Finally, we summed up the word frequency
of each phrase to obtain the total word frequency and normalized it to obtain the digital
transformation index.

3.1.2. Explained Variable

Market power is the firm’s ability to significantly influence market prices within a
market and is often used to measure the monopolistic tendencies of the firm. Product price
is central to defining market power. This paper used corporate price markup to measure
market power. The specific approach is as follows.

mkpit = θx
it(α

x
it)

−1 (1)

θx
it indicates the output elasticity of intermediate goods’ inputs. X is for intermediate goods.

αx
it is the share of expenditures on intermediate goods.

The parameter estimation of the firm’s production function was performed using the
transcendental logarithmic production function. The specific settings are as follows:

lnyit = βl lnlit + βklnkit + βmlnmit + βll(lnlit)
2 + βkk(lnkit)

2+

βmm(lnmit)
2 + βlklnlitlnkit + βlmlnlitlnmit + βkmlnkitlnmit+

βlkmlnlitlnkitlnmit + ψit + εit

(2)

y is the gross industrial output value. l, k, and m denote labor, capital, and intermediate
input factors, respectively. ψ refers to the heterogeneous productivity of firms. ε denotes a
random error term. According to the DLW method, a two-step estimation of the production
function was used: in the first step, the model was estimated by using the proxy variables of
productivity to obtain the estimated values of the explanatory variables. In the second step,
the parameters of the production function were estimated using GMM estimation. The
expression for the estimated input–output elasticity of intermediate goods is given below.

θx
it = βm + 2βmmlnmit + βlmlnlit + βkmlnkit + βlkmlnlitlnkit (3)

By substituting the output elasticity of the input factor θx
it into the calculation of mkpit,

the value of the corporate markup rate was estimated.

3.1.3. Control Variables

This paper chose the following control variables: Size, Roa, Top, Lev, Fix. Table 1.
provides the specific meaning of each variable.

Table 1. Variable definitions.

Types Abbreviation Definition

Explanatory Variable Digital Standardized digital transformation thesaurus word frequency

Explained Variable Power Price mark-up

Control Variables

Size ln(1 + total assets)
Roa Net profit/total assets
Top Shareholding ratio of the largest shareholder
Lev Total liabilities/total assets
Fix Fixed assets/total assets

3.2. Model

This paper constructed a regression model (2) to explore the impact of digital transfor-
mation on market power:

Powerit = α + βDigitalit + γControlit + µi + δt + ψind + λr + εit (4)
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The explained variable Powerit is market power. Digitalit represents the degree of corporate
digital transformation. Controlit are the control variables. µi indicates individual fixed-
effects. δt indicates the time fixed-effects. ψind indicates the industry fixed-effects. λr
indicates the region fixed-effects. εit denotes the random error term. The coefficient β of
Digitalit represents the direction and magnitude of the impact of digital transformation on
market power.

3.3. Data Sources

The data on market power used in this paper were measured by the authors using
the DLW method. The digital transformation index was calculated using the text mining
method. Other data were sourced from the CSMAR. In order to make the sample data
more representative, this paper excluded the following sample data: (1) financial, ST, and
* ST enterprises; (2) enterprises with serious missing data; (3) financial anomalies. In
addition, we performed linear interpolation and average interpolation on a few lost data.
The finalized sample for the article was the panel data of 2900 listed firms from 2008–2020,
with 24,361 observations in the measurement model.

4. Results
4.1. Descriptive Statistics

Table 2 provides the fundamental statistical properties of the key variables. Digital
transformation had a mean value of 3.224, a minimum value of 0, and a maximum value of
7.368. These data indicated a significant difference in the progress of digital transformation
among different firms, and some firms have not even carried out digital transformation yet.
The samples had good differentiation.

Table 2. Descriptive statistics.

Variable N Mean SD Min Max

Power 24,361 1.270 0.207 0.211 2.981
Digital 24,361 3.224 1.246 0 7.368

Size 24,361 22.17 1.328 15.38 28.64
Roa 24,361 0.0370 0.124 −3.164 10.40
Top 24,361 34.92 14.95 2.197 89.99
Lev 24,361 0.447 0.210 0.00700 1
Fix 24,361 0.227 0.157 0 0.929

4.2. Regression Results and Analysis

Digital transformation will impact corporate market power, while companies will
proactively embrace digital technologies and undergo digital transformation to improve
their market power. As a result, market power and digital transformation may be mutually
causally related. The following two instrumental variables were chosen to evaluate the
results of this paper to alleviate endogeneity problems.

(1) We referred to Li et al. [6] and chose a one-period lagged digital transformation
index to replace the current period value for 2SLS estimation. The instrumental variable
satisfies the requirement of exogeneity because the current period’s corporate market
power does not affect the digital transformation in the previous period. At the same time,
digital transformation takes a long time to accumulate, and the digital transformation
of the lagged period is correlated with the current period. Therefore, the instrumental
variables satisfy the requirement of correlation. The regression results are displayed in
column (1) of Table 3. The results showed that the Anderson canon. corr. LM statistic
had a p-value of 0, indicating that there was no problem of under-identification of the
instrumental variables. The value of the Cragg–Donald–Wald F statistic was also greater
than the stock-Yogo’s critical value of 16.38, indicating that there was no problem of weak
instrumental variables. The explanatory variables were positive, indicating that the digital
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transformation significantly increased the market power, and the conclusions of this paper
remained robust.

(2) Mail was the main form of communication for people in the early days. To some
extent, the number of post offices influenced access to digital technologies, subsequently
affecting the popularity and development of digital technologies. However, the number
of post offices minimally impacts corporate market power currently. In this paper, the
number of post offices per million people in each province in 1984 was chosen as the
instrumental variable to satisfy both the requirement of exclusivity and the requirement
of relevance. In addition, we constructed the interaction term between the number of
post offices per million people in 1984 and the IT services in the previous year for each
province as the second instrumental variable in this paper, drawing on Nunn and Qian [29].
The regression results are shown in Column (2) of Table 3. The results showed that the
Anderson canon. corr. LM statistic had a p-value of 0, indicating that there was no problem
of under-identification of the instrumental variables. The value of the Cragg–Donald–Wald
F statistic was also greater than the stock-Yogo’s critical value of 16.38, indicating that
there was no problem of weak instrumental variables. The core explanatory variable was
positive, fully consistent with the previous results.

Table 3. Impact of digital transformation on market power.

(3) (4)

IV1 IV2

Digital 0.006 ** 0.074 **
(0.003) (0.030)

Size −0.019 *** −0.032 ***
(0.002) (0.006)

Roa −0.056 *** −0.070 ***
(0.010) (0.013)

Top 0.000 *** 0.000
(0.000) (0.000)

Lev −0.079 *** −0.081 ***
(0.007) (0.013)

Fix 0.368 *** 0.346 ***
(0.010) (0.014)

_cons

N 21,147 19,931
R2 0.305 0.133

Note: *** and ** respectively represent statistical significance at the 1% and 5% levels.

4.3. Intrinsic Mechanisms of Digital Transformation Affecting Market Power: Firm Boundaries

The previous empirical results revealed that digital transformation increases corporate
market power. However, it is unclear through which channels digital transformation affects
market power. Therefore, this paper adopted the stepwise regression method to test the
channels of influence of digital transformation on firms’ market power.

4.3.1. Digital Transformation Promotes M&A for External Expansion

To test whether M&A is a channel through which digital transformation affects market
power, this paper adopted the number of M&As as a measure of corporate M&A activity
and runs regressions. The results in Column (1) and Column (2) of Table 4 indicate
that digital transformation promotes the occurrence of the outbound M&A activities of
enterprises. Theoretically, digital transformation provides companies with new resource
elements, namely data and information. The rapid flow of data and information helps
firms to respond positively to market demand and effectively integrate external market
resources, which drives productivity gains and stock prices and promotes the occurrence of
M&A activities. Digital transformation’s impact on corporate M&A was, thus, confirmed.
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Table 4. Mechanism analysis.

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

MA Power Subsidiary Power

Digital 0.047 *** 0.050 *** 0.041 *** 0.028 ***
(0.016) (0.001) (0.006) (0.001)

MA 0.004 ***
(0.001)

Subsidiary 0.019 ***
(0.001)

Size 0.298 *** −0.025 *** 0.374 *** 0.017 ***
(0.027) (0.001) (0.010) (0.002)

Roa 0.476 ** −0.284 *** −0.277 *** −0.267 ***
(0.238) (0.022) (0.094) (0.016)

Top −0.017 *** −0.000 *** 0.004 *** −0.001 ***
(0.002) (0.000) (0.001) (0.000)

Lev 0.150 −0.267 *** 0.268 *** −0.145 ***
(0.110) (0.007) (0.043) (0.007)

Fix 0.032 0.334 *** 0.116 ** 0.337 ***
(0.141) (0.009) (0.057) (0.010)

_cons −5.226 *** 1.726 *** −6.582 *** 0.792 ***
(0.576) (0.022) (0.224) (0.036)

N 23,550 23,719 24,195 24,195
R2 0.325 0.295 0.818 0.781

Note: *** and ** respectively represent statistical significance at the 1% and 5% levels.

The synergism and scope economy effects of M&A increase firms’ market power.
Previous studies have confirmed this view [30,31]. The synergism is specifically reflected
in that firms can reduce the cost of opening new markets, improve the industrial chain
layout, and increase their market share and market power through M&A. In addition, the
scope economy effect of M&A is also conducive to improving market power. The scope
economy effect of M&A refers to the expansion of business operations. Business expansion
is reflected in the increased number and variety of products. The increase in product
quantity means that the firm’s market share is encroached upon by other firms, which
further squeezes the survival space of other firms and increases the market power [32].
The increase in the variety of products enhances the overall bargaining power of the firm’s
products. The increase in bargaining power enhances the firm’s monopoly and market
power. From the above analysis, it is clear that M&A does lead to increased market power.
Therefore, the hypothesis that digital transformation increases market power by promoting
outbound M&A was confirmed.

4.3.2. Digital Transformation Promotes the Establishment of Subsidiaries for
Internal Growth

To verify whether establishing subsidiaries is a channel through which digital trans-
formation affects market power, this paper used the number of subsidiaries to measure
mediating variables and performed regression analysis. The results in Column (3) and
Column (4) of Table 4 show that digital transformation motivates firms to establish sub-
sidiaries. Theoretically, the technological advantage of digital transformation effectively
reduces the communication cost and information asymmetry between the parent company
and the subsidiary. Besides, the new changes brought by digital transformation amplify
the role of subsidiaries with respect to the parent company. As a result, companies are
more motivated to set up subsidiaries under the influence of digital transformation. The
impact of digital transformation on the establishment of subsidiaries by companies was,
thus, confirmed.

Regarding how establishing subsidiaries affects market power, this paper examined
its impact on market power in terms of the motivation for setting up subsidiaries. There
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are two main reasons to establish subsidiaries. One is to divest the firm’s original assets
from poor businesses [33]; the other is business expansion [34]. However, regardless of the
reason for setting up a subsidiary, establishing subsidiaries increases market power for the
firm. On the one hand, by divesting troubled or underperforming businesses, companies
can increase their core businesses’ competitiveness and market power by divesting them of
a steady flow of capital to their core businesses. On the other hand, business expansion
inherently represents increased corporate market power. In addition, if a subsidiary is
established due to business expansion, the subsidiary can use the parent company’s original
resources and experience to dominate in new business areas. The size of the parent firm will
likewise grow when the subsidiary’s size increases, increasing the firm’s market monopoly
and market power. From the above analysis, it can be seen that establishing subsidiaries
increases corporate market power. Therefore, the hypothesis that digital transformation
increases market power through the establishment of subsidiaries internally was confirmed.

5. Discussion and Conclusions
5.1. Discussion

Accelerating the realization of economic and social informatization, digitalization and
intelligence have become a global development consensus. However, the “head effect” in
various industries has become increasingly obvious in the digital era. Therefore, has digital
transformation increased or decreased the market power of enterprises? The answer to this
question will help enterprises understand digital transformation’s economic effects and
promote the optimization and adjustment of market structure. In this background, this
paper innovatively constructed a digital transformation lexicon based on the objectives and
common features of digital transformation. It used machine learning to obtain the digital
transformation index by counting the frequency of words in their annual reports. Then,
this paper empirically analyzed the effect of digital transformation on market power and
further investigated its mechanism of action.

However, there are still some shortcomings in this paper. As the data were limited to
availability, digital transformation’s influence on the market power was solely examined in
this research using information from publicly traded corporations. However, listed compa-
nies are normally large, so there may be some problems of sample selectivity. Therefore,
the findings of this paper do not necessarily apply to small- and medium-sized enterprises.
Regarding indicator construction, the digital transformation index used in this paper was
indirectly obtained from the annual reports of listed companies through text analysis. De-
spite the measurement method being further optimized based on the previous work, there
may still be some errors. In the future, we will enrich the sample data as much as possible.
We will further innovate the measurement method to more accurately measure digital
transformation. We will also expand the content of the study to provide more empirical
evidence for industrial organizational change under digital transformation.

5.2. Conclusions

The findings of this paper were as follows. First, digital transformation increases
market power. The findings of this paper remained robust after performing robustness and
endogeneity treatments. Second, we found that outward M&A and inward establishment
of subsidiaries are two important ways digital transformation affects a firm’s market
power through mechanism analysis. Based on the above findings, this paper obtained
the following insights: Digital transformation is increasingly disruptive to traditional
enterprises. Therefore, enterprises should seize the opportunity and surge in the digital
wave. Enterprises should lay out digital transformation strategies oriented toward business
transformation, accelerate the formation of their required digital capabilities, and realize
the transformation of business models as soon as possible. Furthermore, governments
are expected to focus closely on the market effects of digital transformation and guide
enterprises in digital transformation while preventing the disorderly expansion of capital,
improving market regulation, and facilitating high-quality economic development.
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Abstract: In the digital economy era, cloud–edge collaboration technology provides the necessary
technical support for the digital transformation of enterprises, which can improve the quality of
services (QoS), and it attracts extensive attention from scholars and entrepreneurs from all fields.
Under the bounded-rationality hypothesis, this paper investigates the service mechanism for the
cloud–edge collaboration system considering the quality of experience (QoE) and presents a dynamic
evolutionary game model between cloud service providers and edge operators by applying the
evolutionary game theory. Then, this paper analyzes the equilibrium and stability conditions for the
decision-making of both parties involved to guarantee the QoE reaches the ideal state. In addition,
we investigate the factors that influence the stable cooperation between the two evolutionary stable
strategies and validate the theoretical analytical results with numerical simulations. The research
results show that the final evolution of the cloud–edge collaboration system depends on the benefits
and costs of the game matrix between the two parties and the initial state values of the system. Under
a specific condition, the cloud–edge collaboration system can eventually be driven to be an ideal state
by reducing the collaboration cost and improving the collaboration benefit. The more both parties
focus on the QoE, the more conducive it will be for the formation of a cloud–edge collaboration, thus
effectively promoting long-term stability and better serving enterprises’ digital transformation.

Keywords: digital economy; digital transformation; cloud–edge collaboration; quality of experience;
evolutionary stable strategy

1. Introduction

The innovation of digital technology has brought tremendous changes in the social
and market environments and became disruptive [1]. The digital economy has facilitated
a high-quality economic and social development in various countries [2]. The strong
resilience demonstrated by Internet-based enterprises based on digital technology has been
widely recognized by the international community. The outstanding performance of digital
technologies such as big data analytics, cloud computing, and the Internet of things has
made all stakeholders more confident that they can achieve the digital transformation of
enterprises so as to promote the development of the digital economy. Many countries
have paid a lot of attention to the development of digital transformation and proposed
a range of strategic decision-making deployments, which have stimulated the demand
and endogenous forces for enterprises’ transformation and upgrading. However, the
characteristics of traditional enterprises, such as various product types, scattered user
data, and different stages of development, affect the overall effect of digital transformation,
making it difficult for some enterprises to achieve digital transformation and upgrade in a
short period of time.

For businesses, users are the fundamental source of their benefits, and the QoE di-
rectly affects their competitiveness in the market, which in turn determines the revenue
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earned in the face of fierce competition. In previous research and production practices,
companies have mainly focused on improving [3], i.e., business sophistication through
some measurable hardware and software improvements and guarantees, yet the QoE [4] is
the key factor for market success and is not always guaranteed by quantification. The QoE
is closely related to the QoS but is not identical to it [5]. The QoE is a user-layer concept and
represents both objective and subjective satisfaction of users, while the QoS is a reflection
provided by the service provider from the network- and service-layer perspective. For each
type of services used by the users, to meet their QoE requirements, the service provider
must understand what level of QoS is required, and the network operator needs to consider
what QoS mechanism to implement to meet the service provider’s requirements. Thus, how
cloud service providers and edge operators focus on the QoE directly affects their benefits
and costs and is one of the indispensable factors in studying the behavior of both parties.
For both parties, guaranteeing the QoE can improve the level and value of the business,
increase user loyalty, and even bring better word-of-mouth communication among users to
enhance core competitiveness in a competitive environment.

Since cloud service providers and edge operators have different types of resources and
different service storage capabilities, they typically make decisions under diverse conditions.
Indeed, based on the premise of bounded rationality, decision-making is an evolutionary
game process for cloud service providers and edge operators [6]. In order to improve the
QoE and better help various large and small enterprises to achieve digital transformation,
we investigate the intrinsic laws of game behavior among digital technology providers
based on evolutionary game theory and obtain the following main contributions:

1. We establish an evolutionary game model for the collaborative service mechanism
of cloud service providers and edge operators and theoretically study the existence
conditions and evolution rules of evolutionary stable strategies (ESSs), which con-
tributes to analyzing the behaviors of cloud service providers and edge operators
when collaboratively handling user service requests;

2. We perform numerical simulations to illustrate the evolution of the cloud–edge col-
laboration system and show quantitatively the impact of the initial conditions and the
variation in decision parameters on the evolutionary results;

3. Finally, we propose some specific measures to promote the stability of the cloud–edge
collaboration system, based on a theoretical analysis and simulation results.

The rest of the paper is organized as follows: Section 2 introduces the research problem,
basic assumptions, and related remarks and constructs an evolutionary game model for the
cloud–edge collaboration system. Section 3 theoretically analyzes the evolutionary game
in some detailed scenarios and identifies evolutionary stable strategies under different
conditions. Section 4 considers the case where there are two evolutionary stable strategies,
illustrates the effect of initial values and decision parameters on the evolution process and
evolutionary outcomes, discusses evolutionary phenomena, and proposes management
measures for the cloud–edge collaboration system. Finally, Section 5 summarizes the
conclusions of our work and gives directions for further research.

2. Literature Review

In findings on digital transformation, researchers have always focused on specific
aspects such as the influencing factors, processes, and outcomes. For example, Kozanoglu
et al. [7] studied the influencing factors of digital transformation in enterprises, including
the attitudes of employees. Warner et al. [8] considered the process of digital transformation
in enterprises from the perspective of dynamic capability. Bouwman et al. [9] investigated
the impact of digital transformation on business models and firm performance. For enter-
prises, the researchers focused on their digital transformation models, pathways, and the
impact of the generalization of digital technologies on business model evolution. Sergei [10]
analyzed the variations in nontechnological digital transformation enablers in high-tech
and low-tech manufacturing companies. Sjodin et al. [11] studied the digitalization of
business models for large manufacturers with an industrial ecosystem coordination frame-

233



Systems 2023, 11, 331

work. Zainal-Abidin [12] explored the antecedents of digital collaboration and developed
a framework for microdestination management organizations to enhance effective desti-
nation management through digital technologies. Alenezi [13] described some challenges
that higher-education institutions encountered, as well as the technological resources and
methodologies they used in the current scenario to transform higher-education institutions
by embracing digital transformation. It is now agreed that digital technologies are very
essential for both large supply-chain enterprises to deeply understand the enterprise value
creation brought by digital transformation [14] and small and medium enterprises with
numerous resource limitations to realize digital transformation [15,16]. For example, the
development of digital finance can promote enterprise innovation, thus facilitating the
digital transformation of enterprises [17], which means that digital technologies can bet-
ter serve digital enterprises to achieve high-quality economic development. Digitization
can centralize the scattered data of traditional enterprises and mine the business value
of data to promote the organizational transformation of traditional enterprises [18]. A
big-data strategy has not only changed the paradigm of economic research [19], but data
empowerment is also the key factor to the digital transformation of enterprises. Digital
transformation of grassroots governance driven by digital technologies such as the Internet,
cloud computing, and big data can achieve a better governance effectiveness. The new
infrastructure is guided by the new development concept (innovation, coordination, green,
open, sharing), driven by technological change and based on information technology, and
faced with the needs of the digital economy era. The infrastructure provides functions
such as digital transformation, digital integration, and a digital upgrading of traditional
infrastructure. The proposal of a new infrastructure strategy enables enterprises to develop
a digital enablement strategy to value innovation. It can be seen that more and more
established technologies such as the Internet, cloud computing, and big data strategies
provide an optimized development path for solving various problems faced in the digital
economy.

Digital technologies include data storage and processing technologies, networking
technologies, and computing technologies, such as artificial intelligence, cloud computing,
and a wide range of computing algorithms. As cloud infrastructure becomes ubiqui-
tous, the pace of cloud-based intelligence and digitization will continue to accelerate.
Microsoft Azure, Amazon AWS, and other public cloud providers offer support for the
digital transformation of traditional businesses. However, despite its powerful resource
service capabilities, cloud computing suffers from service time delay, energy consump-
tion, and a poor quality of experience due to long-distance transmission between end
users and remote cloud centers. Correspondingly, edge computing has the advantage
of a low transmission delay and a high service responsiveness due to its deployment at
the edge despite certain resource constraints in terms of computation and storage [20].
Thus, cloud–edge collaboration technology can better overcome the shortcomings of both
cloud computing and edge computing, and has attracted a lot of research attention from
academia and industry in recent years, in areas such as computational offloading [21–23],
task and resource scheduling [24–26], and resource allocation [27–30], so as to achieve a
lower transmission latency and better user experience.

Evolutionary game theory has been widely used in related research on group behavior
analysis, providing an effective analytical tool for discussing the strategy selection and
evolutionary logic of the players in cloud–edge collaboration systems from a micro per-
spective, whose core is an “evolutionary stable strategy” and “replication dynamics” [31].
In 1973, Smith and Price proposed the concept of evolutionary stable strategy (ESS) [32],
which means that after each player adopts its strategy in the process of an evolutionary
game, the population can no longer be affected according to the role of natural selection.
In 1978, ecologists Taylor and Jonker proposed the concept of replicator dynamics (RD) [33],
which refers to a population simulating the learning and dynamic adjustment process of
other populations through “replication dynamics” and then making corresponding optimal
decisions through the process of dynamic convergence to an evolutionarily stable strategy.
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Since some players will not adopt a fully rational equilibrium strategy, they will not find
the optimal strategy at the beginning when making decisions. The business processing of
the cloud–edge collaboration system is in a dynamic state of continuous development, and
the instability of the business makes both parties have a certain degree of distrust; thus, it
is difficult for both parties to have complete rationality.

However, it is a critical problem to reasonably describe the collaboration relationship
between public cloud service providers offering cloud computing services and edge opera-
tors providing edge computing services, who are regarded as bounded rational agents, and
also to involve some issues related to their own interests when dealing with user service
requests collaboratively. Digital enterprises can gain more benefits in the digital economy
market by applying digital technologies, so they can help spur digital technology providers
to further provide more technical support for digitalization and high-quality development
in a more active and efficient manner.

3. Model Description

The edge cloud relies on the coverage of massive cluster resources to enable end users
to access edge computing power with a better experience and lower latency. On the one
hand, the flexibility of the user service is enhanced by the upward shift of the terminal
computation. On the other hand, the cost and latency are reduced by the downward shift
of cloud computing power. Therefore, introducing an edge cloud between the remote cloud
center and end users can make the edge service more flexible and achieve quadratic com-
puting with improved territorial performance. We followed the edge cloud architecture [34]
and the service-oriented resource allocation cyclic game [35] in edge computing, then
simplified the cloud–edge collaboration system into two major decision players, namely,
cloud service providers and edge operators, which can operate collaboratively by sharing
computing resources and complementing each other to complete the service requests of
end users, reduce the cost burden, and share cooperation benefits. Cloud service providers
manage service resources via the cloud and deploy them at the edge nodes. They mainly
provide the service distribution strategy of SaaS services in the cloud and edge nodes,
as well as the SaaS service capability undertaken in the cloud, thus they have the vital
resource service and deployment capabilities, but also have the disadvantage of a high
latency due to long-distance transmission. The edge operators mainly control the edge
node resources because the edge cloud (EC) operators provide small and medium-scale
cloud infrastructure on the edge side near the end users and provide edge cloud service
capability based on 5G applications, so they can not only realize part of the EC-SaaS ser-
vices according to the cloud strategy but also realize customer-oriented SaaS through the
collaboration of EC-SaaS and cloud SaaS. In addition to the on-demand SaaS services,
they also have specific edge service capabilities to meet high-bandwidth, low-latency, and
localized-processing business requirements with the advantages of a low transmission
latency and the disadvantages of limited resources. Differences between the agents of
the cloud–edge collaboration system and the uncertainty of the market competition leave
the two parties in an information-asymmetric state. The two types of agents involved in
decision-making need to repeatedly try, learn from experience, and adjust their strategies
in a game process based on bounded rationality to eventually reach an equilibrium.

3.1. Basic Assumptions and Parameter Descriptions

In this part, we give some basic assumptions and parameter descriptions for the
cloud–edge collaboration system. Firstly, we give the following elementary hypothesis
by following the generalization of the related literature on evolutionary games, and the
parameters are described in Table 1.
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Table 1. Parameter definitions in the model.

Parameters Parameter Descriptions

R Benefits of cooperation between S1 and S2
Rs The unique benefits of S1 handling user service requests alone
Re The unique benefits of S2 handling user service requests alone
Is Information transmission cost of S1
Ie Information transmission cost of S2
C Total cost of collaborative processing services for S1 and S2
Cs The cost of S1 to process the user’s service requests alone
Ce The cost of S2 to process the user’s service requests alone
l1 Losses of S1 due to user complaints
l2 Losses of S2 due to user complaints
L Liquidated damages for breach of the cloud–edge collaborative constraint agreement
M Revenue distribution coefficient of S1 when revenue is shared
a Cost allocation ratio of S2 when cost is shared
α The emphasis level of S1 for QoE
β The emphasis level of S2 for QoE

Hypothesis 1: The game process involves cloud service provider S1 and edge operator S2, and they
are boundedly rational players. The action sets of both S1 and S2 are {solo-processing, coprocessing}.
Then, for S1, the probability of taking the “coprocessing” strategy is x (0 ≤ x ≤ 1), and the
probability of choosing the “solo-processing” strategy is 1− x; and for S2, the probability of choosing
the “coprocessing” strategy is y (0 ≤ y ≤ 1), and the probability of choosing the “solo-processing”
strategy is 1− y.

Hypothesis 2: Each user sends a service request to the cloud and edge servers. Edge nodes receive
the service requests from users earlier than the cloud servers due to their superior low-latency
properties. If S1 has deployed the service on the edge node, S2 can choose whether to cooperate or
not; if S1 has not deployed its service on the edge node, S1 can choose whether to cooperate or not.
If both S1andS2 choose “cooperative processing” after receiving the service request, they share the
cooperation benefits.

Hypothesis 3: Here, we do not consider the previous infrastructure investment costs of the cloud–
edge collaboration system. Thus, if the two parties choose to collaborate for the end users, they
continue to invest in the cost of the collaborative service. We only consider the data transmission
cost of S1 and S2 and the service cost of completing the user’s service request and share the service
cost during cooperation. Meanwhile, if one party seeks cooperation and the other party refuses,
the party who chooses the “coprocessing” strategy has invested costs that cannot be recovered and
suffers losses due to a poor service quality delivered to the user, and the other party needs to pay a
penalty.

Hypothesis 4: Now that the Internet is booming, many similar products have emerged with similar
or even identical features, making switching behavior very cost-effective for users. QoE directly
affects the competitiveness of S1 and S2 in the market, and then affects the revenue gained in the
fierce competition. Therefore, it brings more revenue for S1 and S2 when they pay much attention to
user experience. Moreover, if one party chooses to collaborate while the other chooses not to, then the
end users suffer damage since the QoE of each user may not be guaranteed and the benefits of both
parties may decrease.

3.2. Construction of Revenue Matrix

According to the above problem description and research hypothesis, we obtained
the payoffs of S1 and S2 as shown in Table 2, where π

(1)
ij and π

(2)
ij (i = 1, 2; j = 1, 2) de-

note the payoff values of S1 and S2, respectively. Here, S1 can choose the “coprocessing”
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strategy (i.e., i = 1) or “solo-processing” strategy (i.e., i = 2), and S2 can also choose the
“coprocessing” strategy (i.e., j = 1) or “solo-processing” strategy (i.e., j = 2).

Table 2. Payoff matrix for cloud service providers and edge operators.

Both Parties to the Game
Edge Operators (S2)

Coprocessing (y) Solo-Processing (1−y)

Cloud Service
Providers (S1)

Coprocessing (x) π
(1)
11 , π

(2)
11 π

(1)
12 , π

(2)
12

Solo processing (1− x ) π
(1)
21 , π

(2)
21 π

(1)
22 , π

(2)
22

Here,

π
(1)
11 = (1 + α + β)MR− Is − (1− a)C

π
(1)
12 = L + (1 + α + β)MR− Is − (1− a)C− (1 + α)l1

π
(1)
21 = Rs − Cs − L

π
(1)
22 = Rs − Cs

π
(2)
11 = (1 + α + β)(1−M)R− Ie − aC

π
(2)
12 = Re − Ce − L

π
(2)
21 = L + (1 + α + β)(1−M)R− Ie − aC− (1 + β)l2

π
(2)
22 = Re − Ce

Based on the payoff matrix of the parties in Table 2, we can obtain the replicator
dynamic equation for the expected payoff of S1 and the behavioral strategies. Assume
that the expected gain of S1 is E11 if it chooses “coprocessing” and E12 if it chooses “solo
processing”, and that the average expected gain of S1 is E1. Then, we have

E11 = yπ
(1)
11 + (1− y)π(1)

12 (1)

E12 = yπ
(1)
21 + (1− y)π(1)

22 (2)

E1 = xE11 + (1− x)E12 (3)

According to the Malthusian equation, the replicator dynamic equation of S1 can be
obtained by combining (1) with Equation (3)

F(x) = dx/dt = x(E11 − E1) = x(1− x)[E11 − E12]

= x(1− x)
[(

π
(1)
11 − π

(1)
21

)
y +

(
π
(1)
12 − π

(1)
22

)
(1− y)

]

= x(1− x)
([(

π
(1)
11 − π

(1)
21

)
−
(

π
(1)
12 − π

(1)
22

)]
y +

(
π
(1)
12 − π

(1)
22

))
(4)

Similarly, we can also obtain the expected gain of S2 and the replicator dynamic
equation. Suppose the expected gain of S2 choosing the “coprocessing” strategy is E21,
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the expected gain of S2 choosing the “solo-processing” strategy is E22, and the average
expected gain of S2 is E2. Then, we have

E21 = xπ
(2)
11 + (1− x)π(2)

21 (5)

E22 = xπ
(2)
12 + (1− x)π(2)

22 (6)

E2 = yE21 + (1− y)E22 (7)

According to the Malthusian equation, the replicator dynamic equation of S2 can be
obtained by combining (5) with Equation (7)

G(y) = dy/dt= y(E21 − E2) = y(1− y)[E21 − E22]

= y(1− y)
[(

π
(2)
11 − π

(2)
12

)
x +

(
π
(2)
21 − π

(2)
22

)
(1− x)

]

= y(1− y)
([(

π
(2)
11 − π

(2)
12

)
−
(

π
(2)
21 − π

(2)
22

)]
x +

(
π
(2)
21 − π

(2)
22

))
(8)

Then, the replicator dynamics can be shown as




F(x) = x(1− x)
([(

π
(1)
11 − π

(1)
21

)
−
(

π
(1)
12 − π

(1)
22

)]
y +

(
π
(1)
12 − π

(1)
22

))

G(y) = y(1− y)
([(

π
(2)
11 − π

(2)
12

)
−
(

π
(2)
21 − π

(2)
22

)]
x +

(
π
(2)
21 − π

(2)
22

))

4. Results

Let A = π
(1)
11 − π

(1)
21 , B = π

(1)
12 − π

(1)
22 , H = π

(2)
11 − π

(2)
12 , and Q = π

(2)
21 − π

(2)
22 , Then,

we rewrite the dynamic equation of S1 as:

F(x) = x(1− x)[(A− B)y + B] (9)

and we rewrite the dynamic equation of S2 as:

G(y) = y(1− y)[(H −Q)x + Q] (10)

where

A = π
(1)
11 − π

(1)
21 = (1 + α + β) MR− Is − (1− a)C− Rs + Cs + L

B = π
(1)
12 − π

(1)
22 = L + (1 + α + β)MR− Is − (1− a)C− (1 + α)l1 − Rs + Cs

H = π
(2)
11 − π

(2)
12 = (1 + α + β)(1−M)R− Ie − aC− Re + Ce + L

Q = π
(2)
21 − π

(2)
22 = L + (1 + α + β)(1−M)R− Ie − aC− (1 + β)l2 − Re + Ce

4.1. Stability Analysis of the Evolution of One-Party Strategies

According to the stability theorem for differential equations, the conditions for S1 or
S2 to evolve to a stable strategy are F(x) = 0 and F′(x) < 0 or G(y) = 0 and G′(y) < 0.

4.1.1. Evolutionary Stability Analysis of Cloud Service Provider

Let F(x) = 0; there are two definite solutions, i.e., x = 0, and x = 1, and one possible
solution y = y∗ = B

B−A . For the S1 party, we take the derivative of the replicator dynamics
system (9) with respect to variable x and can obtain F′(x) = (1− 2x)[ (A− B)y + B].
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The solutions satisfying F′(x) < 0 are evolutionary stable strategies (ESS); therefore,
we discuss the following cases:

• If A > B > 0, the stable point y∗ < 0, and (A− B)y + B > 0 for ∀y ∈ (0, 1). When

x = 1, F′(x) < 0. Moreover, this type of condition satisfies B > 0, i.e., π
(1)
12 − π

(1)
22 > 0.

Thus, in this case, for S1, its coprocessing gain is larger than the solo-processing gain,
i.e., π

(1)
12 > π

(1)
22 ; hence, S1 chooses the coprocessing strategy no matter how S2 chooses

its strategy.
• If B < A < 0, the stable point y∗ > 1, and (A− B)y + B < 0 for ∀y ∈ (0, 1). When

x = 0, F′(x) < 0. Moreover, this type of condition satisfies B < 0, i.e., π
(1)
12 − π

(1)
22 < 0.

Thus, in this case, for S1, its coprocessing gain is smaller than the solo-processing
gain, i.e., π

(1)
12 < π

(1)
22 ; hence, S1 chooses the solo-processing strategy no matter how

S2 chooses its strategy.
• If B < 0 < A, the stable point y∗ ∈ (0, 1), and (A− B)y+ B < 0 if y < y∗. When x = 0,

F′(x) < 0. If y > y∗, (A− B)y + B > 0, and when x = 1, F′(x) < 0. Moreover, this
type of condition satisfies B < 0, that is, π

(1)
12 − π

(1)
22 < 0. Then, in this case, for S1, its

coprocessing gain is less than the solo-processing gain, i.e., π
(1)
12 < π

(1)
22 ; thus, whether

S1 chooses solo-processing or coprocessing is influenced by the strategy choice of S2.
• From A− B = (1 + α)l1 > 0, we know there is no A− B < 0.

4.1.2. Evolutionary Stability Analysis of Edge Operator

Similarly, let G(y) = 0; there are two definite solutions, i.e., y = 0, y = 1 and one possi-
ble solution x = x∗ = Q

Q−H . For the S2 party, we take the derivative of the replicator dynam-
ics system (10) with respect to variable y and can obtain G′(y) = (1− 2y)[ (H −Q)x + Q].

Only the solution satisfying G′(y) < 0 is the ESS; thus, we discuss the following cases:

• If H > Q > 0, the stable point x∗ < 0, and (H −Q)x + Q > 0 for ∀x ∈ (0, 1). When

y = 1, G′(y) < 0. This type of condition satisfies Q > 0, i.e., π
(2)
21 − π

(2)
22 > 0. Thus,

in this case, for S2, its coprocessing gain is larger than the solo-processing gain, i.e.,
π
(2)
21 > π

(2)
22 ; thus, S2 will choose co-processing no matter how S1 chooses its strategy.

• If Q < H < 0, the stable points x∗ > 1, and (H −Q)x + Q < 0 for ∀x ∈ (0, 1).

When y = 0, G′(y) < 0. This type of condition satisfies Q < 0, i.e., π
(2)
21 − π

(2)
22 < 0.

Then, in this case, the coprocessing gain of S2 is less than its solo-processing gain, i.e.,
π
(2)
21 < π

(2)
22 ; thus, S2 chooses solo-processing no matter how S1 chooses its strategy.

• If Q < 0 < H, the stable point x∗ ∈ (0, 1). If x < x∗, then (H −Q)x + Q < 0. When
y = 0, G′(y) < 0. If x > x∗, then (H −Q)x+Q > 0. When y = 1, G′(y) < 0. This type
of condition satisfies Q < 0, i.e., π

(2)
21 − π

(2)
22 < 0, which means that the coprocessing

gain of S2 is less than its solo-processing gain, i.e., π
(2)
21 < π

(2)
22 ; thus, whether S2

chooses solo-processing or coprocessing is indeed influenced by the strategy choice of
S1;

• From H −Q = (1 + β)l2 > 0, we know there is no H −Q < 0.

4.2. Analysis of the Evolutionary Stability of the Combination Strategies of Both Game Parties in
the System

According to the replicator dynamic Equations (4) and (8) and following the single-
party strategy evolution analysis in Section 3.1, the local equilibrium point of the system
can be obtained as (0, 0), (0, 1), (1, 0), (1, 1), (x∗, y∗). However, the equilibrium points
derived by the replicator dynamic equations are not necessarily the evolutionary stable
strategy of the system, so it is necessary to follow the Friedman method [36]. That is,
the Jacobi matrix (J) of the system can be constructed by taking the partial derivatives
of Equations (9) and (10) with respect to x and y, respectively. The local stability of the
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stationary points can be obtained according to the values of the determinant (det J) and
trace (tr J) at each stationary point. The Jacobi matrix of the system is given as follows.

J =
(
(1− 2x)[(A− B)y + B] x(1− x)(A− B)

y(1− y)(H −Q) (1− 2y)[(H −Q)x + Q]

)

Then, the determinant of this matrix is

Det J = (1− 2x)[(A− B)y + B](1− 2y) [(H −Q)x + Q]− (A− B)x(1− x)(H −Q)y(1− y) (11)

and the trace of this matrix is

Tr J = (1− 2x)[(A− B)y + B] + (1− 2y)[(H −Q)x + Q] (12)

From the evolutionary game theory, it is known that when the Jacobi matrix at the
equilibrium point satisfies the condition det J > 0 and tr J < 0, the equilibrium point is ESS.
When the Jacobi matrix satisfies the condition det J > 0 and tr J > 0, the equilibrium point
is unstable. When the above condition is not satisfied, it is a saddle point. Substituting the
five equilibrium points into Equations (11) and (12), we obtain the evolutionary stability
points of the system under different conditions, as shown in Table 3.

Table 3. Evolutionary stable equilibrium points under different conditions.

Conditions H > 0, Q > 0 H < 0, Q < 0 H > 0, Q < 0

A > 0, B > 0 (1, 1) (1, 0) (1, 1)
A < 0, B < 0 (0, 1) (0, 0) (0, 0)
A > 0, B < 0 (1, 1) (0, 0) (0, 0) (1, 1)

Following the above study and analysis, we can obtain the following nine scenarios,
which are shown in Table 4.

Table 4. Balanced analysis of cloud–edge collaboration system.

Combination of Conditions ESS Impacts Evolutionary
Results

Condition 1: A > 0, B > 0, H > 0, Q > 0 (1, 1) No impact Collaboration
Condition 2: A > 0, B > 0, H < 0, Q < 0 (1, 0) No impact
Condition 3: A > 0, B > 0, H > 0, Q < 0 (1, 1) S2 affected Collaboration
Condition 4: A < 0, B < 0, H > 0, Q > 0 (0, 1) No impact
Condition 5: A < 0, B < 0, H < 0. Q < 0 (0, 0) No impact
Condition 6: A < 0, B < 0, H > 0, Q < 0 (0, 0) S2 affected
Condition 7: A > 0, B < 0, H > 0, Q > 0 (1, 1) S1 affected Collaboration
Condition 8: A > 0, B < 0, H < 0, Q < 0 (0, 0) S1 affected
Condition 9: A > 0, B < 0, H > 0, Q < 0 (0, 0) (1, 1) Interactions Not necessarily

• Mutual influence relationship: From the game process of the S1 and S2 strategy
selection, there are three different states:

• The strategy choices of the two parties do not affect each other, as in the case of
condition 1;

• One party is affected; for example, S2 is affected by the choice of S1’s strategy selection
in condition 3;

• The two parties affect each other; for example, S1 and S2 are affected by each other’s
strategy choice in condition 9.

We also find that the three states depend on different combinations of conditions, that
is, S1 and S2 take different values of costs and benefits during the game evolution, and then
the strategy selection process is affected accordingly. As can be seen from conditions 3 and 6,
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the final evolutionary directions are also different, even with the same strategy influence.
Particularly, it can be seen from condition 9 that the final evolutionary outcome of the
system may also be related to the initial state of the system. Thus, the final evolutionary
direction depends mainly on the factor values of the two-party evolution game matrix and
the initial state of the system.

• Evolutionary results: As can be seen from Table 4, there are four evolutionary results,
i.e., (0, 0), (1, 0), (0, 1), and (1, 1), in the evolutionary game of S1 and S2. The
evolutionary results are (1, 1) in conditions 1, 3, and 7, indicating that in these cases, S1
and S2 choose to collaborate in handling various service requests from users. In other
words, regardless of the initial state of the whole system, the two parties eventually
reach a stable cloud–edge cooperative relationship after continuously learning and
adjusting their strategies, and the common conditions in these three cases are A > 0
and H > 0 through a comparative analysis, as shown in Equation (13):

{
MR− Cd − Is − (1− a)(C + NCr)− Rs + Cs + Cr + L > 0
(1−M)R− Cm − Ie − a(C + NCr)− Re + Ce + L > 0

,

that is, 



π
(1)
11 − π

(1)
22 + L > 0

π
(1)
11 − π

(1)
22 + L > 0

. (13)

Following the mathematical analysis above, the primary criterion for the constraint
loss cost L is L > π

(1)
22 − π

(1)
11 and L > π

(2)
22 − π

(2)
11 . The above essential criterion indicates

that if S1 and S2 are to undergo a long-term dynamic evolutionary adjustment to form a
cloud–edge collaboration system and eventually achieve joint stability, the constraint loss
cost L should be at least larger than the difference between the gain when both parties
choose to deal with it alone and the gain when they deal with it cooperatively.

• Is the evolutionary stable strategy unique? From condition 9 in Table 4, it can be seen
that there are two evolutionary-stable strategies, namely, (0, 0) and (1, 1), for the
cloud–edge collaboration system composed of S1 and S2, which mainly depend on the
values of the cost and benefit in the evolutionary game matrix and the initial state of
this system, i.e., the saddle point (x∗, y∗).

4.3. Factors Affecting Evolutionary Stability and Evolutionary Results

Through the analysis of the evolutionary game system constituted by S1 and S2 under
different conditions in Section 3.2, it was found that after a long-term evolutionary game
under different conditions, the final evolutionary result of the relationship between S1 and
S2 was either cooperation or noncooperation or no equilibrium state. In contrast, there
were two evolutionary stable strategies in condition 9, so it is necessary to further explore
the variation of each factor of the cloud–edge collaboration system in condition 9 and the
influence of the initial state of the system on the final evolutionary result. We derived the
following theorem:

Theorem 1. The probability x increases with the increase in y, that is, the stronger the willingness
of S2 to cooperate, the more inclined S1 is to choose the cooperative processing strategy.

Proof of Theorem 1. Let y0 = B
B−A ; when y = y0, F (x) ≡ 0; then, no matter what

value x takes, S1’s strategy selection is in a stable state. When y 6= y0, two cases are
discussed: First, when 0 < y < y0, x = 0 is the evolutionarily stable point, that is, when
the proportion of S2’s cooperative processing is not high, S1 is evolutionarily stable in the
“solo-processing” strategy; second, when y0 < y < 1, x = 1 is the evolutionarily stable
point, that is, when the cooperative proportion of S2 is high, S1 is evolutionarily stable in
the “coprocessing” strategy. �
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Theorem 2. The probabilityyincreases with the increase inx, that is, the stronger the willingness of
S1 to cooperate, the more inclinedS2is to choose the cooperative processing strategy.

Proof of Theorem 2. Let x0 = Q
Q−H ; when x = x0, G (y) ≡ 0; then, no matter what

value y takes, S2’s strategy selection is in a stable state. When x 6= x0, two cases are
discussed: First, when 0 < x < x0, y = 0 is the evolutionarily stable point, that is, when
the proportion of S1’s cooperative processing is not high, S2 is evolutionarily stable in the
“solo-processing” strategy; second, when x0 < x < 1, y = 1 is the evolutionarily stable
point, that is, when the cooperative proportion of S1 is high, S2 is evolutionarily stable in
the “coprocessing” strategy. �

It is known from the assumptions that V = {(x, y)|0 ≤ x ≤ 1, 0 ≤ y ≤ 1} in condition 9,
and the factors have the values of A > 0, B < 0, H > 0, Q < 0; through a mathematical
calculation, (x∗, y∗) ∈ V is satisfied, and the stability analysis can be obtained by judging
the signs of the determinant and trace of the Jacobian matrix at each equilibrium point, as
shown in Table 5.

Table 5. Stability analysis of equilibrium points (condition 9).

Equilibrium Points Det J Symbol Tr J Symbol Stability

E1(0, 0) BQ + B + Q − ESS
E2(0, 1) −AQ + A−Q + Unstable
E3(1, 0) −BH + −B + H + Unstable
E4(1, 1) AH + −A− H − ESS

O(x∗, y∗) − 0 Unknown Saddle point

From Table 5 under condition 9, we can find that among the five possible local equi-
libria in the system composed of S1 and S2, E1(0, 0) and E4(1, 1) are evolutionary stable
strategies, E2(0, 1) and E3(1, 0) are unstable points, and O(x∗, y∗) is a saddle point. To
show the dynamical evolution law between S1 and S2 more graphically, we illustrate the
phase diagram of the evolution game between the two parties in Figure 1.
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As can be seen from Figure 1, the fold line consisting of the saddle point and the two
unstable points constitutes the critical line of the convergence state of the system. If the
initial state is in the lower left region of the critical line, denoted as A1, the final evolution
result of the system converges to (0, 0). If the initial state is in the upper right region
of the critical line, denoted as A2, the final evolution result of the system converges to
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(1, 1). The evolution path and final evolution result of the system composed of S1 and
S2 are related to the initial state of the system and the payoff matrix, and when the initial
state is near the saddle point O, a slight variation in the initial state will affect the final
evolution result of the game. When A2 > A1, S1 and S2 converge to increase the possibility
of cooperative treatment, and the system evolves along OE4 toward the equilibrium point
E4(1, 1). When A2 < A1, S1 and S2 tend to decrease the possibility of coprocessing, and
the system evolves along OE1 toward the equilibrium point E1(0, 0). From Figure 1, the
area of A2 is computed as

A2 = 1− 1
2 (x∗ + y∗) = 1− 1

2

(
Q

Q−H + B
B−A

)
= 1 + 1

2

(
Q

H−Q + B
A−B

)

= 1 + 1
2

(
L+(1+α+β)(1−M)R−Ie−aC−(1+β)l2−Re+Ce

(1+β)l2
+

L+(1+α+β)MR−Is−(1−a)C−(1+α)l1−Rs+Cs
(1+α)l1

)

= 1
2

(
L+(1+α+β)(1−M)R−Ie−aC−Re+Ce

(1+β)l2
+

L+(1+α+β)MR−Is−(1−a)C−Rs+Cs
(1+α)l1

)

(14)

From Equation (14), it can be found that the factors affecting the area of A2 are
the variables Rs, Cs, Is, l1, α, and M, which are directly related to S1, the variables
Re, Ce, Ie, l2, β, a, which are directly related to S2, and the variables L, R, and C, which are
related to both parties. The analysis of these parameters leads to the following conclusions:

• With increasing L, R, Ce, Cs, α, β, the possibility of the system evolving to (1, 1)
increases;

• With increasing Ie, Re, Is, Rs, C, l1, l2, the possibility of the system evolving to (0, 0)
increases;

• For M, when A− B > H−Q, the possibility of the system evolving to (0, 0) increases
with an increment in M; when A− B < H −Q, the possibility of the system evolving
to (1, 1) increases with an increment in M;

• For a, when A− B < H −Q, the possibility of the system evolving to (0, 0) increases
with an increment in a. When A− B > H −Q, the possibility of the system evolving
to (1, 1) increases with an increment in a.

5. Numerical Simulation Analysis
5.1. Simulation Analysis

The theoretical derivation of the model does not intuitively reflect how each param-
eter in the system affects the system’s stability; thus, in this section, we conducted some
simulations to further demonstrate the trajectory of each equilibrium point above and the
evolution of different initial points of the game to the final equilibrium point. From a prac-
tical point of view, the net benefits of both S1 and S2 should be larger than zero, no matter
which strategy is chosen. For both S1 and S2, the aggregated benefit of the cooperative pro-
cessing strategy should be larger than the aggregated benefit of the individual processing.
The cost of service for the coprocessing strategy should be lower than the cost of service for
the solo-processing strategy, that is, the total benefit is larger and the cost of service for the
two parties to cooperate is less. According to the condition combination, the combination
of various cost and benefit values should follow conditions A > 0, B < 0, H > 0, and
Q < 0. In this paper, we considered the practical scenario of cloud service providers and
edge operators and chose the following parameters to discuss the condition combination.
The parameters for S1 were Rs = 23, Cs = 11, Is = 3, l1 = 3, M = 0.6, α = 0, the
parameters for S2 were Re = 15, Ce = 8, Ie = 3, l2 = 4.2, a = 0.4, β = 0, and the common
parameters for both parties were L = 5, R = 40, C = 18.

• The influence of the initial willingness of both parties on the evolution of the system

Figure 2 depicts the dynamic evolution of the strategy choice of the participating parties
over time. The initial values of the game for both parties were taken as (0.1, 0.3), (0.1, 0.6),
(0.1, 0.9), (0.2, 0.3), (0.5, 0.3), (0.8, 0.3). As can be seen from Figure 2, when x = 0.1,
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the evolutionary stability of the system gradually changes from (0, 0) to (1, 1) with the
increase in y, verifying that the stronger the willingness of S2 to cooperate is, the more
inclined S1 is to evolve to a stable state in co-processing. When y = 0.3, with the increase in
x, the evolutionary stability of the system gradually changes from (0, 0) to (1, 1), which
verifies that the stronger the cooperative willingness of S1, the more inclined S2 is to evolve
to a stable state in co-processing.
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Figure 2. Simulation of the evolution of the system through initial values.

It can be seen from the figure that when the two parties choose different initial values
(x, y), the game finally evolve to different results accordingly. In this state, the value of
the saddle point E can be calculated as (0.24, 0.47). Recall the aforementioned theoretical
analysis, it can be seen that when the initial value of (x, y) falls into region A1, the initial
value finally converges to (0, 0), and S1 and S2 choose the “solo-processing” game strategy.
When the initial value of (x, y) falls into region A2, the initial value finally converges to
(1, 1), and S1 and S2 choose the “coprocessing” game strategy. It is obvious that the final
evolution of both strategies depends on the initial value of (x, y).

• Factors affecting evolutionary stability and evolutionary results

From Equation (14), we know that the parameters in the equation also influence the
final evolutionary results of the game. Due to the limited space, we only selected the
cooperation benefit R, cooperation cost C of both parties, data transmission cost Is of
S1, and complaint loss l2 of S2 as variables and analyzed the influence of the emphasis
parameters α and β on the system evolution results. We set the initial value as (0.3, 0.4) to
analyze the evolutionary process of the game and verify the theoretical analysis results.

First, we sequentially set the values of R to be 40, 41, and 42, to verify the impact of
the cooperation gain R on the stability of the cloud–edge collaboration service system. As
shown in Figure 3, we can find the trend of the evolutionary results of the two parties
S1 and S2 with the parameter adjustment of cooperative gain R. The result shows that
with the increment in R, both parties S1 and S2 tend to collaboratively process user service
requests faster and faster, which means that increasing the cooperative gain R can pro-
mote the cloud–edge collaboration system to evolve towards the final evolutionary result
{coprocessing, coprocessing}.
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Figure 3. Impacts of cooperation benefit R on the stability of the cloud–edge collaboration system.

Cost management is an essential part of enterprise management. Thus, we set the
values of C to be 16, 17, and 18 sequentially to further verify the impact of cooperation cost
C on the stability of the cloud–edge collaboration service system. As shown in Figure 4,
we can derive the trend of the evolutionary results of the two parties S1 and S2 with the
parameter adjustment of cooperation cost C. The result shows that with the increment
in C, both parties S1 and S2 tend to process user service requests more and more slowly in
collaboration, indicating that increasing the collaboration cost C inhibits the cloud–edge
collaboration system to evolve towards the evolutionary result {coprocessing, coprocessing}.
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The values of Is were chosen sequentially as 2, 2.5, 3, 3.5, 4 to verify the impact
of the data transmission cost Is of S1 on the stability of the cloud–edge collaboration
service system with the participation of S2. As shown in Figure 5, we derived the trend of
the evolutionary results of the game party S1 with the parameter adjustment of the data
transmission cost Is. When Is = 2, the system’s saddle point E can be calculated and the
initial state (0.3, 0.4) falls into the region A2, indicating that the value Is of S1 is within the
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tolerable range. Based on the sensitivity of the evolutionary results to the initial conditions,
both parties eventually evolve to (1, 1). As Is keeps increasing, the path evolution to (1, 1)
slows down, the evolution point of the system gradually evolves from the stable state (1, 1)
to the state (0, 0), and the convergence speed of S1 and S2 choosing their own processing
strategies accelerates. The above research result indicates that when Is gradually increases
or even exceeds the budget, S1 rapidly chooses the solo-processing strategy in order to
avoid more losses, i.e., the increase in data transmission cost Is is damaging the stability of
the cloud–edge collaboration service system and may even lead to the breakdown of the
collaborative processing relationship.
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tion system.

Furthermore, the loss cost l2 of S2 was selected sequentially as 4, 5, 6, 7, and 8
to further verify the impact of the loss cost l2 due to user complaints on the stability of
the cloud–edge collaboration system with S1 participation. Figure 6 derives the trend
of the evolutionary results of the game party S2 with the parameter adjustment of the
complaint loss l2. When l2 = 4, the system’s saddle point E is calculated and the initial state
(0.3, 0.4) falls into the region A2, indicating that the value l2 of S2 is within the tolerable
range. Based on the sensitivity of the evolutionary results of the game system to the initial
conditions, both parties eventually evolve to (1, 1). As l2 increases, the path evolution to
(1, 1) slows down, the evolution point of the system gradually evolves from the stable
state (1, 1) to the state (0, 0), and the convergence speed of S1 and S2 choosing to handle
the solo-processing strategy accelerates. This indicates that when l2 gradually increases
or even exceeds the budget, S2 rapidly chooses the solo-processing strategy in order to
avoid more losses, i.e., the benefit loss l2 due to user complaints plays a negative role in
the stability of the cloud–edge collaboration system, leading to an increased possibility of
relationship breakdown.
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Figure 6. Impacts of user complaint loss l2 of S2 on the stability of the cloud–edge collaboration system.

Finally, we show the details of the transition from (0, 0) and (1, 1) to the ESS of the cloud–
edge collaboration system when increasing the level of emphasis gradually, to verify the
influence of the emphasis level on the stability of the cloud–edge collaboration system. We
set the values of variables to be M = 0.6, a = 0.4, R = 40, Re = 15, Rs = 23, Ie = 3, Is = 3,
C = 18, Ce = 8, Cs = 11, l1 = 6, l2 = 5, L = 5, which satisfied l1 > l2. Figures 7–9
show the phase diagram of the system when the values of the importance degree α and β

were 0, 0.05, and 0.09, respectively, where each different color line describes the evolution
path and the final evolution result of the strategies of both parties from a certain initial
state of the system, and all lines represent the evolution trend of the system from different
initial states. We can find that with the increment in emphasis level parameters α and β,
the combination of variables transitions from satisfying A > 0, B < 0, H > 0, Q < 0,
to satisfying A > 0, B < 0, H > 0, Q > 0, and finally reaches the state with
A > 0, B > 0, H > 0, Q > 0. The result shows that the cloud–edge collaboration service
system evolves from {solo-processing, solo-processing} and {coprocessing, coprocessing} to
the evolutionary stable result of {coprocessing, coprocessing}, and gradually eliminates the
dependence on the initial value.
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Figure 7. Impacts of the emphasis level parameters α and β for the QoE on the stability of the
cloud–edge collaboration system when l1 > l2, α = β = 0.
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Figure 9. Impacts of the emphasis level parameters α and β for the QoE on the stability of the
cloud–edge collaboration system when l1 > l2, α = β = 0.09.

Similarly, the variables were assigned the values M = 0.6, a = 0.4, R = 40, Re = 15,
Rs = 23, Ie = 3, Is = 3, C = 18, Ce = 8, Cs = 11, l1 = 6, l2 = 8, L = 5, which
satisfied l1 < l2. Figures 10–12 show the phase diagram of the system when the values of
the importance degree α and β were 0, 0.05, and 0.09, respectively, where each different
color line describes the evolution path and the final evolution result of the strategies of
both parties from a certain initial state of the system, and all lines represent the evolution
trend of the system from different initial states. We can find that with the increment in
emphasis level parameters α and β, the combination of variables transitions from satisfying
A > 0, B < 0, H > 0, Q < 0, to satisfying A > 0, B > 0, H > 0, Q < 0, and finally
reaches the state with A > 0, B > 0, H > 0, Q > 0. The final evolution results are similar
to the former. This fully indicates that the higher the emphasis level of S1 and S2 on the
QoE, the more it contributes to the stability of the cloud–edge collaboration system, and
when the emphasis level is high enough, the evolutionary result of the system is no longer
relying on the initial value.
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cloud–edge collaboration system when l1 < l2, α = β = 0.05.
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Furthermore, this paper also considered the emphasis level parameter α of S1 as
0, 0.05, 0.15, 0.25, 0.3, when l1 < l2. As shown in Figure 13, with α = 0 and initial value
(0.1, 0.1), the final strategy of S1 is the “solo-processing” one. As α increases, S1 evolves
towards the “solo-processing” strategy more and more slowly. When α reaches a certain
value, the final strategy of S1 becomes the “coprocessing” one and evolves faster and
faster as α increases. As shown in Figure 14, when the value of l2 decreases to a certain
value so that l1 > l2, the overall evolutionary trend is consistent with that in Figure 13,
but the evolutionary process keeps accelerating. This means that S1 prefers to choose the
“co-processing” strategy in that case. This indicates that the higher the emphasis level of
S1, the more favorable it is for the formation and stability of the cloud–edge collaboration
system.
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Figure 13. Impacts of the emphasis level parameter α of S1 for the QoE on the stability of the
cloud–edge collaboration system when l1 < l2.
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Similarly, this paper also considered the emphasis level parameters β of S2 as 0, 0.1, 0.2,
0.3, 0.4 when l1 < l2. As shown in Figure 15, with β = 0 and initial value (0.1, 0.1), the

250



Systems 2023, 11, 331

final strategy of S2 is the “solo-processing” one. As β increases, S2 evolves towards the
“solo-processing” strategy more and more slowly. When β reaches a certain value, the final
strategy of S2 becomes the “co-processing” one and evolves faster and faster as β increases.
As shown in Figure 16, when the value of l2 decreases to a certain value so that l1 > l2, the
overall evolutionary trend is consistent with that in Figure 15, but the evolutionary process
also keeps accelerating. This means that the acceleration of this evolutionary trend is caused
by the decrement in the value of l2, and is independent of the relationship between the
values of l1 and l2. This indicates that the numerical relationship between l1 and l2 only
affects the evolution mechanism of the cloud–edge collaboration system but does not affect
the whole evolution process.
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5.2. Further Discussion

From the above research analysis, we conclude the following:

• The strategy choices of cloud service providers and edge operators promote each
other. The improvement of one party’s willingness to cooperate in processing drives

251



Systems 2023, 11, 331

the improvement of the other party’s willingness to cooperate, thus promoting the
cooperative stability of the whole cloud–edge system.

• For the cloud service providers and edge operators, the smaller the solo-processing
benefit, the larger the solo-processing cost, the less the user loss, the less the cost
of data transmission, and the higher the emphasis level on the QoE, thus the more
favorable the evolutionary stability of collaborative processing. For the cloud–edge
collaboration system, the initial willingness of both parties has a particular influence
on the system evolution results. The larger the cooperation benefit, the lower the
cooperation cost, and the stronger the stability of the system, the more favorable it is
to achieve cooperation.

• The lost fee due to the service constraint agreement breach should be at least larger
than the difference between the aggregated benefit when the parties choose to handle
processing separately and the benefit when they cooperate to handle processing
together, in order to establish a stable cooperative processing relationship between the
parties, and to avoid possible speculation by both parties.

• In the cloud–edge collaborative processing, profit-sharing and cost-sharing should be
dynamically adjusted in real time with the changes in the market environment, and
different shares have different effects on the stability of the cloud–edge collaboration
system. This is related to the importance both parties attach to the QoE and the loss of
users who quit or complain.

• The higher the emphasis on user experience both parties put, the stronger the coopera-
tion intention is, and this effect is obvious.

To effectively maintain the stability of the cloud–edge collaboration system and pro-
mote digital technologies to better serve the digital transformation of enterprises, the
following recommendations are proposed in this paper based on the above-mentioned
research analysis and results:

• Focusing on improving the cooperation willingness of cloud service providers or edge
operators can achieve the effect of improving the cooperation willingness of both
parties, so as to promote the harmony and stability of the whole system.

• Cloud service providers and edge operators, as the two major stakeholders of digital
services, can reasonably use the policy dividends of the digital economy era and
Internet technology to accelerate product development and constantly upgrade and
transform to reduce the various costs of user services and improve economic returns,
so as to further construct a more stable and mutually reinforcing cooperative relation-
ship between them and jointly promote the high-quality development of the digital
economy.

• The governments can supply a sound system to provide a legal basis and guarantee
for the cost of service constraint agreement breach, enhance the binding force and
enforcement of the agreement, provide credit guarantees for both parties to improve
each other’s credit, increase the cooperation stickiness of both parties, integrate all
forces together to maintain a stable cloud–edge collaboration system to serve the
digital transformation of enterprises, drive the innovation and evolution of business
models, and increase the value creation of enterprises.

• The benefit and cost distribution proportion of both parties in the cloud–edge collab-
oration system should be dynamically adjusted. Cloud service providers and edge
operators influence each other in multiple dimensions. Therefore, in the changing
market economy environment, both parties should adjust their benefit and cost dis-
tribution strategy in real time according to the actual cost and contribution, so that
the allocation of benefits and costs can quickly respond to the market and satisfy both
parties, thus improving the enthusiasm of cooperation and ensuring the long-term
stability of the cloud–edge collaboration system.

• The greater the emphasis on QoE by cloud service providers and edge operators, the
more it helps the establishment and stability of the cloud–edge collaboration system.
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Therefore, we should lower market entry barriers, improve competition in similar
services, and create a favorable competitive environment in the future.

6. Conclusions

In this paper, we constructed an evolutionary game model of cloud service providers
and edge operators in the cloud–edge collaboration system in the digital economy era
and thoroughly analyzed the internal principle of the evolution of the decision-making
behavior of both parties and the internal mechanism of collaboratively processing user
service requests. We also obtained the equilibrium and stability conditions for the two-
party decision to reach the ideal state, performed numerical simulations to verify the
two-party evolutionary path, and discussed the parameters that influenced the stability
of the cloud–edge collaboration system. We further proposed some specific measures to
promote the stability of the cloud–edge collaboration system from the perspective of cloud
service providers, edge operators, and external entities, respectively.

A summary of future research directions is given below. First, we will apply other
game models to investigate the equilibrium strategies of cloud service providers and edge
operators. Second, we will further refine the assumptions to bring the model much closer
to the actual scenario. Third, we will further analyze the relevant intrafluid factors, e.g.,
incentives, penalties, etc. Finally, we will consider the influence of other parties in the
system, such as cloud agents and other external entities that may affect the stability of the
system.
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Abstract: This research probes into the digital transformation shifts in Romania and sets them against
a backdrop of certain EU countries. Its primary objective is to spotlight digitalization’s significance
and assess its level of integration within the Romanian banking landscape. Our approach relies on a
detailed examination of the adoption of digital banking instruments in Romania through correlation
and ANOVA assessments. The ANOVA analysis of the DESI index and its associated dimensions
reveals how Romania’s digital transformation stands in relation to other EU member states. Our
findings emphasize the numerous advantages Romanian banks have garnered from increasingly
embracing digital innovations and artificial technologies. These perks span from optimized operations
and efficiency to enhanced customer experiences and a sharpened competitive advantage. The
research indicates a strong positive correlation between a bank’s return on assets and its liquid
assets to deposits and short-term funding ratios. This suggests that as digital integration deepens,
there is a marked upturn in financial robustness. Additionally, the study sheds light on the perks of
individuals adopting digital banking offerings and delves into factors that propel and impede the
digital evolution in the banking arena. Overall, this paper presents valuable insights into Romania’s
digital banking trajectory and the sector’s long-term viability.

Keywords: digitalization; banking industry; Romania; innovation; financial inclusion

1. Introduction

Digitalization in banking means integration and adoption of digital and latest technol-
ogy to enhance operational capacity and performance, delivering better and faster customer
services, and paperless transactions through different banking applications [1].

Previous studies in the banking field have shown that digitalization in the banking
industry revolutionizes the operationalization of overall financial institutions [2]. Digital
banking helps improve customer relationships and banking processes, providing a better
experience for both customers and employees. Therefore, the performance of financial
institutions enhanced dramatically all around the world. Romania is also transforming its
banking industry to digital banking by adopting emerging technologies and innovations.

Other studies discussing the issue of banking digitalization acknowledge that new
technologies will also further improve the quality of services and intensify the growth in
the banking sector, as well as the economic growth of the country [3,4]. Banking automation
and digitalization will continue due to ongoing innovation in the banking system and
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also due to pressure from adjacent industries competing with the banking system in
various segments.

Considering the COVID-19 epidemic effects, the traditional banking strategy has
also been shaken. The crisis emphasized that it is no longer profitable to use traditional
banking and therefore, it is required to rely on digital banking. As the pandemic accelerated
the automation and digitalization of various processes in different market segments [2,5],
the efforts for digital banking become faster than before, in order to embrace the new
normal [6].

Artificial intelligence has also forced the banking sector to move forward with digital
banking. The new methods of machine and deep learning enable banking and financial
organizations to perform better and enhance their capabilities for devising investment
strategies in profitable securities and instruments. Connectivity, automation, Big Data,
and innovation are the directions in which digital banking will influence the way value is
created in banking [7].

Understanding customer expectations forces banks to adapt their products and ser-
vices. Interestingly, in Romania, the key component to be addressed in the development
of financial services (in the post-Soviet context) is financial anxiety. Unlike in Western
countries, in Central, Eastern, and South-Eastern Europe (CESEE), financial education is
not always a panacea. In addition, financial security is not always the most important
goal for consumers [8]. Therefore, other parties should be involved in the digitalization of
the banking sector in Romania, such as the Romanian Government, the European Union,
the World Bank, and some other financial institutions that are interested in stimulating
the banking industry of Romania to behave digitally. Government stability and public
authority initiatives can generate trust in the banking sector and moreover, political events
can also have an impact on the financial markets [9]. Without government involvement,
no policy can be implemented in any sector, so the suggestions for making policies and
strategies by the Romanian Government for the adoption and transformation of a digital
environment in the banking sector will be discussed further.

In this scenario, the goal of the current study is to scrutinize and understand the
evolution of digitalization within the Romanian banking sector. We will introduce and
discuss the new digital avenues of banking that have emerged in Romania, outlining their
functional and operational procedures, as well as identifying the facilitators and obstacles
encountered in the digitalization journey. Furthermore, given that individuals or customers
constitute the central element in the banking sector, this paper intends to examine their
attitudes towards digitalization, considering factors such as public accessibility to digital
amenities (like the Internet and smartphones), customer familiarity with digital banking
mediums, and the usage patterns of digital banking applications.

Proceeding forward, this research paper will inaugurate with an extensive and detailed
literature review, which leans heavily on prior research pertaining to digital banking,
with a special emphasis on the Romanian digital banking environment. Following the
literature review section, we will articulate the hypotheses that guide this study. The
methodology will delineate the research design, encompassing elements such as data
collection procedures, data preparation, and the methods and techniques implemented for
data analysis in this study. The section dedicated to data analysis and results will elucidate
the research outcomes derived from the amassed data.

In the ensuing discussion segment, we will map the results in alignment with the
insights garnered from the literature review. To conclude, the final segment will encapsulate
the comprehensive findings of the study, offering pertinent recommendations to enhance
the degree of digitalization in the Romanian banking sector.
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2. Literature Review
2.1. Improved Banking Services through Digitalization

Digitalization involves transforming analog data into digital format and strategically
integrating digital technologies into diverse areas such as business, societal structures, and
everyday life [10].

The word “digitalization” is used by organizations, science, and media as a progress
towards an integrated digital infrastructure [11]. The swift progression of technology has
revolutionized not just the digital aspects of banking but also reshaped general business
approaches and ways of engaging with customers [12]. Nowadays, companies belonging
to a handful of different industries understand that making the switch towards a digi-
talized business model is a major challenge with a substantial impact on the ways they
operate, plan, and forecast ahead [13–15]. A study conducted by Duan and Xiong [16]
sustains their hypothesis that high-performing organizations are nearly five times more
likely to rely on concrete data analytics rather than intuition compared to their lower
performing counterparts. This assigns a heavy weight to the overall importance of data
and digitalization.

The previous literature on digital transformation has primarily discussed changes in
consumer behavior, strategic responses, dynamic capabilities, the value of creation, and the
usage of digital technologies [17].

The primary goal of an integrated digital transformation business strategy in the
banking sector is to delight customers by taking a customer-focused approach. This
objective can be achieved by introducing cutting-edge digital products and services, as
well as digitally enhancing current offerings [14]. Secondly, the rapid advancement of
digitalization has offered the potential for cost reduction in data production and analysis
and has enhanced the potential to not only streamline administrative processes but also
enhance transparency and accountability [18].

Yet, the World Bank Organization (2021) recognizes that the advances in digitalization
and data analytics offer a unique chance for parent–teacher organizations and individual
stakeholders to engage more effectively with educational institutions, thereby elevating
their accountability and responsiveness [18]. Thereby, organizations advancing digitaliza-
tion will enable revenue optimization through cost reduction, but also positively influence
the quality of education within applied sectors. This level of digital integration feasibility
can also be assessed by banks, their internal organization, or the IT system [19,20].

The advent of digitalization is transforming the habits and preferences of banking
customers. Increasingly, clients are accessing digital banking services through apps and
machines without constraints of time or location. There is no doubt that technology plays a
pivotal role in this context. The introduction of mobile banking not only simplifies how
customers engage with financial institutions but also streamlines the banks’ operational
processes. As a result, digital banking services are being seamlessly managed through
mobile technology [21].

Digital banking, including e-banking and mobile banking, enhances the efficiency and
effectiveness of bank operations, thanks in part to customer engagement in digital services.
Clients can now carry out financial transactions on their own, utilizing smartphones or
personal digital devices, wherever and whenever required. A strategy focused on the
digitalization of banking services represents one of the most recent and groundbreaking
technological advancements in the banking sector [22,23].

Advancements in communication systems have been significant, ranging from tele-
graphs and written letters to video conferencing and conventional phone calls. Each has
been instrumental in the digital transformation of the banking industry. From its incep-
tion, the banking sector has leveraged technology for transactions, initially via traditional
banking channels across various branches. Customers utilized call centers and automated
teller machines (ATMs), which were later supplemented by Internet banking and mobile
devices for conducting transactions. These technological innovations have empowered the
banking industry to transcend geographical limitations, enhancing channels for capital
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distribution and ultimately contributing to greater efficiency and profitability for banks.
Developments in social media and innovations of the latest socializing applications take
the digital banking economy to the next level [21]. In this way, digital social networks are
influencing the banking sector. Social media applications and platforms such as Facebook,
Twitter, YouTube, and LinkedIn have strengthened shared communication on the Internet
and enabled the banks to develop new business models by taking customer surveys and
utilizing other demographical, qualitative, and quantitative data.

Another revolution in banking technology is the financial software and tools supplied
by FinTech organizations. As Vives (2019) proves in his analysis, in this evolving landscape,
the financial sector cannot help but be affected, with both investors and entrepreneurs
anticipating that financial services will leverage innovation to address inefficiencies that
have arisen post-crisis [24]. Other researchers argue that this represents a shift from the
traditional status quo. In this context, the term “financial technology”, more widely known
as “FinTech”, has come to encapsulate the role of technology in the field [25]. These tools are
very innovative, flexible, reliable, and adaptable. In the beginning, FinTech solutions were
seen as a threat to the banking sector, but they also made the industry more competitive
through an increased competency level and intensification of highly qualified human
capital that shaped this new model [21].

The transformation of digital technologies uses innovations such as cloud-based
applications and big data. The concept of big data is intriguing and moves the banking
businesses to the next level [26]. Furthermore, the advancement in technologies also
enables the authorities to make changes regarding the regulations and policies applied in
the banking sector. These regulations are also applied to FinTech organizations to secure
the clients’ data as they are the main players in banking digitalization. The cooperation
between banks and FinTech companies helps the latter to create more competitive financial
service products with the latest technologies and at a higher quality.

The importance of digitalization and artificial intelligence cannot be overstated in
today’s world. The manufacturing sector is moving towards the fourth-generation industry,
also known as Industry 4.0 or the Fourth Industrial Revolution, which is defined as a
new level of organization and control over the entire value chain of a product’s life cycle
and is focused on meeting increasingly specific customer needs. Talking about big data,
technology, cyber security, the Internet of Things (IoT), and other topics is what Industry
4.0 is all about [27,28].

Although there are many opportunities presented by digital transformation in the
banking industry, there are also several problems arising. Simple methods for carrying
out many financial transactions as part of the banking industry’s digital transition include
mobile banking and online banking. Customers gain from these services, but they also face
substantial challenges due to the threat and potential for cyberattacks. The digital revolution
of the banking industry has created several important issues, including cyberattacks,
financial fraud, hacking, phishing, and security awareness. Customers’ understanding of
cybersecurity may often be more ambiguous in several respects. While utilizing the digital
platforms of the banks, they must be aware of safe technological practices. Banks’ customers
are increasingly becoming digital/cyber literate to cope with cyberattacks, phishing, and
hacking, a huge obstacle for the banking industry [29].

2.2. Digitalization in the Romanian Banking System

Mobile phone usage has surpassed PC usage for accessing online banking services,
facilitated by rapid advancements in mobile telephony and the Internet. These technologies
have simplified the use of banking services. However, despite being a key engine of
Romania’s economy, the banking sector has not reaped substantial benefits from this trend
towards digitalization. Therefore, although the use of the Internet is widespread in homes
and everybody has access to networks with fast speeds and inexpensive rates, it is mostly
used for communication and rarely to access online banking services [30].
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In Romania, the banking industry has a commendable level of digitalization (Table 1),
demonstrating 60% of banking industry services being completely digitalized, and suggest-
ing noteworthy growth in online banking competencies. On the other hand, the apparel
sector indicates moderate digitalization with a proportion of 51%, signifying intense online
shopping. The sector of groceries is lagging behind with a proportion of 33% of the industry,
indicating a limited adoption of online shopping in this sector. The travel and entertain-
ment sectors are using digitalization, revealing a strong and sound dependence on digital
platforms. Table 1 shows the behavior of the Romanian population in 2022, highlighting the
way they act when making transactions in different sectors. Some people made only fully
digital payments, only physical payments, or only digital with human assistance payments,
but some of them made both fully digital and physical transactions or digital with human
assistance and fully digital operations. Overall, this data highlights the varying degrees
of digitalization across industries in Romania and how these industries are directly or
indirectly using digital banking for the provision of digital services to their customers.

Table 1. Digitalization per industry in Romania 2022.

Sector Fully Digital Physical Digital with Human Assistance

Banking 60% 19% 13%
Groceries 33% 58% 90%
Apparel 51% 37% 12%

Entertainment 88% 40% 70%
Travel 69% 12% 19%

Source: Romanian Banks Association [31].

In regard to the financial industry, this has the potential to positively benefit overall
financial inclusion. For instance, Transylvania Bank, one of Romania’s leading financial and
banking organizations by market capitalization, announced in 2022 that its move towards
digital transformation has produced favorable outcomes. These benefits extend beyond
economic gains to include positive environmental effects and advantages for the wider
community. This digital shift has revolutionized how they provide financial services and
interact with both current and potential customers [32]. Based on the positive impact,
the bank has begun the journey to create Romania’s inaugural entirely digital bank, built
around “Idea Bank”, a component of the group acquired in 2021. Environmental concerns
and technological progress are the two biggest trends; therefore, banks in Romania focused
on green loans [33].

Another key tool for digitalization is a strong online presence. Banks are leveraging
social media platforms and apps to target specific audiences, not just for marketing strate-
gies but also to cultivate customer relationships. The majority of commercial banks are
engaging with their customers through various social media channels [34].

The data provided by Statista [35] shows us that 70% of Romanians use contactless
bankcards, representing an acceptance of this payment method at a larger level. The sec-
ond place is occupied by mobile banking apps with 65% of Romanians accessing banking
services through their mobile phones or smartphones. Internet banking also has a signif-
icant impact on the use of digital banking with 53%, indicating a preference for access
to online financial services. While mobile smartwatch payments and Revolut bank cards
have adoption rates of 31% and 25%, respectively, these are less used as compared to other
digital choices. Digital signatures have 11% usage and consultation with bank staff through
messenger applications have comparatively poorer adoption rates, standing at 11% and
8%, respectively. Overall, the analysis reveals a significant level of digitalization in the
Romanian Banking Industry (Figure 1) but also highlights the variations in acceptance of
different digital financial products and services.
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Figure 1. Romanians’ use of digital financial products and services (%). Source: adapted by authors
based on Statista data [35].

A study made by PPRO [36], a company specializing in digital payments infrastructure
to banks and businesses revealed that, comparing the population’s usage of digital payment
cards and devices (Figure 2), Romania has a somehow lower banked population of 63%
compared to the world average of 67% and Eastern Europe and the CIS region at 72%. This
shows that there still can be improvements to ensure the higher Romanian population has
access to banking services. Moreover, credit card usage in Romania is particularly lower at
14% compared to the global average of 19% and Eastern Europe and the CIS region at 22%.
Therefore, credit card penetration is less dominant in Romania, giving an opportunity for
the development of this sector of banking.
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Figure 2. Comparative digital banking cards and smartphone usage in Romania (%). Source: adapted
by authors based on PPRO study [36].

The prevalence of card usage in Romania is not significantly influenced by govern-
mental policies, given the substantial number of employees who continue to receive their
salaries in cash. Additionally, despite the option for the elderly to receive their pensions
via card transactions, a considerable segment opts for cash disbursements through postal
services. Therefore, personal preferences and prevailing business customs substantially
dictate the dynamics of the payment environment.

On the other hand, Romania faced a larger Internet penetration rate of 71%, surpassing
the global average of 62% and right behind Eastern Europe and the CIS region’s average
of 78%. This proposes that a greater amount of the Romanian population has access to
Internet services, creating favorable and promising circumstances for the adoption of
digital payment solutions in the Romanian banking industry. Lastly, with a smartphone
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and mobile penetration rate of 64%, Romania is just behind the world average and on par
with Eastern Europe and the CIS region. This indicates that a noteworthy percentage of the
Romanian population keeps smartphones, which serve as an important and necessary tool
for accessing digital payment services. Shortly, while Romania lags behind in credit card
penetration, the higher smartphone and Internet proportions of the Romanian population
indicate the potential for further growth in the digital banking payment ecosystem of
the country.

The study made by PPRO [36] on e-commerce payments in Romania using digital
means as compared to other methods (Figure 3) reveals the predominant approaches used
by customers. Almost 23% of e-commerce transactions are performed by using digital
wallets, indicating a substantial adoption of these useful and protected online payment
platforms. Card-based payments represent 26% of total e-commerce transactions, indicating
a liking for debit or credit card utilization in online shopping. Bank transfers account for
19% of payments, suggesting a significant portion of the Romanian population opting for
direct fund transfers from their bank accounts using the Internet.
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Even though Romania currently lags behind the EU average in the Innovation Index,
its growing economy and support for entrepreneurship suggest that it has the capacity
to be a significant player in the digital economy. Small- and medium-sized enterprises
(SMEs) in Romania should weigh both the benefits and challenges posed by the country’s
business environment when strategizing for digital advancement and innovation [37]. In
terms of innovation scores, Romania averaged 27.27 points from 2011–2022, with a low
of 34.1 points in 2022 (ranking 49th among 132 countries in the GII Global Innovation
Index 0–100 points) and a high of 40.3 points in 2013 (ranking 48th out of 142 countries).
By contrast, Poland’s average score for the same period was 40.16, ranging from 37.5
(ranking 38th out of 132 countries) in 2022 to 42 in 2017 (ranking 38th out of 127 countries).
Hungary averaged 44.08 points, with a 2022 low of 39.8 (ranking 34th out of 132 countries)
and a 2011 high of 48.1 (ranking 25th out of 125 countries), according to WIPO (World
Intellectual Property Organization) [38]. On the other hand, the countries that achieved the
highest innovation scores in 2022 were, in descending order, Switzerland, the US, Sweden,
the UK, and the Netherlands, with scores ranging from 64.6 for Switzerland to 58.0 for
the Netherlands.

Similarly, Table 1 directly highlights the capability of the banking sector to improve
its innovation index in the future as part of one of the measuring criteria. Advancements
in digital transformation have the potential to elevate Romania’s banking sector to new
heights in the years to come. Banks are increasingly adopting innovative products, ser-
vices, and business models through digital means. Although achieving sustainable digital
transformation is a lengthy process, banks are gradually implementing this approach to for-
mulate enduring strategies. Digitalization and automation are also reshaping the banking
infrastructure and the network of regional branches, further enabling Romania to integrate
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more technological innovations [39]. For instance, ING Bank has fully digitalized bank
branches, without any employees.

In the future, the multitude of bank branches will be reduced, and modernization,
innovation, and digitalization will be the solutions to easily make the transition from
traditional banking to digital banking [40].

The volume of electronically processed payment operations is slowly increasing every
year in Romania (Table 2). In 2017, there were 91.45 million operations, which grew to 173.6
million in 2022. The values of transactions in Euro and Lei also show improvement, with
growing amounts being credited to the accounts of both legal entities and individuals. It
is a sign of larger adoption and reliance on electronic payments through digital modes
of payments in Romania’s financial landscape. The data were collected from Transfond,
the owner and operator of the Automated Clearing House for interbank commercial
payments [41].

Table 2. Volume of electronically processed payments in Romania (no. of transactions).

Year
SENT Multiple

Payment
Component Lei

Change
(%, Year by

Year)

SENT Instant
Payment

Component Lei

Change (%,
Year by Year)

SENT Multiple
Payment

Component Euro

Change (%,
Year by

Year)

2017 91,450,060 n/a n/a n/a 518,224 n/a
2018 105,886,325 15.78 n/a n/a 614,138 18.50
2019 119,412,086 12.77 58,515 n/a 767,413 24.95
2020 135,272,184 13.28 720,010 1130.47 911,143 15.77
2021 161,890,262 19.67 3,007,264 317.66 1,133,378 19.60
2022 173,600,173 7.23 13,502,114 348.98 1,245,420 8.99

Source: Transfond [41].

During the COVID-19 pandemic, the Romanian banking sector appeared solid in
terms of financial soundness, compared to the average of the European Union banking
sector, but the delay in digital user adoption in Romania has had a slightly negative impact
on the Romanian banking industry. Although banks realized that digitalization is no longer
optional to growth, there has been a significant lag between consumer adoption levels [39].
The lingering question is, how can we boost the adoption of digital technology at the
national level?

Monitoring customer trust in Romania’s banking sector is crucial, given the traditional
financing models and the continued low levels of financial intermediation. Building trust
requires offering customized, comprehensive banking services while also meeting the
demand for various banking products and services. Additionally, trust can be fostered
through greater financial and social inclusion, in line with the requirements of the European
Cohesion Policy [42].

In Romania, the banking infrastructure has undergone significant changes as the
sector has transitioned to digital integration. When it comes to prudential regulation, the
Romanian banking system ranks highly in European comparisons. The establishment of
robust and cautious management systems enhances the sector’s ability to manage risks
effectively [39].

2.3. Financial Inclusion and DESI

The concept of financial inclusion is the idea that people and businesses have access
to secured financial products and services that are customer-oriented and provided in a
rational and sustainable way [39]. But financial inclusion is a much broader topic, which
includes not only access to these services, but also issues related to financial education,
quality of life, economic welfare, and macroeconomic development of the economy.

The need to reevaluate educational frameworks to align with the digital age is increas-
ingly important, making human capital investments more essential than ever [43]. Often,
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Romania’s educational system places more emphasis on equipping students for current
and past job markets, rather than preparing them for future career opportunities [37].

Financial inclusion is also promoted by the most important institutions such as the
World Bank and International Monetary Fund as a strategy for development coopera-
tion [44–46] and it is believed that digital innovations promote higher financial inclusion
levels [15,47]. Additionally, it has encouraged all financial institutions to collaborate and
communicate through digital platforms, redefining the added value [48,49]. Thus, the
economic development of the country can also be evaluated through the assessment of
the digital services offered by banks, companies, or state institutions [47]. Other authors
believe that digital financial inclusion will lead to the development of the informal economy
and will also reduce poverty rates [50].

To increase the level of digitalization or to avoid crises of any kind, government in-
volvement through its authorities in an emerging market, such as Romania, should be
mandatory [51]. A survey’s findings showed a noticeable rise in the use of digital services
throughout the pandemic, with most respondents agreeing that they had a better perfor-
mance using digital than traditional banking services. Additionally, since the complexity
of customer purchasing decisions has increased, price is no longer the sole determining
factor [52]. This is another strong argument for placing the customer at the center of the
development process [53].

As much for policymakers as well as for commercial bank executives, assessing and
responding to the risks of a digitalized financial services environment is a challenge [54].
As a result of digital disruption, businesses are undergoing profound changes worldwide,
creating new opportunities and putting behind long-lasting business models [55].

A recent study carried out by the Romanian Banks Association with the support of the
Romanian Banking Institute, regarding the degree of financial inclusion, shows that the
reasons why Romanians do not yet want to open a bank account are: “the desire not to track
income/expenses, the lack of usefulness of an account, reduced income and the collection
of income in cash” [31]. In this situation, there is a necessity to formulate a national legal
framework to induce and stimulate bank account opening, and the use of digital services
by discouraging cash payments. It is very important to promote the digitalization of the
banking process by delivering online services for opening bank accounts through video
call identification, as recently completed by some of the Romanian banks. Moreover, as
per another study carried out by McKinsey & Co. (Bucharest, Romania), the Romanian
banking industry has emerged as a leader in the digital services offered but is “still lagging
behind due to the gap between ICT and Digital Challengers Countries”, but the study’s
predictions state that the digital economy will triple its value until 2030, as the digital
usage will continue to grow [56]. Nevertheless, banks should consider the importance of
digital activities that must be adopted to improve processes and performance and face the
competitive market [57,58].

DESI is a composite index that measures and tracks the digital transformation trends,
using the following dimensions: connectivity, human capital, digital technology integration,
Internet usage, and digital public services. DESI Index allows us to make a general
performance assessment monitor its progress over time and consider which areas can
be improved in the future [59].

The index evaluates the digital infrastructure of a region, including the availability
of fast and ultrafast broadband Internet. A well-established digital infrastructure is a
prerequisite for digital transformation in banks as it enables seamless online banking
experiences. DESI measures the digital skills of the population. A population with higher
digital literacy is more likely to adapt to and benefit from the digital transformations in the
banking sector, such as using mobile banking apps or online banking services efficiently.

The DESI index assesses how well businesses are integrating digital technology into
their operations. For banks, this can mean the implementation of digital solutions, such as
AI for customer service, data analytics for personalized services, or blockchain for secure
and transparent transactions.
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The DESI also considers the digitization of public services. When banks digitally
transform, they often collaborate with or complement digital public services, creating a
more interconnected and efficient digital ecosystem.

As banks digitally transform, they facilitate and support an increase in e-commerce
and other online activities, which are components measured by the DESI. For instance,
through the provision of secure online payment systems.

DESI includes an evaluation of R&D in the digital sector. Banks involved in digital
transformation often invest in R&D to develop new technologies and solutions, which can
contribute to a higher DESI score for a region.

A study conducted by Skare et al. [60] using the DESI to investigate the link between
digital transformation and SMEs’ access to finance agrees that business risks appear when
EU SMEs have limited access to finance. Access to finance for low-income individuals
and SMEs is strongly related to digital transformation in the FinTech sector; therefore,
promoting financial inclusion is mandatory [61]. Therefore, digital finance is increasing the
financial inclusion of SMEs [62].

Another study using DESI to assess digitalization in the financial sector states that
digital transformation exerts a positive and statistically meaningful influence on the growth
and evolution of financial markets and establishments. Emphasizing the various facets
of digitalization, the study underlines the significant impact of human capital proficient
in digital skills, as well as the realms of e-business, e-commerce, and e-government in
amplifying the complexity and effectiveness of financial processes. The analysis delineates
the immediate and prolonged repercussions of digitalization, illustrating that both e-
commerce and e-government harbor a sustained positive effect on financial markets and
institutions, respectively, over a long duration [63].

2.4. Research Motivations

The primary incentives for conducting this research include achieving cost-efficiency
that benefits both banks and customers and streamlining transaction processing and cus-
tomer inquiries through automation, which not only potentially diminishes the necessity
for extensive human resources but can also minimize expenses for customers.

The COVID-19 pandemic hastened the uptake of digital banking alternatives, as
conducting banking activities in person turned challenging or risky. Banks had to quickly
adapt to remote operations, online customer engagements, and contactless transactions to
safeguard the uninterrupted flow of business operations.

Digital banking has the potential to facilitate financial inclusion for the unbanked
or under-banked segments of the Romanian population. By leveraging online services
and mobile banking solutions, banks can expand their reach to underserved or remote
areas, fostering greater accessibility to financial services. The transition to digital banking
is essential in a competitive landscape to draw in new clientele. Banks are swayed by
worldwide financial and technological trends. Staying abreast of these developments is
vital for maintaining a competitive edge internationally.

Studying the correlation between Z-scores and other financial metrics in the banking
sector is vital for financial stability and liquidity management [64], investment strategy
and policy formulation, performance evaluation, strategic planning, and innovation; hence,
banks can innovate and adapt their business strategies to enhance their performance met-
rics, thereby potentially improving their Z-scores. Analyzing the correlation between the
Globalization Index and various financial variables is pivotal in comprehending the broader
impact of globalization on the banking sector, helping various stakeholders, including
banks, investors, and policymakers, in making informed decisions and strategies.

By looking at a country’s DESI score, one can obtain an indication of how ripe the
environment is for digital transformation in the banking sector, and how well such trans-
formations might be received by the population and integrated into the broader digital
economy. DESI evaluates the availability of fast broadband Internet, measures the digital
skills of the population, assesses how businesses are integrating digital technology into
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their operations, considers the digitalization of public services which are often linked to
digital banking transformation, and evaluates R&D in the digital sector, which is a must
for banks. An ANOVA analysis of DESI would offer multifaceted insights into the digital
transformation landscape of the Romanian banking sector within a broader European con-
text, aiding in informed decision-making, strategy formulation, and fostering innovation
and growth.

2.5. Research Gap

In light of the existing body of literature, numerous studies have been conducted
on the digital transformation of the banking sector. However, there seems to be a gap
in research when understanding the risk, performance, and stability of the Romanian
banking system. Few studies were conducted on this topic, so we identified it as missing
information. Our analysis uses more indicators to gain a better understanding and access
complementary information. Furthermore, the utilization of variance analyses using
the DESI aims to examine the disparities across various European nations, emphasizing
Romania, to illustrate the impact of digitalization more distinctly on bank performance.
This understanding is vital in facilitating informed decisions and fostering a robust financial
landscape. DESI was not primarily designed to evaluate the digitalization of the banking
sector, but it can certainly be leveraged in research to offer valuable insights into the broader
digital economy and society, thus indirectly aiding in assessing the digital readiness and
performance of the banking sector.

Consequently, this study aims to address a perceived gap in the existing literature.
It conducts an analysis not merely based on banking performance metrics, but also by
contrasting the DESI of various European countries with that of Romania.

The ongoing research has established the following research questions:

1. Which variables are correlated with the stability of the banking sector? It is projected
that with the escalation in digitalization, there will be a corresponding increase in the
efficacy, efficiency, and performance of banking operations. Some studies revealed
that digitalization is linked to the amount of net commission income in the case of
large banks [2], and also, as online and mobile banking transactions grow, they have
an impact on net profit [7], and the use of digital services increases the perceived
usefulness and trust in the banking sector [23]. When considering the influence of
digitalization on performance, it is important to observe that the heightened utilization
of Internet banking and the increased security of bank servers have had a positive
impact on the performance of banks, measured by ROA and ROE [5,57].

2. Is there a discernible relationship between economic growth and levels of digitaliza-
tion? It is hypothesized that regions or nations with advanced levels of digitalization
will witness improved economic outcomes, including heightened GDP growth and
augmented production. Understanding the dynamics of global economic growth
with respect to the digitization of the financial sector is crucial [3]. Enhancing finan-
cial accessibility has a positive impact on economic growth, while simply having
greater access to banking services does not necessarily spur economic growth [40].
Digitalization in the banking sector is correlated with a positive increase in GDP
per capita, indicating that digital financial inclusion has the potential to expedite
economic growth [46]. The digital economy has played a significant role in fostering
economic growth in Central and Eastern Europe [56,57].

3. Material and Methods

This chapter outlines the techniques used to collect, prepare, and analyze the data in
this research. Figure 4 also outlines the whole process using a line diagram.
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• Data Collection. The data were collected from various online resources that are publicly
available and from some paid databases to ensure comprehensive reporting of digital
and banking indicators. Online databases, the Global Economy website, the National
Bank of Romania, Transfond annual reports, Mc Kinsey reports, and the World Bank
were used as secondary data sources in order to meet our research objective, as they
are reliable and up-to-date.

• Data Study. After the collection of data, a careful review was made to ensure its
accuracy and relevance to the research. Any outlier in the data or missing data has
been rectified to maintain its integrity. The data were organized in such a way that it
can be used for further analysis.

• Data Analysis. Microsoft Excel was employed for data analysis as the primary tool,
together with the following analysis method.

• Descriptive Analysis. An analysis of descriptive statistics was performed to describe
and summarize major characteristics and insights of the collected data.

• Trend Analysis Data Visualization. To see the historical patterns and trends in the
data and changes over time, a trend analysis was conducted using MS Excel 16.0.
Different visualization techniques such as line graphs and bar and pie charts were
employed to present the trends efficiently, enabling the identification of possible future
developments and directions.

• Comparative Analysis. To compare different variables of country groups, comparative
analysis was performed within the dataset. This analysis involved identifying similar-
ities, differences, and patterns between different digital and banking indicators with
the help of MS Excel.

• Correlation Analysis. To observe the associations between various digital and banking
indicators, correlation analysis was conducted. To assess the strength and trend of the
associations, correlation coefficients were calculated. Interdependencies among the
variables have been also reflected through these analyses to monitor patterns. The
study was conducted for 21 years of data points, from 2000–2020.

• Regression Analysis. It is employed to investigate the influence of various variables
on the financial stability of the banking sector in Romania. The variables used in the
analysis were consistent with those in the correlation analysis and covered the same
time period.

• ANOVA. One-way analysis of variance (ANOVA) test has been performed to analyze
differences in digital indicators for 7 European countries: Bulgaria, Croatia, Hungary,
Poland, Romania, Slovak Republic, and Slovenia, for the period 2017–2022. Data were
collected from the European Commission, using the 4 dimensions of the DESI Index.
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3.1. Significances of ANOVA

ANOVA, or analysis of variance, is a statistical analysis technique that is used to
investigate the differences among group means in a sample. It assesses whether there
are statistically significant differences between the means of three or more independent
(unrelated) groups.

Conducting an ANOVA allows us to assess how Romania stands in terms of digital
transformation compared to other European countries, which can offer key insights into
the areas where Romania is excelling or lagging. The results could have implications for
policymaking, potentially guiding efforts to foster a more favorable environment for digital
transformation in the Romanian banking sector, based on best practices or lessons learned
from other countries.

ANOVA can help identify if there are statistically significant differences across different
countries, which can provide a broader understanding of the digitalization progress in the
European region.

For the Romanian banking sector, understanding how they fare in the DESI can guide
resource allocation, helping to focus efforts on areas where improvement is requested.

The analysis can act as a stimulus for innovation by highlighting the areas where there
is significant variation between countries, potentially identifying untapped opportunities
for digital transformation.

Understanding the DESI through ANOVA analysis can also provide insights into
customer preferences and behaviors, which can be used to enhance customer services and
offerings in the banking sector.

Comparing DESI of different countries, as our study aims to, can provide insights
into how Romania is performing relative to other countries, which could be useful for
global benchmarking.

3.2. Significances of Correlational Analysis

Correlation analysis is a statistical technique used to measure the strength and direc-
tion of the linear relationship between two or more variables. It provides valuable insights
into the associations between variables and has several significant benefits. Correlational
analysis is a versatile tool that can provide valuable insights into various aspects of the
banking sector’s digital transformation, helping to guide decisions and strategies at mul-
tiple levels. It helps in identifying whether there are significant relationships between
different variables, such as the impact of digitalization on banking performance metrics.
Once correlations are established, it becomes possible to use the values of one variable to
predict values of another, aiding in strategic planning and decision-making. In banking,
understanding correlations can be critical in risk management. For instance, identifying
variables that are correlated with higher risks (such as Z-score that measures the likelihood
of bankruptcy) can enable banks to take preventive measures. Banks can use correlational
analysis to make informed decisions about where to allocate resources for maximum impact,
potentially improving profitability and customer satisfaction. From an academic perspec-
tive, correlational analysis can contribute to the existing body of knowledge, inspiring
further research in the area.

3.3. Significances of Regression Analysis

Regression analysis is used to understand how multiple independent variables are
related to a dependent variable. It enables the creation of predictive models, analyzing the
impact of multiple variables simultaneously, creating forecasts. For example, it can help
banks to optimize strategies or governments to design effective policies. Hence, multiple
regressions can inform decisions and can be highly useful in assessing the financial stability
and health of the banking sector. Regression analysis provides insights into which specific
banking metrics have a significant impact on the Z-score. Banks can use this analysis to
assess their own financial health and make adjustments as necessary. Policymakers, such
as central banks, can be better informed about the factors that influence the stability of the
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banking sector. Performing regression analysis on various banking variables in relation
to the Z-score is a valuable tool for understanding and enhancing financial stability of the
banking system, whether from regulatory, policy, or internal bank management perspective.

4. Data Analysis and Results

The availability of data, which were published by the World Bank through The Global
Findex Database [65] narrows the view of the studied period. The Global Findex Database
has been available since 2011, with this being collected only every 3 years, confining the
data points to 2011, 2014, 2017, and 2021. For further advances in the study, we are looking
forward to new available data sets, as the World Bank is one of the most comprehensive
and regulated sources of supply side information.

When examining the use of various banking services in Romania compared to other
regional countries (Table 3), 2021 data indicates that 69% of Romanians possessed a bank
account. This figure is lower than in neighboring countries, with Slovenia leading at a
staggering 99%.

Table 3. Bankarization level between 2011–2021.

Bank Account Ownership (%)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2011 53% 88% 73% 70% 45% 80% 97%
2014 63% 86% 72% 78% 61% 77% 97%
2017 72% 86% 75% 87% 58% 84% 98%
2021 84% 92% 88% 96% 69% 96% 99%

Debit or Credit Card Ownership (%)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2011 47% 81% 63% 43% 32% 71% 93%
2014 57% 76% 61% 52% 47% 71% 93%
2017 70% 74% 70% 80% 50% 77% 94%
2021 72% 73% 79% 84% 55% 90% 97%

Debit or Credit Card Usage (%)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 36% 59% 48% 42% 27% 64% 71%
2017 37% 60% 55% 74% 26% 68% 82%
2021 50% 60% 73% 81% 42% 83% 90%

Source: World Bank [65].

In terms of debit or credit card ownership in the same year, Romania lagged behind
with only 55% of its population having one. This is in contrast to Bulgaria’s 72% and
Croatia’s 73%. Once again, Slovenia topped the chart with 97%.

Furthermore, when considering the actual usage of debit or credit cards for transac-
tions, only 42% of Romanians used these services in 2021. This stands in contrast with
Bulgaria at 50%, Croatia at 60%, Poland at 81%, and Slovenia again dominating the leader-
board at 90%.

Despite advancements in Romania’s banking sector in areas like bank account acces-
sibility and debit/credit card ownership and usage, the country still ranks at the bottom
within the EU.

When examining digital banking (Table 4), one factor to consider is the utilization of
mobile phones or the Internet to review account balances [54]. In 2021, 40% of Romanians
employed this method, which was lower than several regional countries: Bulgaria with
46%, Croatia with 56%, and Hungary with 71%. Slovenia, once again, led the region, with
67% of its population using smartphones to check their bank account balances, as reported
by The Findex Database from the World Bank.
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Table 4. Digital banking level.

Made or Received a Digital Payment (% Ages 15+)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 52% 76% 67% 65% 43% 75% 88%

2017 65% 83% 71% 82% 47% 82% 96%

2021 75% 87% 86% 93% 64% 95% 97%

Made or Received a Digital Payment, Primary Education or Less (% Ages 15+)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 19% 49% 39% 32% 17% 23% 70%
2017 34% 59% 50% 46% 21% 44% 89%
2021 61% 71% 66% 62% 33% 68% 88%

Made or Received a Digital Payment, Secondary Education or More (% Ages 15+)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 67% 86% 79% 72% 55% 87% 93%
2017 77% 93% 80% 88% 59% 90% 98%
2021 81% 94% 92% 94% 70% 96% 99%

Made or Received a Digital Payment, Income, Poorest 40% (% Ages 15+)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 37% 68% 61% 56% 30% 67% 82%
2017 77% 93% 80% 88% 59% 90% 98%
2021 62% 77% 78% 89% 50% 88% 93%

Made or Received a Digital Payment, Income, Richest 60% (% Ages 15+)

Year Bulgaria Croatia Hungary Poland Romania Slovak Republic Slovenia

2014 62% 81% 71% 71% 52% 81% 92%
2017 78% 87% 77% 84% 59% 87% 97%
2021 84% 94% 92% 96% 72% 99% 100%

Source: World Bank [65].

When examining the adoption of various digital banking services, Romania registered
a digital payment usage of 64% in 2021. This was lower than several neighboring countries,
including Bulgaria at 75%, Croatia at 87%, the Slovak Republic at 95%, and Slovenia
at a notable 97%. Analyzing the data in the context of educational levels reveals that
in 2021, Romanians with primary education or less utilized digital banking tools at a
rate of 33%, whereas those with secondary education or higher had a usage rate of 70%.
This trend is consistent with the patterns observed in the other countries selected for
this study. Additionally, a deeper dive into the data on digital payment usage based on
income levels suggests that individuals with higher incomes tend to adopt digital payments
more frequently.

Another aspect of digital banking explored in this study is the use of mobile phones
or the Internet for utility bill payments [55]. The 2021 data indicates that 34% of Romanians
used these platforms for such payments. This was marginally higher than Bulgaria’s 31%,
yet lower than Croatia’s 43%, Hungary’s 54%, Poland’s 70%, and the Slovak Republic’s 72%.

The findings highlight that Romania’s progress in banking digitalization, as gauged by
the uptake of debit/credit cards, bank account ownership, and the use of digital platforms
for account transactions, generally trails that of neighboring nations. Yet, it is significant to
mention that Romania has shown consistent growth over time, with a notable increase in
the adoption of these digital banking services.

We used several variables for our analysis listed in Table 5. The correlation analysis in
Table 6 shows the association between digitalization and several aspects of the banking
sector in Romania over the years. The results revealed a strong positive correlation between
banking system Z-scores and other variables such as bank return on equity, bank return on
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assets, bank liquid assets to deposits, and short-term funding, suggesting that as digitaliza-
tion improved in the country, it can be noticed an enhancement in the financial condition
and stability of the banking industry over a period of time. Furthermore, the positive
correlation between banking system capital and the Z-score shows that as digitalization
progresses, there is an upsurge in the capitalization of banks. However, the negative rela-
tionship between bank non-interest income to total income and banking Z-score advocates
that as digitalization improves, there may be a decrease in non-interest income due to
self-digital services and non-cash transactions. These outcomes highlight the progressive
correlation between digitalization and key financial indicators of the banking sector in
Romania, contributing to its overall efficiency and stability.

Table 5. Variables used for the analysis.

Variable Definition Source

Variables Used in Correlation and Regression Analyses

Banking system Z-scores Z-score of Romania banking sector The Global Economy
Bank return on assets, in percent Romanian banks’ return in percentages The Global Economy
Bank return on equity, in percent Romanian banks’ return on equity The Global Economy

Bank non-interest income to total income,
in percent

Bank incomes other than interest income
in percentages The Global Economy

Internet users, percent of population Romanian users of Internet in percent of
total population The Global Economy

Mobile phone subscribers, per 100 people Romanian number of mobile phone subscribers The Global Economy
Economic growth: the rate of change in

real GDP Romania’s economic growth rate in real GDP The Global Economy

Banking system capital, percent of assets Romanian banks’ capital percent of total assets The Global Economy
Bank liquid assets to deposits and

short-term funding Romanian banks’ liquid assets The Global Economy

Variables Used in ANOVA testing

Human capital 2017–2022 Digital Economy and Society Index
of Human Capital European Commission

Connectivity 2017–2022 Digital Economy and Society Index
of Connectivity European Commission

Integration of digital technology 2017–2022 Digital Economy and Society Index
of Integration of Digital Technology European Commission

Digital public services 2017–2022 Digital Economy and Society Index
Digital Public Services European Commission

Source: authors synthesis.

Table 6. Correlation among banking Z-score and different returns with progress in digitalization over
the years.

Indicators Correlation Coefficients

Bank return on assets, in percent 0.8
Bank return on equity, in percent 0.5

Bank liquid assets to deposits and short-term funding 0.8
Banking system capital, percent of assets 0.4

Bank non-interest income to total income, in percent −0.6
Source: research results.

The Globalization Index measures the extent to which a country is integrated into the
global economy. It typically takes into account various variables that reflect a country’s
level of economic, social, and political globalization.

Globalization often leads to expanded markets and opportunities, potentially increas-
ing the profitability (and thus ROE) of banks that can successfully navigate the international
market [66]. Similar to ROE, globalization can potentially enhance ROA through increased
business opportunities and efficiencies. However, the diversification of assets across bor-
ders can also bring new risks, potentially affecting ROA [67].
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In a globalized environment, banks have more opportunities for diversification, poten-
tially affecting their liquidity positions [64,68]. Globalization encourages increased capital
flows, potentially affecting the capital structures of banks [69].

Globalization often spurs technological advancements and facilitates the integration
of technology into daily life. In a globalized society, there is usually a higher penetration of
Internet usage as countries aim to stay connected and competitive. Countries with a high
Globalization Index often have better-developed infrastructures, including widespread
Internet connectivity. This can mean that a larger proportion of the population has access
to the Internet, either through public initiatives or private enterprise [70].

The correlation analysis in Table 7 between the Globalization Index and various
banking indicators in the context of digitalization in Romania’s banking sector revealed a
negative correlation between the Globalization Index and banking system Z-scores, saying
that as globalization in the world grows, it poorly relates to the stability and soundness
of the banking system. On the other side, positive relationships are observed among the
Globalization Index and return on equity as well as bank return on assets, indicating that
a higher degree of globalization may be connected with better productivity for banks
in Romania. The weakly positive correlation between bank non-interest income to total
income indicates a moderate relation due to digitalization and globalization.

Table 7. Correlation of Romania’s Globalization Index and different banking variables.

Indicators Correlation Coefficients

Banking system Z-scores −0.18
Bank return on assets, in percent −0.22
Bank return on equity, in percent −0.17

Bank non-interest income to total income, in percent 0.19
Internet users, percent of population −0.11

Mobile phone subscribers, per 100 people 0.15
Economic growth: the rate of change in real GDP −0.09

Banking system capital, percent of assets 0.66
Bank liquid assets to deposits and short-term funding −0.29

Source: research results.

Interestingly, the Globalization Index demonstrates slightly negative relationships
with Internet users and mobile phone subscribers, representing that the progress in these
digital facilities within Romania’s banking sector might be insignificantly related to the
growing globalization.

Moreover, a weak negative correlation between the Globalization Index and the rate
of change in real GDP suggests a slight and moderate relationship with overall economic
growth in the banking sector. The indicated correlation coefficients imply that globalization
may be related to different facets of digitalization within Romania’s banking sector. When
devising policies and strategies, it is vital to take these connections into account to maximize
the potential advantages of globalization, while ensuring that digitalization in the banking
industry aligns with Romania’s economic and financial objectives.

The regression analysis was conducted using data from the Romanian banking sector,
with banking system Z-scores as the dependent variable and several independent variables,
including the Globalization Index, bank return on assets, bank return on equity, bank
non-interest income to total income, Internet Users, mobile phone subscribers, economic
growth, banking system capital, and bank liquid assets to deposits and short-term funding.

First, the regression statistics reveal several important insights. The multiple R of
approximately 0.9867 indicates a very strong positive correlation between the dependent
variable (banking system Z-scores) and the combination of independent variables. This
suggests that these independent variables collectively have a significant impact on the
health and stability of the Romanian banking system.

The R-squared (R2) value of 0.9735 is particularly noteworthy. It implies that ap-
proximately 97.35% of the variation in banking system Z-scores can be explained by the
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independent variables included in the model. This high R-squared value signifies that
the model is exceptionally effective at capturing the factors influencing the stability and
performance of the Romanian banking sector.

The adjusted R-square, though slightly lower at 0.9536, remains strong and accounts
for potential model complexity. This adjusted value indicates that even when considering
the number of independent variables, the model still provides a robust explanation of the
variance in banking system Z-scores.

The standard error of about 0.6066 represents the average deviation of data points
from the regression line. A lower standard error suggests that the model fits the data well,
indicating that the selected independent variables provide a good fit for predicting banking
system Z-scores in the Romanian banking sector.

The ANOVA results demonstrate that the regression model is highly significant. The
F-statistic of 48.9516 with a very low p-value (4.3395 × 10−8) suggests that the model as a
whole is statistically significant. This means that at least one of the independent variables
included in the analysis significantly influences the banking system Z-scores within the
Romanian banking sector.

In summary, the regression analysis (Table 8) indicates that the selected independent
variables play a crucial role in explaining the variation in banking system Z-scores in the
Romanian banking sector. The model is highly effective, with a very high R-squared value,
suggesting that it can be a valuable tool for understanding and predicting the health and
stability of Romania’s banking system.

Table 8. Regression statistics.

Regression Statistics

Multiple R 0.986653
R-Square 0.973484

Adjusted R-Square 0.953598
Standard Error 0.60655
Observations 22

ANOVA

Df SS MS F Significance F

Regression 9 162.0851 18.00945 48.95163 4.34 × 10−8

Residual 12 4.414836 0.367903
Total 21 166.4999

Source: research results.

Table 9 contains the coefficients and related statistics for each independent variable in
the regression model. The interpretation of these coefficients is the following:

Intercept: The intercept represents the value of the banking system Z-scores when all
independent variables are zero. In this case, it is 13.70. A statistically significant intercept
suggests that even in the absence of the considered factors, there is still a significant base
value for banking system Z-scores.

Globalization Index (0–100): The coefficient for the Globalization Index is 0.01. How-
ever, its p-value is 0.82, which is quite high. This suggests that the Globalization Index is
not statistically significant in explaining the variation in banking system Z-scores in the
Romanian banking sector. The 95% confidence interval (−0.05 to 0.06) also includes zero,
reinforcing its lack of significance.

Bank return on assets: The coefficient is 3.75, and the low p-value of 0.00 indicates
strong statistical significance. This suggests that bank return on assets is a significant factor
in explaining variations in banking system Z-scores. An increase in bank return on assets is
associated with an increase in banking system Z-scores.
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Table 9. Regression coefficients.

Coefficients Standard Error t Stat p-value Lower 95% Upper 95%

Intercept 13.70 3.49 3.93 0.00 6.10 21.30
Globalization Index (0–100) 0.01 0.02 0.24 0.82 −0.05 0.06

Bank return on assets, in percent 3.75 1.07 3.50 0.00 1.41 6.08
Bank return on equity, in percent −0.29 0.12 −2.41 0.03 −0.56 −0.03
Bank non-interest income to total

income, in percent −0.03 0.06 −0.54 0.60 −0.17 0.10

Internet users, percent of population 0.02 0.01 1.62 0.13 −0.01 0.06
Mobile phone subscribers, per

100 people −0.04 0.02 −1.67 0.12 −0.08 0.01

Economic growth: the rate of change
in real GDP −0.07 0.04 −1.73 0.11 −0.17 0.02

Banking system capital, percent
of assets 0.02 0.17 0.13 0.90 −0.34 0.38

Bank liquid assets to deposits and
short-term funding −0.03 0.02 −1.46 0.17 −0.08 0.02

Source: research results.

Bank return on equity: The coefficient is −0.29, and the p-value is 0.03, indicating
statistical significance. A negative coefficient implies that a decrease in bank return on
equity is associated with higher banking system Z-scores. This might indicate that a lower
return on equity is related to higher stability or regulatory compliance.

Bank non-interest income to total income: The coefficient is −0.03, with a p-value of
0.60. This variable does not appear to be statistically significant in explaining the variation
in banking system Z-scores.

Internet users: The coefficient is 0.02, but the p-value is 0.13, which is relatively high.
This suggests that the number of Internet users as a percentage of the population may not
be a statistically significant factor in explaining the banking system Z-scores in Romania.

Mobile phone subscribers: The coefficient is −0.04, with a p-value of 0.12. Similar to
the Internet users variable, it does not appear to be statistically significant in this context.

Economic growth: The coefficient is −0.07, with a p-value of 0.11. While it is not
highly statistically significant, there is a suggestion that a decrease in economic growth is
associated with higher banking system Z-scores.

Banking system capital: The coefficient is 0.02, with a very high p-value of 0.90. This
suggests that banking system capital as a percentage of assets is not statistically significant
in explaining variations in banking system Z-scores in the Romanian banking sector.

Bank liquid assets to deposits and short-term funding: The coefficient is −0.03, with a
p-value of 0.17. Similar to other variables, this does not seem to be statistically significant.

In summary, the significant variables that seem to have an impact on the banking
system Z-scores in the Romanian banking sector are “Bank Return on Assets” and “Bank
Return on Equity.” Other variables like the Globalization Index, Internet users, mobile
phone subscribers, and banking system capital do not appear to be statistically significant
in this context, as their coefficients have high p-values. Even though these digitalization
variables seem to have low or no statistical significance, it could be due to their lagged
effect. Digitalization implies higher costs for companies or banks, that are spread out over
time. Among banks’ assets, the digitalization process plays a crucial role, as software
programs and licenses represent valuable intangible assets.

DESI is an index that measures the digitalization level in a country or region. As banks
adopt digital technologies, they become more vulnerable to cyber-attacks. This could be
a risk of hacking, data breaches, or other cyber-attacks that can have a direct impact on a
bank’s risk profile. Digitalization helps to improve banking operations, which can lead to
cost savings over time and streamline processes, which can enhance metrics like return on
assets (ROA) and return on equity (ROE). Moreover, improved digital services can attract
customers and enhance their experience leading to higher revenues and customer retention.
Nevertheless, digitalization is a useful tool that enables banks to diversify their revenue
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streams. This diversification can contribute to stability, as overreliance on a single source
of income is reduced. A well-implemented digital infrastructure can make a bank more
resilient. For example, cloud-based solutions can improve disaster recovery capabilities,
ensuring the continuity of banking operations during these adverse events. Therefore,
banks should be interested in DESI evolution over time.

Looking into the DESI report made by the European Commission [59], surprisingly,
cash-based dealings still hold an extensive share of 31%, meaning that a significant number
of customers prefer paying for their online shopping with the cash-on-delivery option.
Other payment methods comprise only 1% of total e-commerce transactions. Overall, this
data indicates the variety of payment preferences of Romanians regarding card payments,
bank transfers, digital wallets, cash-based transactions, and other methods.

The evolution of the Digital Economy and Society Index (DESI) between 2017–2022
(Figure 5) indicates Romania’s performance with other countries in the region comparatively.
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Figure 5. The evolution of Digital Economy and Society Index between 2017–2022 (%). Source:
adapted by authors based on DESI annual reports [59].

With respect to Internet connectivity, the rank of Romania is consistently high from
2017 to 2022, with DESI scores of 11 or 12 throughout every year, representing a strong
digital adoption and infrastructure. However, Romania is lagging behind with low digital
public services, with DESI scores ranging from 4 to 8, suggesting wide room for improve-
ment in this area for providing advanced digital services to the general public. DESI score
for human capital development ranges from 2 to 8 representing the moderate level of
progress in developing digital skills and knowledge. Lastly, when it comes to the exam-
ination of the integration of digital technology, Romania’s DESI score varies from 3 to 7,
signifying a comparatively slower pace of transforming and integrating digital technology
across sectors compared to other countries in the region. Overall, while Romania displays
a strong point in Internet connectivity, there are areas such as human capital development,
integration of digital technology, and digital public services, where the country could
attempt further growth to catch up with its counterparts in the region.

Figure 6 provides a summary of economic growth trends from 2017 to 2022 for the
specified nations. In 2020, all these countries experienced a decline in GDP growth, a
result of the significant impact of the COVID-19 pandemic. Notably, Slovenia and Croatia
exhibited the most substantial GDP growth in 2021 and 2022. Romania had a 5.8% GDP
growth in 2021 and 4.8% GDP growth in 2022, while Croatia scored a 13.1% GDP growth
in 2021 and 6.3% in 2022. By contrast, Slovakia had a 4.9% GDP growth in 2021 and a
1.7% GDP growth in 2022. A comparison of Figures 5 and 6 reveals a consistent trend: as
digitalization levels increase, GDP growth also demonstrates higher levels.
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Figure 6. The evolution of GDP growth between 2017–2022 (%). Source: adapted by authors based
on World Bank Database.

The Internet connectivity index ANOVA analysis (Table 10) with other regional nations
indicates that Romania has a quite high level of Internet connectivity in the digital banking
sector. Even though a p-value > 0.05 shows there is no significant difference among means,
a 9.76 average connectivity score suggests the country has made noteworthy development
in digitizing its banking industry and ensuring reliable and continued Internet access for
customers. This high connectivity index score shows the adoption and transformation of
digital banking channels, easing online transactions, and improving access to monetary
services for the public.

Table 10. ANOVA connectivity index.

Groups Count Sum Average Variance

Bulgaria 6 44.38492 7.397487 2.302606
Croatia 6 42.07063 7.011772 4.401979

Hungary 6 54.54782 9.091303 4.874987
Poland 6 44.66352 7.44392 3.652504

Romania 6 58.54061 9.756768 2.306411
Slovakia 6 48.42273 8.070455 2.893962
Slovenia 6 57.01519 9.502532 3.797442

ANOVA

Source of Variation SS Df MS F p-value F crit

Between Groups 44.69824 6 7.449707 2.152216 0.071717 2.371781
Within Groups 121.1495 35 3.461413

Total 165.8477 41

Source: research results.

The ANOVA analysis (Table 11) conducted on the digital public services scores for
Romania and other regional countries shows significant differences in the level of digital-
ization in this segment. Romania’s average digital public services score for the last 6 years
of 3.34 indicates a relatively low level of digitalization in providing online services to the
public compared to other regional countries. The ANOVA test results (p-value < 0.001)
demonstrate a statistically significant difference in scores of digital public services among
the countries. This recommends that Romania has some room and space for further im-
provement and advancement in terms of offering advanced digital services to its people as
these services can help to improve digitalization in banking.
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Table 11. ANOVA digital public services.

Groups Count Sum Average Variance

Bulgaria 6 63.10481 10.51747 2.365043
Croatia 6 64.1956 10.69927 2.180258

Hungary 6 69.31001 11.55167 2.124861
Poland 6 65.8692 10.9782 2.974844

Romania 6 20.06779 3.344632 1.236113
Slovakia 6 65.86613 10.97769 1.930252
Slovenia 6 85.3421 14.22368 3.629517

ANOVA

Source of Variation SS Df MS F p-value F crit

Between Groups 398.7584 6 66.45974 28.29641 4.75 × 10−12 2.371781
Within Groups 82.20444 35 2.348698

Total 480.9629 41

Source: research results.

Another ANOVA analysis (Table 12) of digital human capital index scores for different
countries, including Romania, reveals significant disparities in digital human capital devel-
opment. Romania’s average digital human capital score of 7.17 shows moderate progress
in evolving digital skills and knowledge among its population compared to other regional
countries. The ANOVA test outcomes show digital human capital scores statistically sig-
nificant differences among the countries also presenting differences in the development
of digital capabilities. Romania might need to emphasize additional efforts to enhance its
digital human capital through education and training initiatives to catch up with other
European countries that have greater scores.

Table 12. ANOVA digital human capital index.

Groups Count Sum Average Variance

Bulgaria 6 46.64253 7.773755 0.036383
Croatia 6 73.274 12.21233 0.211817

Hungary 6 55.84807 9.308012 0.0916
Poland 6 51.56102 8.593503 0.189835

Romania 6 43.0026 7.1671 0.080649
Slovakia 6 61.30018 10.2167 0.352645
Slovenia 6 63.2063 10.53438 0.105154

ANOVA

Source of Variation SS Df MS F p-value F crit

Between Groups 108.9147 6 18.15245 118.9675 8.64 × 10−22 2.371781
Within Groups 5.340412 35 0.152583

Total 114.2551 41

Source: research results.

Also, ANOVA test outcomes (Table 13) indicate a statistically significant difference
in the integration of digital technology scores between the countries, showing variations
in the integration level of digital technologies. Romania might need to boost its efforts
in integrating digital technology to run at the pace of other regional countries that have
higher scores in this aspect. Further investments in digital infrastructure and technology
adoption may contribute to enhancement in the digital banking sector in Romania as well.
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Table 13. ANOVA integration of digital technology.

Groups Count Sum Average Variance

Bulgaria 6 18.72318 3.12053 0.155645
Croatia 6 41.18677 6.864462 2.117885

Hungary 6 24.12301 4.020502 0.293002
Poland 6 26.00022 4.33337 0.665328

Romania 6 20.47188 3.41198 0.273902
Slovakia 6 35.21639 5.869398 0.45892
Slovenia 6 47.72972 7.954953 1.019799

ANOVA

Source of Variation SS Df MS F p-value F crit

Between Groups 122.2475 6 20.37458 28.61322 4.06 × 10−12 2.371781
Within Groups 24.92241 35 0.712069

Total 147.1699 41

Source: research results.

5. Discussion

Valuable insights are revealed through the analysis in this research paper between
digitalization and Romanian banking indicators. The hypothesis states a positive corre-
lation between digital indicators and banking indicators, showing that with an increase
in digitalization performance, the efficiency of corresponding banking operations also
improves. The data and analysis presented in the research report back this hypothesis,
validating a substantial level of digitalization in the Romanian banking sector.

According to the data, an enormous proportion of the population in Romania employs
many digital financial products and services. Contactless bank cards have gained extensive
acceptance, with 70% of people utilizing them for payments. Mobile banking apps and
Internet banking for browsers are also extensively utilized modes of payment, with accep-
tance rates of 65% and 53%, respectively. These statistics show a liking for online access
to financial services. While mobile smart-watch payments and Revolut bank cards have
lower adoption rates at 31% and 25%, respectively, they still contribute to the digitaliza-
tion of the banking industry. On the other hand, digital signatures and consultation with
bank staff through messenger apps have comparatively lesser acceptance rates at 11% and
8%, respectively.

When Romania is compared with other regions with respect to digital payment meth-
ods, it is observed that it lags behind in terms of credit card penetration, with a lower
percentage compared to the Eastern Europe and the CIS region and the global average.
However, Romania increased high Internet and smartphone penetration rates, representing
promising conditions for the implementation of digital payment solutions. This proposes
that while credit card practice may be less prevalent, the potential for further expansion of
the digital payment network in Romania is significant.

A diverse range of payment preferences has been revealed through the analysis of e-
commerce payments in Romania. Digital wallets and card-based payments are widespread
ways and means, accounting for a substantial share of transactions. Bank transfers also
found a significant share of payments, whereas cash-based dealings still grip a significant
portion. This data highlights the diverse payment preferences of Romanian consumers in
the e-commerce sector.

In terms of the correlation analysis, the financial health and stability of the banking
industry observed a positive relation with the progression in digitalization. Strong positive
associations are found between banking system Z-scores and other banking indicator
variables such as return on equity, bank return on assets, bank liquid assets to deposits, and
short-term funding. These outcomes recommend that digitalization can contribute to the
overall stability and efficiency of the banking industry in Romania.

Further correlation analysis discloses the association between the Globalization Index
and several banking variables. Whereas a negative correlation between the Globalization
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Index and banking system Z-scores suggests a weak relation between the strength of the
banking organization, return on assets, and return on equity presents positive correlations
with the Globalization Index. This advocates that a higher globalization level may lead
to increased profitability for banks in Romania. Furthermore, a weak positive correlation
between bank non-interest income to total income suggests the need to work on these
indicators to improve performance and profitability. Interestingly, slightly negative cor-
relations between the Globalization Index and Internet users, as well as mobile phone
subscribers have been found in the analysis, showing a weak relationship between growing
globalization and the progress of these digital services in the banking industry. Also, a
weak negative correlation is observed between the Globalization Index and the degree of
change in real GDP, leading to minor variations of overall economic development in the
banking sector as globalization progresses.

The Romanian banking sector’s Z-scores appear to be primarily influenced by “Bank
Return on Assets” (ROA) and “Bank Return on Equity” (ROE) as the regression analysis
shows. In this context, other factors such as the Globalization Index, Internet users, mobile
phone subscribers, and banking system capital do not exhibit statistical significance, as
indicated by their high p-values. Hence, further studies are recommended subject to
data availability to analyze the connection between digitalization and ROA and ROE.
Digitalization can streamline operations, reduce costs, and improve efficiency.

The research paper also examines the performance of Romania in the Digital Economy
and Society Index (DESI) in comparison with other countries in the region. Romania
registers higher ranks in Internet connectivity, demonstrating a strong and sound digital
infrastructure. However, the country is behind in human capital development, digital
public services, and the integration of digital technology; these areas offer opportunities for
progress to compete with counterparts in the respective region.

The Internet connectivity index analysis specifies that Romania has a high level of In-
ternet connectivity in comparison with the EU-selected countries, which is very supportive
of the digitalization of the banking industry. Although ANOVA did not find a significant
difference among means, Internet connectivity offers a solid and sound footing for further
digital advancements and innovation within the banking business, as it has one of the
highest scores for 2017–2022 when compared with the analyzed countries.

On the subject of digital public services, Romania’s performance is somewhat lower
compared to other countries in the region. The analysis recommends that efforts should
be made to expand the accessibility and quality of digital public services, as they play a
vital part in improving the overall digital environment and providing a unified experience
for users.

The research paper highlights that there is a necessity for developing digital skills
and knowledge among people to enable them to use digital banking services. While
statistics show some progress in Romania in this sector, there is still room for improvement.
Improving digital education and training programs can lead to a more digitally skilled
workforce and consumers, fostering innovation and productivity.

Another important aspect in this study that has been discussed is the integration of
digital technology across sectors in order to gain economic sustainability. Data-driven strate-
gies and innovations in business processes considerably influence customer engagement,
with the effects of data-driven approaches surpassing that of innovation. Furthermore,
customer engagement markedly impacts a company’s competitive edge [71]. The statistics
show that when the banking industry adopted a high level of digitalization, other indus-
tries displayed varying digital adoption. The digital prowess of an organization should be
shaped by digital innovation, which in turn can enhance the strategic performance of the
business [72]. Digitalization also encourages environmentally sustainable behaviors, which
improves corporate social responsibility [73,74]. This advocates the need for stimulating
digital transformation across all sectors and encouraging the growth of digital technologies
to drive economic growth and effectiveness.
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Theoretical and Practical Implications

Research on the digital transformation of the Romanian banking sector can have sev-
eral theoretical implications, including shedding light on broader concepts and contributing
to the academic understanding of various fields.

The research provides a deeper understanding of how consumers’ banking behaviors
and preferences are changing with the advent of digital technology. This can potentially
help in the development of more consumer-centric banking products and services. Also,
it helps in understanding how digital transformation can lead to improved operational
efficiencies and higher profitability for banks.

Moreover, our study discusses the regulatory implications of digital transformation. It
can propose new regulatory frameworks that can ensure the safe and responsible growth
of digital banking in Romania. However, another crucial aspect to note is the potential of
digital transformation to ignite innovation within the banking sector, offering a significant
competitive edge to those banks that rapidly integrate new technologies.

The research might delve into the larger societal impacts of the digital transformation
of the banking sector, including its effects on job markets, economic growth, and societal
well-being. Therefore, it examines how digital transformation can aid in increasing financial
inclusion in Romania, particularly in remote and rural areas where traditional banking
services might be limited.

The research provides theoretical insights into how the developments in the Romanian
banking sector align with the broader trends and indicators as noted in the DESI. Our study
highlights the theoretical implications of understanding how the Romanian banking sector
compares with other European or global counterparts in terms of digital transformation,
and what lessons can be learned from these comparisons.

In summary, research on the digital transformation of the Romanian banking sector has
the potential to advance various theoretical domains, ranging from digital transformation
theories to innovation, organizational change, customer behavior, and regulatory frame-
works. These theoretical implications can provide valuable insights not only for academia
but also for policymakers, practitioners, and stakeholders in the banking industry.

According to our research findings, digitalization exerts a favorable impact on bank
returns. While the adoption of digital solutions may initially incur added expenses, Roma-
nian banks are poised to reap long-term benefits by expediting customer query resolution.
The digital transformation of Romanian banks presents the potential to curtail costs related
to personnel and physical spaces, given the shift towards digital operations. These cost
savings are expected to translate into augmented profits, reflected in elevated ROA and
ROE metrics.

6. Conclusions and Limitations

This extensive examination of data and theories related to the digital transformation in
Romania’s banking sector yields significant observations and results concerning the effect
of digitalization on numerous banking metrics. The findings endorse the favorable correla-
tion between digital advancements and heightened stability, profitability, and efficiency
within the banking sector. Furthermore, this study illuminates areas where Romania could
further enhance its digital banking infrastructure, including fostering digital human capital,
enhancing digital public services, and more seamless integration of digital technologies.
Consequently, Romania will be able to target the potential advantages of digitalization
across all sectors, especially the banking sector.

The research limitations consist of the data availability and the analysis of one domain
(i.e., the banking field). In the future, these limitations allow us to extend the research to
study the impact of digitalization on other sectors connected to the banking industry such
as the state authorities and institutions or companies. Data completeness and reliability can
affect our study, as can the limited time for data collection (digitalization is a new process).
These limitations encourage researchers to make further analyses and explore the reasons
for low digitalization among individuals in order to diminish the gap.
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Our forthcoming research aims to assess the global population’s level of digital profi-
ciency, financial literacy, and organizational resilience effects on economic sustainability in
the financial sector.
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