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The Impact of Digital Economy Development 
on the Industrial Structure Upgrading: A 
Study Based on Grey Relational Entropy and 
Dissipative Structure Theory

Abstract　In recent years, the global booming of the digital economy has 
become a booster for China’s high-quality development. In the digital economy 
era, the digital upgrading of the industrial structure has become obvious. Based 
on a grey relational entropy model and dissipative structure theory, our empirical 
study reveals that the impact of the digital economy on the industrial structure 
varies over time. Since 2013, the digital economy has become an engine for 
China’s continuous industrial structure upgrading. By comparing the influence 
of the development of digital industrialization and the industrial digitization on 
industrial structure upgrading, we find that the former has a foundational leading 
role in the upgrading of the industrial structure, but the latter has a stronger 
impact. Therefore, the digital economy is an important driving force being able 
to lead the future upgrading of the industrial structure. China should rapidly 
promote the construction of new digital infrastructure and implement strategic 
spatial layouts for the development of digital industrialization while concurrently 
accelerating the industrial digitization. This will enable China’s economy to 
achieve higher-quality, more efficient and more secure development in the post-
epidemic era. It is also an effective means for accelerating the development of a 
modern industrial system and will promote the upgrading of the economy.
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upgrading, grey relational entropy (GRE), dissipative structure theory

Industrial structure upgrading is an internal impetus of China’s high-quality 
economic development and modernization of its economic system. Meanwhile, 
technological revolutions have historically played an important role in transforming 
agrarian economies into economies driven by light industry and then heavy 
industry. Today, breakthrough innovations in next-generation information 
technologies, epitomized by big data, AI, mobile internet, cloud computing and 
the Internet of Things (IoT), are turning the digital economy into today’s dominant 
economic pattern. Under the tide of the digital economy, digital industries have 
become a major part of China’s economy. The industrial internet is reshaping 
industrial production processes, accelerating innovation in business models and 
fuelling the development of the new industrial revolution. During China’s fight 
against COVID-19, traditional industries struggled while the digital economy 
grew explosively and accelerated the industrial digitization. At present, the digital 
economy has become a stabilizer of China’s economic growth and a booster of its 
industrial restructuring. At this critical juncture in the transformation and upgrading 
of China’s economic structure, examining the relationship between the digital 
economy and industrial structure upgrading can explain the new phenomena and 
problems that have emerged during this process. It will also uncover new directions 
and pathways for industrial structure upgrading that will enable the Chinese 
economy to achieve rapid growth of even higher quality. 

Although we can see how the digital economy drives industrial structure 
upgrading, there are few empirical studies on the relationship between the two. 
In essence, industrial structure upgrading is a process wherein more advanced 
industries in the industrial system gradually achieve dominance through the 
intensive adoption of cutting-edge technologies. Given the continuity of real-
world economic activities, the various industries in an industrial structure do 
not exist in self-contained silos, nor do the components of individual industries. 
Rather, they are closely connected through complex links, making industrial 
structure upgrading akin to the process of ecological succession (Jin, 2013). 
Rigorous analysis of the evolution of this complex system requires us to rely on 
insights from systems theory. In analyzing the relationship between the digital 
economy and industrial structure upgrading, this paper views industrial structure 
upgrading as a system evolution. We first perform a theoretical analysis of the 



60 CHEN Xiaodong, YANG Xiaoxia

intrinsic mechanisms and basic pathways through which the digital economy 
influences industrial structure upgrading. Subsequently, we use methods from 
systems theory to empirically evaluate the effect of the digital economy on 
industrial structure upgrading. Thereafter, we propose approaches and policy 
recommendations on how digital economy development can promote China’s 
industrial structure upgrading. 

1　Literature Review

Technological revolutions and industrial revolutions have always been joint 
engines fuelling the development of human society. The industrialization 
and commercialization of technological innovations have driven the rise of 
new industries as well as the transformation of traditional industries, thereby 
continually reshaping industrial structure (Ma, 2018). Today’s world is still in the 
early days of a new technological and industrial revolution that is accelerating the 
evolution of industrial structure. 

1.1　Research on the Digital Economy 

In the 1990s, the implementation of the National Information Infrastructure 
Initiative by the U.S. government ushered in a new era in the global development 
of the digital economy. In The Digital Economy: Promise and Peril in the Age 
of Networked Intelligence, Tapscott (1995) defines the “digital economy” as 
an economy where information flows take on a digital form. Subsequently, 
Negroponte et al. (1996) predict in Being Digital that the digital economy will 
penetrate and revolutionize every aspect of productivity, relations of production 
and economic activities. Beginning in 1998, the U.S. Department of Commerce 
had published an annual research report titled The Emerging Digital Economy for 
seven consecutive years that drew global attention to the digital economy (Jiang, 
1998). Countries around the world began to see the digital economy as a new 
arena of global competition.  

As the digital economy becomes ever more integrated with every socioeconomic 
sphere, some academics and institutions have defined it from different 
perspectives. Mesenbourg (2001) equates the digital economy with “e-business” 
(or e-commerce). Quah (2003) expands the scope of the digital economy to all 
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economic activities where products and services are traded over the internet. 
Kang (2008) argues that the digital economy is an economic pattern comprising 
digital virtual goods. In 2016, the G20 Summit in Hangzhou reached a consensus 
on the digital economy, defining it as “a broad range of economic activities 
that include using digitized information and knowledge as the key factor of 
production, modern information networks as an important activity space, and 
the effective use of information and communication technology (ICT) as an 
important driver of productivity growth and economic structural optimization” 
in the G20 Digital Economy Development and Cooperation Initiative. Based on 
their specific forms, the China Academy of Information and Communications 
Technology (CAICT) divides digital economy activities into two categories: 
the development of digital industrialization and the industrial digitization. The 
academy has also established accounting systems and methods for the digital 
economy. 

As a new economic pattern, the digital economy is the application of 
disruptive innovations (Pei et al., 2018), with its most essential trait being the 
allocation of resources through internet platforms (Zhang, 2019). The existence 
of internet platforms is gradually bringing market structures closer to perfect 
competition, changing the profit models of the traditional industrial economy and 
providing a pathway for the transformation of the traditional economy (Yang, 
2017). Improved market mechanisms, greater economic performance and the 
accumulation of innovation resources are major pathways through which the 
digital economy promotes high-quality economic development (Song, 2019). 

1.2　Research on the Relationship between the Digital Economy and Industrial 
Structure

The relationship between the digital economy and industrial structure has 
long been a topic of academic interest. Early studies generally focus on 
either the development of digital industrialization or industrial digitization. 
However, with the continued integration between the digital and real 
economies, there has been an increasing body of research that incorporates both  
perspectives.

Studies that examine only the development of digital industrialization have 
found that it promotes industrial structure upgrading through the development 
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of the ICT industry. Heo and Lee (2019) point out that industrial structure 
upgrading is driven by linkages between the ICT industry and other industries 
and the associated spillover and influence effects. Input-output calculations show 
that the ICT industry has a higher degree of sensitivity and positive impact (Zhu, 
2005) and has become a dominant economic sector vital to improving industrial 
structure (Wang, 2009). However, the effect of the ICT industry in promoting 
industrial structure upgrading is positively correlated with the level of economic 
development (Qi and Zhang, 2015). Guo (2019) further demonstrates that the 
ICT industry presently has a limited impact on industrial structure upgrading in 
China. 

Similar studies on the industrial digitization show that it promotes industrial 
structure upgrading through technological advancements and increased efficiency. 
Based on a study of industry linkages, Lee et al. (2009) argue that the adoption 
of ICT is a catalyst for the softening and upgrading of industrial structure. The 
adoption of ICT drives the transformation of manufacturing into a high-tech 
sector (Chang and Meng, 2018) and turns knowledge-and technology-intensive 
industries into dominant industries (Jin, 2005), eventually resulting in the 
advancement of the industrial structure. Studies focusing on the value dimension 
have found that industrial digitization not only enhances value efficiency in the 
use of commodities (Qi et al., 2020) but also production efficiency, eventually 
enabling industrial structure upgrading (Xiao and Qi, 2019). 

Studies that adopt an integrated perspective find that the digital economy 
is a new driver of industrial transformation that is driving the transition from 
an industrial structure dominated by labor-intensive and heavy industries to a 
technology-intensive and eco-friendly industrial structure (Li, 2019). As such, the 
digital economy is an important force driving China’s industrial structure to the 
intermediate and high tiers (Zhang, 2018). Compared to agriculture and services, 
the manufacturing sector is the main battleground of the digital economy, where 
it can resolve the key problem in the transformation of manufacturing (Zhao, 
2017) and help small- and medium-sized manufacturers ascend from the low 
rungs of the value chain (Qiu and Guo, 2019). Based on an empirical study using 
the entropy method, Shen and Huang (2020) find that the positive externalities 
and diffusion of innovative R&D in the digital economy significantly promote 
the intensive adoption of intelligent technologies in traditional manufacturing 
industries.
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1.3　Literature Review

A review of the extant literature shows that there has been inadequate research 
on the relationship between the digital economy and industrial structure. 
Furthermore, most are theoretical analyses rather than empirical studies. 
Studies using the methods of systems theory to examine the digital economy 
and industrial structure are relatively scarce while existing research results do 
not reflect the impact of the digital economy on industrial structure upgrading 
in China. Is industrial structure upgrading in China impacted similarly by the 
development of digital industrialization and the industrial digitization? Existing 
studies do not answer this question, which happens to be highly important to 
policy refinements in the present stage. 

This paper makes the following contributions. We empirically evaluate the 
impact of the digital economy on industrial structure from the perspectives of 
the development of digital industrialization as well as the industrial digitization, 
making our conclusions more comprehensive and able to explain real-world 
phenomena. Additionally, our empirical approach combines grey relational 
entropy (GRE) and dissipative structure theory, which can assess the effect of 
the digital economy on industrial structure as well as examine the processes of 
industrial structure upgrading under the digital economy. Through retrospective 
causal analysis of GRE changes, we identify how industrial structure upgrading 
is affected differently by the development of digital industrialization and the 
industrial digitization. Our conclusions provide a theoretical reference for more 
refined and targeted policies. 

2　The Digital Economy and Industrial Structure Upgrading:  
Intrinsic Dynamics and Basic Pathways 

The digital economy emerged during the industrial economy of the 1990s as the 
“economic mapping” of the rapid development of ICT in the contemporaneous 
social context. The digital economy overcame bottlenecks and pitfalls in the 
paradigm of the industrial economy. The digital economy has traits of a “spatial 
triad” economy, a “three-handed” economy, as well as an “eco-economy.” Within 
these traits are the intrinsic dynamics governing the effect of the digital economy 
on industrial structure upgrading. 



64 CHEN Xiaodong, YANG Xiaoxia

2.1　New Characteristics of the Digital Economy 

First, the digital economy has traits of a “spatial triad.” Moore’s Law not 
only implies that digital technologies are updated at a greater pace than steam 
technology and electric technology. It also implies that digital technologies 
have the qualities of disruptive innovations. Cyberspace, comprised of the 
cloud, networks and end-users, has changed how human society used to rely on 
physical space and ushered in a new era of digital dependence. Digital space and 
physical space have become highly integrated with human society. Meanwhile, 
economic activities in digital space are gaining dominance. The data that flows in 
cyberspace is also replacing land, labor and capital to become the most important 
production factor in the digital economy era. 

Second, the digital economy is a “three-handed” economy. The digital 
economy is the sum of internet-based economic activities. Metcalfe’s Law tells 
us that the value of a network is decided by the number of its users. Having more 
users makes a network more valuable. The externalities of the internet enable 
online platforms to amass huge amounts of data in specific fields. Structural 
misalignments between supply and demand caused by information asymmetry 
have been effectively mitigated by online platforms, lowering transaction costs 
and making it possible to achieve dynamic supply-demand equilibria. Under 
the digital economy paradigm, the “visible hand” of platforms is playing an 
increasingly important role in resource allocation. Platforms are now the third 
channel for allocating resources, after markets and governments. 

Third, the digital economy is an eco-economy. As the interconnected “consumer 
internet” matures, the industrial IoT is becoming the main focus of the digital 
economy. By linking production factors, industrial chains and value chains, 
the industrial internet is achieving the coordinated development of networked 
industries empowered by intelligent digital technologies, making it the foundation 
for the development of future industries. Through the industrial internet, leading 
corporations are building ecosystems around themselves and drawing associated 
firms to these ecosystems via co-development and sharing mechanisms, thereby 
boosting their core competitiveness. Competition between ecosystems in the 
industrial internet will be the dominant form of future competition. To build an 
ecosystem or join an existing one will be a question that corporate strategy must 
confront. 
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2.2　Intrinsic Dynamics for the Digital Economy to Promote Industrial 
Structure Upgrading 

Across the world, the intrinsic logic of industrial structure upgrading has shown 
that technological progress is an endogenous driver of industrial structure 
upgrading. Each round of technological advancement results in a shift in the 
economic paradigm. Under new economic paradigm, emerging technological 
industries often surpass traditional industries to dominate the industrial system. In 
addition, they drive the transformation of traditional industries through industry 
linkages and technological diffusion, thereby bringing industrial structure 
to higher levels. In the industrial economy era, the optimal combination of 
production factors such as land, labor and capital promoted iterative upgrading in 
industrial structure. However, the law of diminishing marginal returns has sapped 
the growth capacity of traditional production factors and made bottlenecks 
increasingly salient. Meanwhile, the digital economy created by next-generation 
ICT has turned data into the most important production factor. The efficiency, 
environmental friendliness, low costs, replicability and vast availability of 
data have overcome the inherent flaws of traditional production factors while 
generating “multiplier effects.” The development of digital infrastructure and 
investment in intangible assets may have high upfront fixed costs, but their 
marginal usage costs are low or even non-existent once these projects are 
successful. That not only overcomes the trap of diminishing marginal returns 
in the industrial economy era but also enables a continued rise in value creation 
capacity. Hence, the digital economy is a green, innovative and sustainable, 
high-quality economic paradigm and a new force capable of leading industrial 
structure upgrading. Based on the preceding analysis, we propose the following 
hypothesis. 

H1: The digital economy is a new engine of economic development that can 
promote industrial structure upgrading. 

2.3　Basic Ways for the Digital Economy to Influence Industrial Structure 
Upgrading 

Through the development of digital industrialization and the industrial 
digitization, the digital economy stimulates the development of emerging 
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industries and transforms traditional industries, continually reshaping the 
basic forms of industrial structure and thereby promoting industrial structure 
upgrading. 

2.3.1　Development of Digital Industries Nurtures New Industries and Boosts 
the Relative Size of the Digital Sector

On the one hand, digital technologies have become new industries through 
industrialization. Technology lifecycle theory tells us that the journey of new 
technology from emergence to irrelevance goes through four stages: innovation, 
growth, maturity and decline. In the innovation and growth stages, large-scale 
production is unfeasible as the technology is still taking shape, costs are high, and 
market demand is low. However, in the maturity phase, the technology is stable, 
whereas declining costs, expanding market demand and broad development 
prospects will attract investment and production by many companies. A new 
industry takes form after production capacity reaches a certain scale. After nearly 
30 years of development, the electronics and IT manufacturing, software, and 
information services industries have entered the mature stage. Meanwhile, the 
IoT, big data, cloud computing and AI industries are on the rise and leading the 
development of the digital economy. 

On the other hand, digital technologies have led to new business models, which 
in turn cultivate new industries. Traditional business models are centered upon 
value creation by firms, while the business models driven by next-generation 
ICT are information matchmaking models centered upon value creation for 
customers and internet-based innovation (Li, 2012) . These new models address 
the entrenched shortcomings of low allocational efficiency and unnecessary 
loss of social surplus caused by information asymmetry while also boosting 
profits and business vitality. Hence, the new business models catalyzed by 
digital technologies can be rapidly replicated and widely adopted, enabling them 
to develop into a new form of industry. Representative examples of such new 
business models are e-commerce and the sharing economy. During the COVID-19 
pandemic, the emergent “sharing labor” model has become a thriving instance of 
how the sharing economy is extending its ambit from things to people. 

2.3.2　Industrial Digitization Boosts Digitalization Levels 

First, the industrial digitization has enabled sensor-equipped intelligent 
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production processes. In the industrial digitization, “software-defined and data-
driven” digitalized production has increasingly imbued human wisdom into 
production techniques and tools. In terms of production techniques, digital 
technologies and industrial software have enabled additive manufacturing, where 
layer-by-layer “printing” allows the creation of structurally complex components 
impossible to create via conventional subtractive manufacturing. After additive 
manufacturing, “metamorphic manufacturing” able to emulate the skills and 
creativity of human blacksmiths has ushered in the “third digital manufacturing 
wave.” “Metamorphic manufacturing” reduces material wastage while optimizing 
metal properties, making it the model of the future for high-quality intelligent 
production. In terms of production tools, the widespread adoption of industrial 
robots has replaced repetitive human labor. Moreover, industrial robots are 
gradually gaining self-perception, evaluation and decision-making capabilities. 
“Dark factories” and “lighthouse factories” are now synonymous with the future 
of intelligent production. 

Second, the industrial digitization has shaped visualizable industrial 
organization models. As a platform and vehicle for the enabling of traditional 
industries by digital technologies, the industrial internet has created the “Internet 
of Producers” “Internet of Consumers” “Internet of Suppliers” “Internet of 
Equipment” and “Internet of Products” built a framework for dialogue between 
humans, machines and things, as well as become information “aggregators” and 
resource “allocators.” The sequential “black box” style of organization in the 
industrial economy is being replaced by a more transparent parallel-network 
organization model where every participant can understand its direct business 
partners as well as identify indirectly related actors. In addition, it allows them 
to monitor the functioning of physical equipment in real time and thereby make 
more precise strategic decisions.  

The above analyses show that the development of digital industrialization and 
the industrial digitization are two basic pathways whereby the digital economy 
impacts industrial structure upgrading. Although China has already established 
a vast and comprehensive industrial system, the adoption of digital technologies 
generally remains low in Chinese industries. A minority of industries are still 
in the Industry 1.0 age, while the majority are in the Industry 2.0 and Industry 
3.0 eras. Only a tiny few have entered the Industry 4.0 epoch. Ultra-large 
traditional industries urgently need the empowerment of digital technologies. 
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The digital upgrading of traditional industries will immensely change 
China’s current industrial structure. On this basis, we propose the following  
hypothesis.

H2: While the development of digital industrialization and the industrial 
digitization are both drivers for industrial structure upgrading, the latter has a 
greater impact on industrial structure upgrading in China. 

3　Empirical Analysis and Tests

The intrinsic dynamics and basic pathways with respect to the effect of the digital 
economy on industrial structure upgrading are now relatively clear. However, 
their specific relationships still require further empirical study. 

3.1　Model Selection

This paper uses the GRE model in systems theory to perform empirical tests, 
which are validated using the “entropy change” principles of structure theory. 

3.1.1　Grey Relational Entropy Model

The GRE model introduces the concept of entropy based on grey relational 
analysis. Grey relational entropy is calculated on the basis of the grey relational 
coefficient, whereas changes in grey relational entropy form the basis for 
determining the evolution of the system. Grey relational entropy is calculated as 
per Equation (1) (Zhang et al., 1996). 

			   　 　 l  (1)

where S denotes the grey relational entropy of the system, and Pj denotes the 
distribution density of the grey relational coefficient. GRE analysis overcomes 
the loss of characteristic information in grey relational analysis caused by 
localized correlation while retaining the relatively loose requirements on sample 
data in grey relational analysis, making it an effective tool for measuring system 
evolution. Hence, our empirical tests are based on the GRE model. 

3.1.2 Dissipative Structure Theory

Dissipative structure theory is a scientific theory on the evolution of non-linear 
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open systems proposed by Prigogine (1987). The development of open systems 
with the traits of dissipative structure can be measured by calculating the “total 
entropy change” of the system, which stems from the entropy flow generated by 
the system, di s (di s > 0), and the entropy flow resulting from exchanges between 
the system and its surroundings, de s (de s < 0), as expressed in Equation (2). 

			    ds = dis + des. (2)

When total entropy changes ds < 0, the system will spontaneously evolve 
from lower to higher stages of organization. When total entropy changes ds > 
0, the system will remain in disorder and deteriorate from higher to lower levels 
of organization. When the total entropy change ds = 0, there is no change in the  
system.  

3.1.3 Applicability of the GRE Model and Dissipative Structure Theory to 
Industrial Structure Analysis

Industrial structure is a system with traits similar to ecosystems in terms of flux 
and succession. The processes are irreversible. In addition, they have typical 
characteristics of dissipative structure. 

First, industrial structure is open. It is merely one component in complex 
economies. Flows and exchanges of production factors such as capital, 
technologies, information and talent connect industrial structure closely to other 
systems in the economy. 

Second, industrial structure is not in equilibrium. It is not static. Instead, it is 
a non-equilibrium system that evolves. As technology revolutionizes industry, 
industrial structure is thrown out of equilibrium and has to adjust. As new 
technologies mature and stabilize, new industrial layouts take form and industrial 
structure reaches new equilibria. 

Third, industrial structure is non-linear. Industrial structure is abstract 
classifications of real-world complex economic activities and encompasses 
a myriad range of industry types. The development of any given industry is 
affected by other industries while also benefiting from industrial innovations 
brought about by relevant technological advances in other industries. Hence, 
there is a complex interplay of competition and positive reinforcement between 
and within industries that cannot be described using simple linear relationships 
(Shi and Hu, 2004). 

Since industrial structure is a system with the characteristics of dissipative 
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structure, the relationship between the digital economy and industrial structure 
can be empirically tested using the GRE model and dissipative structure  
theory. 

3.2　Metrics and Data 

Before using the GRE model to conduct empirical tests, we first need to 
determine the indicators and data that reflect the development of the digital 
economy and the upgrading of industrial structure. 

3.2.1　Indicators of Digital Economy Development 

We measure the development of China’s digital economy from the development 
of digital industrialization and the industrial digitization. As 2002 saw the rise of 
the “Internet of Consumers” in China, marked by the rise of e-commerce, as well 
as the year that the demand-oriented domestic digital economy began to rapidly 
grow, we use data from 2002 to 2019 for our empirical analysis. The indicators 
of digital economy development and their size are as shown in Table 1. 

Table 1　Digital Economy Development Indicators (trillions of yuan)

Year

Digital economy 

Year

Digital economy 

Digital 
industrialization 

Industrial 
digitization 

Digital 
industrialization 

Industrial 
digitization 

2002 0.60 0.60 2011 3.00 6.50

2003 0.67 0.83 2012 3.39 7.91

2004 1.13 0.87 2013 3.82 9.68

2005 1.30 1.30 2014 4.20 12.00

2006 1.67 1.43 2015 4.80 13.80

2007 1.46 2.44 2016 5.20 17.40

2008 2.00 2.80 2017 6.20 21.00

2009 2.02 4.18 2018 6.40 24.90

2010 2.30 5.40 2019 7.10 28.80

Source: China Information Economy Research Report (CAICT, 2015); White Paper on the Development 
of China’s Information Economy(2016); White Paper on China’s Digital Economy Development(2017, 
2020); White Paper on China’s Digital Economy Development and Employment(2018, 2019). Figures are 
tabulated based on these publications as well as statistics from the China Statistical Yearbooks from 2003 
to 2020, as well as relevant data from the Ministry of Industry and Information Technology, 
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3.2.2　Evaluation Indicators for Industrial Structure

We use industrial structure advancement level as our metric for industrial 
structure, calculated as shown in Equation (3) (Xu, 2008). In the equation, W1, W2 
and W3 respectively denote the size of the primary, secondary and tertiary sectors 
as a proportion of GDP.

			   　 　 IS=1*W1+2*W2+3*W3. (3)

As shown in Table 2, the advancement level of China’s industrial structure 
has been higher than 2.2 since 2002 and has increased steadily thereafter. This 
positive trend is indicative of China’s success in industrialization. In 2015, 
China’s industrial structure advancement level surpassed 2.4, reaching 2.468 
in 2019, underscoring the transition from an industrial economy to a service 
economy. 

Table 2　Industrial Structure Advancement Level 

Year 
Industrial Structure 

advancement level 
Year 

Industrial Structure 
advancement level 

2002 2.289 2011 2.351

2003 2.295 2012 2.364

2004 2.283 2013 2.38

2005 2.295 2014 2.393

2006 2.312 2015 2.421

2007 2.327 2016 2.437

2008 2.329 2017 2.443

2009 2.348 2018 2.452

2010 2.349 2019 2.468

Source: Calculated based on data from the China Statistical Yearbooks from 2003 to 2020.

Figure 1 shows the trends in China’s industrial structure advancement 
level, development of digital industrialization, and industrial digitization from 
2002 to 2019. First, the development of digital industrialization and industrial 
digitization have been on upward trajectories from 2002 to 2019, while the 
industrial structure advancement level has generally trended upward despite 
fluctuations. Second, there have been considerable changes in the internal 
structure of the digital economy, with the industrial digitization becoming 
its principal component. Third, trends of change in the industrial digitization 
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show more consistent similarities with trends of change in industrial structure  
advancement.

D
P,

 D
A

×

×
×

×
×

×
×

×

×

Figure 1　Trends of Change in China’s Industrial Structure Advancement Level, Development 

of Digital Industrialization and Industrial Digitization (2002–2019)
Note: DP indicates the development of digital industrialization, DA indicates the industrial digitization, IS 
indicates industrial structure advancement level.

3.3　Model Construction and Empirical Testing

First, we determine the reference sequence and comparison sequence. In this 
paper, the industrial structure advancement level will be the reference sequence 
X0, while the magnitudes of the development of digital industrialization 
and the industrial digitization will be the comparison sequence Xi, where  
i = 1, 2. 

Second, we nondimensionalize our data. Normalization retains the original 
differences in the data while eliminating interference due to dimensions or 
orders of magnitude. Hence, we normalize the reference and comparison to 
nondimensionalize the reference and comparison sequences as follows. 

			   　 　 , (4)

			   ，　t =1，2，…，n.� (5)

Third, we compute the grey relational coefficients. The grey relational 
coefficients can reflect the similitude between sequences, where ρ is the 
distinguishing coefficient (0 ＜ ρ＜ 1). To avoid bias and dislocations, we 
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set the value of ρ to be 0.5. The grey relational coefficients are shown in  
Table 3. 

.(6)

Table 3　Grey Relational Coefficients

Year 
Digital 

industrialization 
Industrial 

digitization 
Year 

Digital 
industrialization 

Industrial 
digitization 

2002 0.618 0.580 2011 1.015 0.850

2003 0.624 0.586 2012 1.003 0.957

2004 0.679 0.589 2013 0.902 1.000

2005 0.699 0.603 2014 0.828 0.819

2006 0.749 0.605 2015 0.735 0.723

2007 0.715 0.641 2016 0.683 0.579

2008 0.800 0.655 2017 0.576 0.482

2009 0.799 0.714 2018 0.559 0.409

2010 0.850 0.780 2019 0.507 0.355

Source: Calculated based on relevant data in Tables 1 and 2 and the China Statistical Yearbooks from 2003 
to 2020.

Fourth, we compute the grey relational density. Mapping the grey relational 
coefficient as follows yields the distribution density Pi(t). The grey relational 
density values are shown in Table 4. 

Map: ri(t)→Pi(t),

			             Pi(t)=ri(t)/  ri(t), (7)

   s t and . 

Table 4　Grey Relational Density

Year 
Digital 

industrialization 
Industrial 

digitization 
Year 

Digital 
industrialization 

Industrial 
digitization 

2002 0.046 0.049 2011 0.076 0.071
2003 0.047 0.049 2012 0.075 0.080
2004 0.051 0.049 2013 0.068 0.084
2005 0.052 0.051 2014 0.062 0.069
2006 0.056 0.051 2015 0.055 0.061

(To be continued)
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Year 
Digital 

industrialization 
Industrial 

digitization 
Year 

Digital 
industrialization 

Industrial 
digitization 

2007 0.054 0.054 2016 0.051 0.049

2008 0.060 0.055 2017 0.043 0.040

2009 0.060 0.060 2018 0.042 0.034

2010 0.064 0.065 2019 0.038 0.030

Source: Calculated based on relevant data in Tables 1 and 2 and the China Statistical Yearbooks from 2003 
to 2020.

Fifth, we calculate the grey relational entropy and grey relational entropy 
change (see Table 5). Through distribution mapping, we obtain grey relational 
entropy S(t) and grey relational entropy change ΔS(t). 

			   　　  
m

i

S(t)=- l ,
�

(8)

			   　 　ΔS(t)=S(t)-S(t-1).� (9)

Table 5　Grey Relational Entropy and Grey Relational Entropy Change

Year 
Grey relational 

entropy 
Grey relational 
entropy change

Year 
Grey relational 

entropy 
Grey relational 
entropy change 

2002 0.289 — 2011 0.384 0.030

2003 0.291 0.002 2012 0.397 0.013

2004 0.300 0.009 2013 0.390 – 0.007

2005 0.305 0.005 2014 0.356 – 0.033

2006 0.313 0.008 2015 0.330 – 0.027

2007 0.314 0.001 2016 0.299 – 0.031

2008 0.328 0.014 2017 0.265 – 0.034

2009 0.337 0.009 2018 0.249 – 0.017

2010 0.354 0.017 2019 0.229 – 0.020

Source Calculated based on relevant data in Tables 1 and 2 and the China Statistical Yearbooks from 2003 
to 2020.

Sixth, we perform a retrospective analysis of the causes of grey relational 
entropy change. Grey relational entropy change is influenced by the |P · lnP| values 
with respect to the development of digital industrialization and the industrial  
digitization. Calculating and analyzing these values allows us to examine the 
reasons for changes in grey relational entropy. The results are shown in Table 6. 

(Continued)
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Table 6　|P · lnP| Values for the Development of Digital Industrialization and Industrial 

Digitization
Digital industrialization Industrial digitization Digital Economy 

Year |P·lnP| Δ|P·lnP| |P·lnP| Δ|P·lnP|
Grey 

relational 
entropy 

Grey 
relational 
entropy 
change

2002 0.142 — 0.147 — 0.289 —

2003 0.143 0.001 0.148 0.001 0.291 0.002

2004 0.152 0.008 0.149 0.000 0.300 0.009

2005 0.155 0.003 0.151 0.002 0.305 0.005

2006 0.162 0.007 0.151 0.000 0.313 0.008

2007 0.157 –0.005 0.157 0.006 0.314 0.001

2008 0.169 0.012 0.159 0.002 0.328 0.014

2009 0.169 0.000 0.169 0.009 0.337 0.009

2010 0.175 0.007 0.178 0.010 0.354 0.017

2011 0.196 0.021 0.188 0.010 0.384 0.030

2012 0.195 –0.001 0.202 0.014 0.397 0.013

2013 0.182 –0.012 0.208 0.005 0.390 –0.007

2014 0.172 –0.010 0.184 –0.024 0.356 –0.033

2015 0.160 –0.013 0.170 –0.014 0.330 –0.027

2016 0.152 –0.008 0.147 –0.023 0.299 –0.031

2017 0.136 –0.016 0.130 –0.017 0.265 –0.034

2018 0.133 –0.003 0.116 –0.014 0.249 –0.017

2019 0.124 –0.009 0.105 –0.011 0.229 –0.020

Source: Calculated based on relevant data in Tables 1 and 2 and the China Statistical Yearbooks from 2003 to 
2020.

3.4　Analysis of Empirical Test Results

Based on empirical analysis using grey relational entropy and retrospective causal 
analysis with respect to grey relational entropy change, we make the following 
conclusions. 

3.4.1　The Digital Economy Has Promoted China’s Industrial Structure 
Upgrading

The digital economy promotes industrial structure upgrading through a process 
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of gradual integration and constant adjustments. This process can be broadly 
divided into two stages. 

In the first stage, spanning from 2002 to 2012, grey relational entropy values 
steadily increased. During this stage, the digital economy had yet to become a 
major driver of industrial structure upgrading, primarily because the development 
of the global digital economy entered a downturn after the burst of the dot-com 
bubble in the early 21st century. Although China had already proposed an ICT 
strategy at the time, the lack of breakthroughs in the IT sector hindered growth 
in the industry, whereas the penetration of information technology in traditional 
industries was limited to IT upgrades in business operations. ICT had little impact 
on industrial structure upgrading.

During the second stage, spanning 2013 to 2019, grey relational entropy 
values began a sustained decline. During this stage, grey relational entropy 
change took on negative values for seven consecutive years, indicating that the 
digital economy had become a major driver of continued industrial structure 
upgrading. The reason is that, after the global financial crisis in 2008, China 
has seized the opportunity to develop the digital economy and promote the 
industrial digitization. The services sector has been the first to benefit from digital 
technologies, which went on to penetrate industry and agriculture. The impact 
of the digital economy in promoting industrial structure upgrading gradually 
becomes apparent. 

3.4.2　Differences in the Impact of Digital Industrialization and Industrial 
Digitization on China’s Industrial Structure Upgrading

In the time dimension, there is a notable lag in the positive impact of the 
industrial digitization on industrial structure upgrading. Beginning in 2012, the 
Δ|P · lnP| values for the development of digital industrialization began to take 
on negative values, indicating that this factor was earlier to become a driver of 
industrial structure upgrading. By contrast, the Δ|P · lnP| values for the industrial 
digitization only began to turn negative in 2014, pointing towards a time lag 
in the effect of digital transformation on industrial structure upgrading. This is 
predominantly because the industrial digitization requires the development of 
digital industrialization. Moreover, the empowerment of traditional industries 
through industrial digitization requires the formation of new production 
models after the dismantling of existing ones, which is a relatively prolonged  
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process. 
In terms of impact, the industrial digitization has a more pronounced effect 

on industrial structure upgrading. A comparison of the Δ|P · lnP| values from 
2014 to 2019 shows that the industrial digitization makes a greater contribution 
to grey relational entropy change. The industrial digitization has a particularly 
pronounced impact on industrial structure during sudden crises. The COVID-19 
pandemic created severe challenges for many Chinese industries, but the tertiary 
sector was able to buck the trend owing to its higher degree of digitalization. 
Economic data for 2020 released by the National Bureau of Statistics show that 
China was able to sustain advancements in its industrial structure due to growth 
in the proportionate size of the tertiary sector. 

Building on the growth in digital industries, China should do more to speed 
up the industrial digitization through making comprehensive, multidimensional 
supporting policies. 

4　Conclusions and Policy Recommendations

Through an analysis of the characteristics of the digital economy, this paper has 
examined the intrinsic mechanisms and fundamental pathways through which 
the digital economy promotes industrial structure upgrading. The GRE model 
is used to empirically assess the relationship between the digital economy and 
China’s industrial structure. Additionally, we examine the laws of industrial 
structure upgrading under the impact of the digital economy based on the 
principles of entropy change in dissipative structure theory. Finally, we compare 
differences between the development of digital industrialization and the industrial 
digitization with respect to their impact on China’s industrial structure upgrading 
through retrospective causal analysis of grey relational entropy change. Our 
empirical results indicate the following. 

First, the digital economy has become a sustained force driving the upgrading 
of China’s industrial structure. In the future, industrial structure upgrading 
driven by the high-quality development of the digital economy will be an 
important pathway for overcoming bottlenecks in economic growth. Second, 
the development of digital industrialization is a foundational prerequisite for 
industrial structure upgrading. Greater development of digital industrialization 
will have a positive effect on industrial structure upgrading. Third, the industrial 
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digitization has a more pronounced effect on industrial structure upgrading. The 
digital transformation of China’s traditional industries is still a vast expanse of 
virgin territory. Inventory optimization in traditional industries will be a key 
area in future industrial structure upgrading. Hence, upgrading the industrial 
digitization is the most crucial aspect of China’s industrial restructuring  
policies.

Based on the conclusions of our analysis, we argue that China should 
strongly promote the growth of the digital economy such that its high-quality 
development leads industrial structure upgrading. Policies for industrial structure 
upgrading should focus on both the development of digital industrialization and 
the industrial digitization, thereby enabling the structural transformation and 
high-quality development of China’s economy, accelerating the development 
of a modern industrial system, and promoting upgrading in its economic  
system. 

4.1　Rapid Development of New Digital Infrastructure for Consolidating 
the Foundations for Digital Economy Development 

New-generation digital infrastructure is a product of the development of digital 
industrialization, the conduit for the industrial digitization, and the strategic 
cornerstone for high-quality development of the digital economy. Apart from 
being a foundational public good with strong externalities, it is also characterized 
by systematicity, economies of scale and long cyclicality, thereby having 
a profound influence on China’s future core competitiveness. Hence, the 
development of new-generation digital infrastructure should be comprehensively 
planned based on its strategic objectives, deployment, pathways and operations. 
Specifically, this should be approached from the following aspects. First, the 
development of new-generation digital infrastructure should serve China’s 
new “dual-circulation” economic landscape, which should prioritize domestic 
demand and form a dynamic equilibrium between supply and demand for new 
infrastructure. China should engage in international cooperation with greater 
confidence and openness to jointly undertake the development of new-generation 
digital infrastructure on a regional or even global scale, paving the way for the 
global expansion of China’s digital economy. Additionally, China should make 
its basic public data more widely available while ensuring information security 
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and accelerating the development of unified national platforms for open data 
sharing. 

Second, China should ensure nation-level coordination in the development 
of new-generation digital infrastructure and make forward-looking plans. Here, 
China should ensure harmonized regional development by tilting the development 
of new forms of digital infrastructure toward the central and western regions to 
compensate for the regional digital divide caused by imbalanced development 
in earlier periods. China should also develop those centers for regional, industry 
and businesses’ digital transformation, strengthen relevant public services, and 
lower the barriers to digital transformation (Chen, 2020a). Furthermore, China 
should strengthen the development of digital society and digital government by 
accelerating the adoption of intelligent digital technologies in public services and 
social governance. 

Third, China should pursue innovative means for developing and financing 
new-generation digital infrastructure. Here, China should leverage the role of 
government and the decisive role of the market and ensure that the development 
of digital infrastructure serves long-term interests. Digital infrastructure should 
be neutral and seek to boost the vibrancy of market competition. China should 
encourage all types of market entities to participate in the development of novel 
digital infrastructure based on the rules of the market. Additionally, China should 
establish basic systems and standards for protecting property rights, transactions, 
cross-border flows and security with respect to data resources to soundly promote 
their development and utilization. 

Fourth, China should attach importance to the operations and management 
of new-generation digital infrastructure. And it should give greater priority to 
operations even as it prioritizes development, so that data can truly flow and be 
utilized, allowing the physical world to be regulated and improved through “digital 
twins.”

4.2　Independent Innovation in Core Frontier Technologies for Future 
Digital Industries 

The development of digital industrialization is an important pathway toward the 
formation of new industries and the incremental expansion of economic sectors. 
It also supports the industrial digitization, making it a foundational prerequisite 
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for industrial structure upgrading. However, China currently lacks adequate 
impetus in the development of digital industrialization due to weaknesses in 
core technologies, cutting-edge technologies and foundational innovations, 
which limit the commercialization and application of digital technologies. Thus, 
future strategies for the development of digital industrialization should eye the 
following. 

First, China should target core frontier technologies in the digital economy 
arena to determine the future direction for the development of digital 
industrialization. Currently, there are signs of revolutionary breakthroughs in 
quantum information, bioinformatics and AI. China needs to strategically make 
forward-looking plans for the future development of digital industrialization and 
soundly guide the development of its companies.

Second, China should build communities of innovation involving partnerships 
between government, users, industry, universities, researchers and investors. 
China should also proactively participate in the formulation of international rules 
and standards for the digital sector and use the formulation of digital technology 
standards to lead innovation, thereby turning from being a follower to being a 
leader.

Third, China should expand pilot sites and application scenario laboratories 
for the development of digital industrialization to facilitate the “last mile” in 
the industrialization of digital technologies. As the bridge between upstream 
R&D and downstream industrialization, pilot sites are important catalysts 
and accelerators for nurturing emerging industries (Chen, 2017). Meanwhile, 
application scenario laboratories are nexuses that promote the more rapid 
implementation of digital technologies in various vertical industries. China should 
actively plan open digital-industry pilot sites and application scenario laboratories 
with companies as the mainstay to address challenges in the industrialization 
of digital technologies. China should leverage its strengths while addressing its 
weaknesses to ensure that its industrial chains remain secure, stable and under its 
control, and eventually enable them to be connected with innovation chains. 

4.3　Coordinating the National Spatial Layout of Digital Industries and 
Promoting their Coordinated Development

China presently has a wide regional “digital divide,” where the development of 
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digital industries is stronger in the eastern regions than in the central and western 
regions. According to the 2020 White Paper on the Development of China’s 
Digital Economy published by CAICT, the digital sector, a strongly innovative 
driver of regional industrial structure upgrading, constitutes over 15% of local 
GDP in Guangdong Province, Jiangsu Province and Beijing, but less than 5% in 
most central and western provincial regions. Entering the digital economy era, the 
spatial layout of the development of digital industries will have a major impact 
on balancing regional economic development. At this critical juncture in China’s 
transition from old to new economic paradigms and its industrial structure 
upgrading, the country needs to lay a firm foundation for coordinated regional 
development through a sound spatial layout for digital industries. Specifically, 
China should take the following steps. 

First, China should tilt the development of new infrastructure more strongly 
toward its central and western regions to compensate for the regional divide in 
digital infrastructure. 5G is the foundation of new infrastructure as well as the 
most crucial digital infrastructure for a networked society and economy that will 
adopt intelligent digital technologies. China should strongly advance the building 
of 5G base stations in central and western regions to ensure full 5G coverage. In 
addition, the government should actively plan large-scale data centers in these 
regions that will interact positively with their national and regional counterparts 
and facilitate data-center agglomeration and their positive economic impact. 
National industrial internet projects and intelligent manufacturing projects should 
be oriented toward central and western regions to accelerate the development 
and application of the industrial internet in these regions and enable leapfrog 
advances in local intelligent manufacturing.

Second, China should identify breakthrough points for the development of 
digital industries and formulate national plans for the spatial layout of the digital 
sector. Like other general technologies, innovation and adoption of digital 
technologies progress in increasing degrees of complexity. Thus, the spatial 
layout for the development of digital industries should target breakthrough 
points and aim for gradual progress to facilitate the complementarity of 
strengths. East China is more innovative and stronger in technological R&D 
while also having a stronger market and industrial base. R&D in core digital 
technologies can be concentrated in the east, with the focus being on the 
development of core industries such as cloud computing, big data, the IoT 
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and AI. The northeast and central regions have stronger industrial bases, 
making them suitable candidates for the future electronics ICT and software 
industries. Meanwhile, the geographically vast western regions can prioritize 
the processing and production of electronics and IT components with low 
barriers to entry and costs while gradually gaining experience, technologies 
and production factors for the development of digital industries. This will 
allow them to develop a sound industrial environment for the digital sector and 
gradually transition from a consumption-oriented to a production-oriented digital  
economy. 

4.4　Accelerating the Development of Industrial Internet Ecosystems for 
the Industrial Digitization Upgrading

The industrial digitization is the main impetus for industrial structure upgrading. 
However, most Chinese industries are still in either the Industry 2.0 or Industry 
3.0 phase, with digitally transformed industries accounting for merely 27.6% of 
GDP, far lower than the average of 50% in developed countries. To successfully 
achieve Industry 4.0, some traditional industries will have to shoulder the mission 
of leapfrog development. That requires leapfrog advancements in the ecosystems 
of the industrial internet to promote deep integration between the digital and 
physical economies and develop internationally competitive digital industries. 
Specifically, China should take the following steps.

First, China has to make a shift in mindsets and jointly develop industrial 
internet ecosystems. The building of industrial internet ecosystems should 
adopt an “Industry + Internet” paradigm that encourages and supports leading 
corporations in the real economy to be the leaders and builders of industrial 
internet ecosystems (Chen, 2020b). 

Second, China should adopt new forms of collaboration in industrial 
internet ecosystems to ensure that its benefits are shared. Partnerships in such 
ecosystems are based on cooperation between value-creating partners that have 
clear boundaries and share in the benefits. That enables them to form closer 
partnerships and jointly promote the coordinated development of industrial 
internet ecosystems.

Third, China should accelerate the digital transformation of its companies to 
lay the microeconomic foundations for the development of industrial internet 
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ecosystems. China should actively nurture leading digital economy companies 
and encourage core firms to facilitate the quicker digital transformation of 
upstream and downstream companies to bring industrial chains to higher levels 
and enable the servitization of traditional industries (Chen, 2020a). Concurrently, 
China should cultivate data scientists with expertise in IT, industrial knowledge 
and management skills to build talent pools for the digital transformation of 
companies and industries. 

Fourth, China should accelerate the opening up of digital software services at 
a higher level to repair, expand and strengthen its value chains and accommodate 
the relocation of innovation chains. Domestically, China should build a sound 
ecosystem for digital software services industries that supports the development 
of relevant leading companies, encourages the joint growth of small and 
medium-sized companies, and forms multiparty consortia for collaborative 
innovation. Internationally, China should implement global collaboration 
strategy to strengthen international cooperation in digital software services, 
generate technological spillovers, vigorously develop software outsourcing and 
other such export-oriented commercial operations, steadily promote software 
exports and more quickly boost its international competitiveness (Chen and  
Yang, 2021). 
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