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Abstract: Our goal in this study was to measure the developments, coupling degrees, and value-
added abilities of the digital economy and manufacturing industry in China. We clarified the
relationship between the coupling degree and value-added ability of the system. We also identified
the dynamic factors that affect the value-added ability of the system. On the basis of a literature
review and theoretical analysis, we constructed a vector coupling model of the evolution of the
system, and we used a combination of entropy weight, SFA, and other methods. We found that the
development levels of the digital economy and manufacturing industry in China have continued
to im-prove, but we noted considerable differences between different provinces. Furthermore, by
using model decomposition, we calculated the average contribution rate of the digital economy,
manufacturing industry, and the coupling degree of the two systems to the added value of the overall
system. The digital economy has rapidly developed in all provinces and has played a notable role in
promoting the value-added capacity of the system, especially in provinces that were lagging. This
catch-up effect of the digital economy can narrow the economic gap between provinces. The digital
economy is highly efficient, enabling, and inclusive, and thus can be coupled with the development
of the manufacturing industry to produce synergies and enhance the value-added abilities of the
two systems.

Keywords: digital economy; manufacturing industry; high-quality development; coupling degree;
value-added capability; system vector coupling model

1. Introduction

The digital economy has become a new engine driving high-quality economic de-
velopment in China. In 2020, the size of China’s digital economy was USD 5.4 trillion,
ranking second in the world, only to the United States, which had a digital economy of
USD 13.6 trillion. China’s digital economy accounted for 38.6% of GDP, whereas that of
the United States accounted for more than 60% [1]. This illustrates the importance and
broad room for the development of the digital economy in China. At present, China has
entered a digital economy era characterized by data, platform support, software defini-
tion, and the Internet of everything. With the development of the digital economy, the
boundary of the original factors affecting production has been broken, and data have been
incorporated into the functioning of economic growth. With the continuous emergence
and wide application of digital technology, the digital economy will lead to industrial
changes and play an important role in promoting the transformation and upgrading of the
manufacturing industry.

The manufacturing industry is the core of modern industrial systems. China has
the widest range of manufacturing categories, as well as the largest and most complete
manufacturing industry system in the world. However, China’s manufacturing industry is
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large but not strong, complete but not high-quality, so the transformation and upgrading of
the industry is urgently required to improve the value chain. The coupled development
of the digital economy and manufacturing industry, producing many advantages such
as high efficiency, innovation, environmental friendliness, coordination, and sharing, can
reduce the costs of the manufacturing industry and increase the added value, as well
as expand the development space, of the digital economy [2,3]. If the digital economy
and manufacturing industry develop separately, their ability to create added value will
only depend on the development levels of the two systems. If the digital economy and
manufacturing industry are coupled, additional synergies will be generated. The generation
of strength through coupling is necessary to enhance the value-added ability of the two
systems. Additionally, to generate this coupling strength, the coupling degree threshold
must be crossed. Therefore, the coupled development of the manufacturing industry and
digital economy, by crossing the coupling degree threshold, is the only way to enhance the
ability of the system to add value.

The main contributions of this study are as follows: First, in terms of model con-
struction, based on economic system evolution theory, through Lotka-Volterra derivation,
and following the vector calculation rules, we constructed a vector coupling model of the
evolution of the system, which enriches the methods in the literature for system coupling
coordination calculation. Second, in terms of model improvement, the developed system
evolution vector coupling model can calculate the coupling degree and the value-added
ability of the two systems. This advances the field from the system coupling level to the
system value-added level. Third, the theoretical component of our study enriches the theory
and literature on evolutionary economy and promotes the progress of the measurement in
evolutionary economic theory. Fourth, in terms of data and measurement, as we used eight
years of data from China’s 30 provinces, the index system is data-rich. We combined the
entropy weight method, the system evolution vector coupling model, and SFA to ensure
the accuracy of the calculated results. Finally, in terms of the study results, we calculated
accurate values of the development, coupling degree, and value-added capacity of the two
systems (digital economy and manufacturing), clarifying the importance of the role of the
digital economy in improving the value-added capacity of the system. Our study can also
be used as a reference for other countries.

The remainder of this paper is structured as follows: Section 2 provides a literature
review, further clarifying the content and innovation of this study by describing the relevant
literature. Section 3 is devoted to theory and methods, in which we discuss the theoretical
basis of the coupled development of the digital economy and manufacturing industry and
added-value creation; then, we describe the calculation method and the construction of
the measurement index system. Section 4 provides the results, included the results of the
calculations of the development, coupling degree, and value-added ability of the digital
economy and manufacturing industry. We outline an in-depth analysis of the calculation
results. In Section 5, we provide a discussion as well as the implications of our findings,
stating our conclusions and some limitations.

2. Literature Review

ICT has boosted employment [4], broadened the global purchasing channels [5],
and improved total factor productivity in the manufacturing industry [6]. Leveraging
big data analysis technologies, the manufacturing industry can further optimize and
manage the production process and promote the development of green manufacturing [7].
The application of big data technologies positively correlates with the increase in the
innovation capability in the manufacturing industry [8]. The application of big data enables
manufacturing enterprises to build a new portfolio of production factors and increases
production efficiency [9]. Additionally, the application of the industrial Internet has strongly
promoted the high-quality development of the manufacturing industry [10]. With the help
of the Internet, an intelligent manufacturing mode is being developed, where the ability to
collect and analyze data has become a key factor in increasing the quality of manufacturing
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products [11]. The deep integration of the digital economy and manufacturing industry can
improve the efficiency of independent innovation, promote the development of advanced
manufacturing clusters, and lead to the constant creation of new models, formats, and
industries [12]. With the developments of science and technology, the digital economy
has extensively and deeply penetrated the traditional manufacturing industry, which has
motivated the digital transformation of the traditional manufacturing industry [13].
China’s domestic researchers have long paid attention to the influence of information
technology on industrial development [14]. With the rise of the Internet, the relationships
between the Internet and the development of the manufacturing industry were studied [15].
As the digital economy thrives, the focus of researchers has gradually been shifting to the
coupled development of the digital economy and manufacturing industry [16,17]. The
theory of the coupled development of the digital economy and manufacturing industry
has been mainly studied from the following three aspects: The first is exploring the reasons
why the digital economy drives the transformation and upgrading of the manufacturing
industry. The development of the manufacturing industry and digital transformation
involves coupled processes and interactions. Technological innovation and hu-man capital
are important factors allowing the digital economy to drive the upgrading of the manu-
facturing industry [17,18]. However, a single factor is insufficient for the transformation
and upgrading of manufacturing enterprises: Some sort of transformation and upgrading
driven by a configuration of multiple factors is needed. Three configurations can promote
the transformation and upgrading of manufacturing enterprises based on driving factors:
resources and innovation under the dominance of the digital environment, independent
innovation with the help of the digital environment, and independent innovation within
enterprises [19]. The digital economy has promoted the customization and diversification of
manufacturing products, the intelligent and network-based development of manufacturing
production technology, and the collaborative and flexible development of manufactur-
ing production, organization, and management [16]. The digital economy has gradually
empowered the manufacturing industry more through creating value than through remod-
eling value. This is embodied by transformation in four dimensions: from factor-driven
to data-driven, from product-oriented to user-experience-oriented, from industrial associ-
ation to enterprise community, and from competition and cooperation to mutual benefit
and symbiosis [3]. The second aspect is analyzing the path of the coupling between the
digital economy and manufacturing industry. Industrial coupling is achieved based on
the decomposition and reconstruction of the industrial chain in terms of production mode
and organizational form [20]. To promote the coupled development of the digital and
manufacturing industries, we must consider the multidimensional ways data provide
driving influences, innovation, demand, and supply, so as to provide strong momentum
for the transformation of the manufacturing industry [3]. The manufacturing industry
should be deeply coupled with the digital industry to transform quality, efficiency, and
power. The government should implement measures to optimize the development environ-
ment, improve the new infrastructure, strengthen scientific and technological innovation,
improve the industrial ecology, and promote the training of professionals to advance the
coupled development of the digital and manufacturing industries [21]. The third aspect is
analyzing the effect of coupling between the digital economy and manufacturing industry.
The development of the digital economy produces dual effects: optimizing the allocation
of data elements and improving the productivity of the manufacturing industry. The
impact of digital economic development on manufacturing productivity is heterogeneous
among different enterprises of different scales and in various regions [22,23]. The coupled
development of the digital economy and manufacturing industry has promoted manu-
facturing innovation and it is moving up the value chain [24,25]. At present, the entropy
weight method (EWM) can be used to measure the effect of coupling between the digital
economy and manufacturing industry [26,27]. This method illustrates the system coupling
between industries by measuring the technology coupling between them. Additionally,
input—output analysis can be used to measure the coupling degree between the digital
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and manufacturing industries [28]. However, the digital economy includes not only the
digital industry, but also digital infrastructure and industry digitization, among others.
The measurement methods are therefore not sufficiently comprehensive. The method
used most is the coupling coordination degree model [29], which is simple to calculate
and easy to understand. However, this model essentially measures the distance and is a
kind of static and mechanistic measurement method (The standard model of the coupling

_ 2yUiUp

coordination degree between two systems is C = 3y=*. If the digital economy is 1 and

the manufacturing industry is 3, the calculation result is @: If the digital economy is 2 and
the manufacturing industry is 6, the result calculated with the model is still the same. In an
economic development system, the coupling degrees of the above two situations being the
same is hard to believe. In reality, the measurement results are the same only because the
relative distance between them is not changed. As such, using this model to calculate the
value-added capability of a system and decompose the effect would be challenging).
Through reviewing the literature, we found that the current studies on the digital
economy and manufacturing industry are mostly based on qualitative analysis; the sup-
port of quantitative studies is lacking. Researchers have focused more on the practical path
through which the digital economy and manufacturing industry have developed and the
motivation for this development, but studies on their coupling degree and value-added
capability are scarce. Most of the studies have focused on the impact of the digital economy
on the transformation and upgrading of the manufacturing industry, whereas the impact
of the manufacturing industry on the digital economy remains to be ad-dressed. Most
related studies have been constrained to measuring the coupling degree of a system, but
few have been dedicated to the value-added capability. Economic development is a vector
system with both direction and size. The coupling degree indicates the direction of sys-
tem development, whereas the value-added capability (coupling performance) measures
the size of development. The coupling between the digital economy and the manufac-
turing industry is necessary for increasing the value-added capability of the system, for
which the threshold must be exceeded. In addition, the development level of the two
systems is an important factor enhancing the value-added capability of the system. If
the two systems poorly develop, the value-added capability of the system will be weak,
regardless of the coupling degree. Therefore, the high-quality development, coupling
degree, and value-added capability of the digital economy and manufacturing industry
must be measured to clarify the relationships among them and define the driving factors
to enhance the value-added capability of the system. This is an interconnected process,
which requires a step-by-step exploration. Targeting the above-mentioned problems, this
study provides the following contributions: First, we adopted a new perspective on the
high-quality development, coupling degree, and value-added capability of the digital
economy and manufacturing industry. Second, we applied a new method of measurement.
Based on coevolution theory and the vector characteristics of the digital economy and the
manufacturing industry, we built a coupled vector model of system evolution, in which
we comprehensively used the entropy weight method, system evolution vector coupling
model, SFA, and other methods for quantitative measurement. Third, we advanced the
research level: We deepened the research in this field from the coupling to the value-added
capability of a system. Furthermore, through the analysis of the evolution pattern of the
coupling degree and value-added capability of the system, and the decom-position of
system value-added capability, we clarified the relationships between the coupling degree
of the digital economy and the manufacturing system and their value-added capability,
and we identified the dynamic factors affecting the value-added capability of the system.
As such, the main innovative contributions of our study are as follows: first, the in-
novation of the study perspective. We chose the development, coupling degree, and value-
added ability of the digital economy and manufacturing industry as the study perspective.
Second, our measurement methods are innovative. Based on the theory of coevolution and
the vector characteristics of the digital economy and manufacturing system, we constructed
a vector coupling model of system evolution. We comprehensively used entropy weight,
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the system evolution vector coupling model, SFA, and other methods for quantitative
measurement. Third, this study is innovative because we deepened the research from the
system coupling level to the system value-added level. Furthermore, through the analysis
of the evolution of system coupling degree and value-added capability, as well as the
decomposition of system value-added capacity, we clarified the relationship between the
coupling degree of the digital economy and manufacturing industry and value-added
capability, and we identified relevant factors that affect the system’s value-added capability.

3. Theory and Methods
3.1. Theoretical Foundations of Interaction between the Digital Economy and Manufacturing System
3.1.1. The Coupling Mechanism between Digital Technology and Manufactured Products

In the era of the digital economy, product manufacturing is centered on users’ needs.
Enterprises need to quickly respond to user demands, perform targeted R&D, and diversify
production [24]. Traditional manufacturers tend to adopt standardized production to take
advantage of scale to cut costs. They are not able to meet users’ needs for small-batch and
personalized production. In the digital economy era, the access to the Internet enables
the rapid matching of production resources. The application of intelligent systems allows
producers to meet the personalized needs of customers while reducing [30]. Moreover,
industrialized large-scale production can easily lead to overcapacity. Conversely, digital
production, with the application of digital technology, can be used to arrange the procure-
ment of raw material, production, and sales according to data and user needs, enabling
the accurate control of inputs and outputs, thus better solving the problem of overcapacity.
The application of advanced digital technology for increasing the production capacity of
the manufacturing industry has attained the impossible trinity in the industrial age, in
which high-quality products, good services, and low prices could not be simultaneously
achieved [7].

Digital technology can be used to access and collect the data on products from three
dimensions: design, manufacturing, and operation. Digital technology is used to create a
digital twin model in the digital world for physical products. As such, the problems that
cannot be solved in the real world can be addressed in the digital world. Digital technology
supports the testing, simulation, and restoration of products; as a result, a series of complex
problems can be solved, and the risk of uncertainty can be considerably reduced [31]. In
the era of the digital economy, digital products and technologies have penetrated all fields
of production. The production in the manufacturing industry now requires the support of
digital products and technologies. Additionally, digital products and technologies must
be based on the physical manufactured products [22]. For example, the application of
software in the digital economy is widespread in manufacturing production. Software
is the force driving the future scientific, technological, and industrial revolutions, also
bridging the coupled development of digital and manufacturing industries. All steps
of R&D, manufacturing, management, and service in the manufacturing industry are
inseparable from the application of software. The business links in the whole production
cycle of the manufacturing industry have been modeled, coded, and instrumentalized with
software, which has become the core of the intelligent manufacturing industry [32].

3.1.2. Coupling Mechanism between Digital Technology and Manufacturers

The competition among enterprises mainly occurs in terms of efficiency and cost, both
of which are closely related to digital technology. By using digital technology, manufac-
turers can optimize design, R&D, manufacturing, management, and service, reduce costs,
and improve production efficiency. Digitization can allow the efficient matching of the
value production links of enterprises, as well as accelerate profit realization. Digitization
can also be used to optimize the cost of manufacturers, and digital technology can increase
the management efficiency and quality of enterprises [23]. In traditional enterprises, high-
efficiency management is often accompanied by high risks. With multilayered approval
flow, however, safety seems to be guaranteed, but at the cost of efficiency. Digital tech-
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nology can be used to solve this contradiction by connecting and integrating business,
personnel, data, and other elements on a platform. Platform-based solutions allow enter-
prise capabilities to continuously evolve and iterate, further empowering their employees
and teams [27]. Digital platforms can connect all resources that are shared by all and can
be directly mobilized to quickly support business. Additionally, digital platforms enable
the standardization of business based on customer needs, thus ensuring the quality of the
business. Enterprises often must deal with market changes and make the correct decisions
to manage their effects. With their data resources and intelligent processing ability, digital
platforms can help managers make decisions and increase work efficiency. Data platforms
include all producers, production tools, and production factors; they optimize the allocation
of resources with big data and artificial intelligence, and provide the capability outputs for
enterprise employees and teams. As business processing and data recording increase, the
output capability of digital platforms has also been improved [22].

3.1.3. The Coupling Mechanism between the Digital Economy and Manufacturing Industry

Economic theory states that the division of labor is the force driving increased pay
and economic growth. A further analysis of the division of labor leads to three problems:
First, the division of labor is limited by the extent of the market. Second, the expansion
of the division of labor is accompanied by an increase in transaction costs. Third, the
division of labor does not necessarily lead to a continuous increase in returns [33]. The
coupling between the digital economy and manufacturing industry is the key to solving
the above problems. The consumer and industrial Internet, which are based on information
technology, have broken through time and space barriers, achieved the virtual integration
and gathering in IT space of segmented markets in different times and places, expanded
the market scale, reduced transaction costs, and increased transaction efficiency. The
application of digital technology reduces these costs, breaks the constraint of transaction
cost on the division of labor in the manufacturing industry, and continuously expands
the boundary of the division of labor in the industrial chain. The coupled development
of the manufacturing industry and digital economy is the only way to move up the value
chain, and only the manufacturing industries at the high end of the value chain can secure
continuously increasing returns [12].

The progress of digital technology has promoted the service-oriented manufacturing
industry, which is an important direction for upgrading and developing the industry and
is an important field in the development of the digital economy. The application of digital
technology allows manufacturers to produce and provide product and service portfolios
(product-service system) at a lesser cost than the sum of the costs of multiple enterprises
providing the same amount of products and services separately (cost subadditivity of
product service system) [8]. With digital technology, services such as digital delivery, fault
diagnosis, and technical services can be completed, thus quickly responding to customers’
needs. The value of service-oriented manufacturing is produced by markedly enhancing
the stickiness between manufacturers and customers, and even deprives other producers
of the opportunity to enter the market. Moreover, through service-oriented manufacturing,
manufacturers understanding the production frequency and development trends of the
enterprises and industries they serve.

3.2. Methods

The coupling between the digital economy and manufacturing systems can be char-
acterized by a vector: direction and size. The coupling between the digital economy and
manufacturing industry means that the elements and forms of the two systems interact
with each other, resulting in value-added capability. Therefore, to measure the coupling
degree and value-added capability of the digital economy and manufacturing industry,
we proceeded from the direction and size of the two systems. The coupling degree of the
two systems is the direction of the interaction between them, whereas the value-added
capability is the size of that interaction. The digital economy and manufacturing industry
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are interdependent, mutually promoted, mutually beneficial, and symbiotic. The operation
of the two systems conforms to the growth law of the logistic model and meet the conditions
of applying the Lotka—Volterra model. Therefore, the collaborative evolution model of the
digital economy and manufacturing industry is as follows:

d
{dytl = Cl]/l(l - & +)\12L2>
d

:52]/2(1—*+7t2 ) W

where y; represents the digital economy system, y; is the manufacturing system, Nj is the
growth limit of the digital economy, N, is the growth limit of the manufacturing industry,
¢1 is the growth rate of the digital economy;, ¢ is the growth rate of the manufacturing
industry, Ay; is the efficiency of the manufacturing industry in promoting the development
of the digital economy, and Ay is the efficiency of the digital economy in promoting

the development of the manufacturing industry. If a coordinate vector P; (ygo), yéo)) lets

f(y1,y2) and P; (ygo) , yéo)) all equal 0, then p; is called the equilibrium point of the following
system of Equation (2):
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By solving the system of Equation (2), we can obtain the equilibrium point of the
coupled development of the digital economy and manufacturing industry as follows:

When y; # 0,y = 0, we obtain 1 — 3 = 0, which implies y; = Nj, meaning the
point is P;(Ny,0). Wheny; = 0,2 # 0, the point is P,(0,N;). When y; # 0,y # 0,
itis P3 (1\1]1_(}‘;))‘\1221), 1\1]2_(}\:;&2211) ) When y; = 0,2 = 0, it is P4(0,0). Therefore, the equilib-
rium points of the coupled development between the digital economy and manufacturing
industry are p1(N1,0), p2(0,Nz), Ps (1\111_(}\;);\1221) , 1\1]2_(:32211) ) ,and P4(0,0).

In the next step, we further inferred the stable solutions among the four equilibrium
point solutions of the system of Equation (2). The following system of Equation (3) was
obtained from Equation (2).

Fyvya) = G =Gy (1 -%+ )\121%) = &y — A+ i R .
dys
8y y2) = G = G2 (1 — % tAx N1) = &y — Y3 + Azlézylyz

In the linear differential equations system with constant coefficients, y = Ay, where

of of
A is the coefficient matrix. In the system of Equation (3), A a(.’ygl aaéz , so we have
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Aoy 5 —25% N, T A8y

{@1 +82) + (/\2152 —2¢1) + ]/22 (A28 — 252)];

q=23G162

2
2} Y2 Ya vi Y1y2
14 (A1 +2)F + (M2 +2)== = 241255 — 240155 +4
+ (A1 + )Nl+(1z+ )N2 12N§ 2N2+ N1N2‘|
so we can obtain the coefficients of the characteristic equation as follows:
In the case of P1(N1,0),p = &1 — &1+ An), g = —8182(1 — Az +2A1); in the
case of P,(O,N2),p = G —C1(1+A12), g = —G182(1 —Aqp +2A51); in the case of
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Manufacturing
industry

Pa( Ni(1tA12) Na(14Az) _ G (4+A)+6(A+A) o &1éa(1+A1n)(1+An)
S\ 1Ay # T-2A2Aar J)° - 1-ApAn = 1-ApA

P4(0,0), p = — (81 +¢2), 9 = G162

We further discussed the above results based on economic realities. Among the
four equilibrium points we obtained for the coevolution of the digital economy system
and manufacturing system, P4(0,0) is a zero-point solution, indicating that the digital
economy and manufacturing industry have not yet developed, which is not in line with the
situation in reality. The solution p;(Nj,0) is a corner solution, indicating that the digital
economy has fully developed while the manufacturing industry has not. P>(0, N,) is also
a corner solution, indicating that the manufacturing industry has fully developed while
the digital economy has not developed. The system evolution in this special situation

does not align with the current reality of the digital economy and manufacturing industry.

P Ni(1+A1p) Na(1+Az)
S\ T2y 7 T-Ahy
that 0 < A1 < 1and 0 < Ay < 1. It agrees with the characteristics in reality that the

two systems promote each other and coevolve. Therefore, P; (1\1]1_(/1\;//\\1221) , 1\1]2_(112’}\22110 is a

; in the case of

) is an interior solution, which satisfies the condition for stability

stable solution of the model. In such a case, the coupling coefficients of the two systems
A1z and Ay; are in a relatively balanced position. The coupling coefficient represents the
synergy effect between the digital economy and manufacturing systems realized through
elements sharing and technology spillovers. The product of A1, and A1 exactly expresses
the direction of the coupled development of the two systems, and is in line with the
theoretical analysis in this study. A1 and A, are measurements of the coupling between
the two systems [34], which can be calculated as follows:

C= /\12 X )\21 (4)

The value range of C should be [0, 1]. Both digital economy and manufacturing systems
have the characteristics of a vector, with both direction and size. C can be converted into
the angle between the two systems. If the vectors of the two systems move in the same
direction, C = 0, which means they are completely decoupled. If the vectors change in
directions that are perpendicular, C = 1, and they are completely coupled. If the angle
between the two vectors and the coupling maintains linear transformation relationships,
then C = 2a /7, where « is the angle between the digital economic system vector and the
manufacturing system vector (Figure 1). Therefore, &« = 7C. As C = A1y X Ayq; the angle
between the two vectors can be calculated as follows:

T
o= 52\12)\21 ®)

Manufacturing Manufacturing

industry industry | _~______
________ 1
y2 i v2 1
’ 1
K P ta !
0 . r 8 > 0 2 ' >
y2 1 Y1 Y1
Digital economy Digital economy Digital economy
(@) () (c)

Figure 1. Three forms of value-added capability of coupling between the digital economy and the
manufacturing industry((a) graph is « = 0, (b) graphis 0 < a < 7, (c) graphisa = 7).

The coupling between the digital economy and manufacturing industry is important;
what is more important is that they must have strong coupling performance. This coupling
performance is considered the value-added capability of the two systems, which reflects the
vector size. The value-added capability of the two systems depends on two aspects. The
first is the coupling direction of the two systems, that is, the coupling degree. The coupling
degree of the two systems is a necessary condition for strong coupling performance. If
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the digital economy and manufacturing industry are poorly coupled, even if both systems
develop well, they will not have a high value-added capability. The second aspect is the
respective development levels of the digital economy and manufacturing industry. This
means that if the systems each develop poorly, the value-added capability will not be
very high, even if the two systems are highly coupled. The development of the digital
economy needs the support of the manufacturing industry, without which the value-added
capability of the digital economy will not be high. The transformation and upgrading of
the manufacturing industry also cannot occur without the digital economy. We used the
area of the parallelogram composed of the two vector systems for the digital economy and
manufacturing industry to define the value-added capability of the coupled development
of the two systems. The area of the parallelogram depends on the magnitude and included
angle « of the two vectors of the digital economy and manufacturing industry (Figure 1).
Therefore, the model for calculating the value-added capability of the coupling between
the digital economy and manufacturing industry is V = y; X y x sina. Asa = FA1pA,
the model for calculating the value-added capability is

A A
V:yl xyzxsin% (6)

We measured the comprehensive index of digital economy and manufacturing indus-
try development with the entropy weight method.

The dimensions and orders of magnitude of each index in the evaluation system are
different, so standardization was required to enable horizontal comparison. We adopted
the following methods to standardize the indices:

Xl']‘ - min{xj}

Positive indices : Xjj = :
max{x]-} - mm{x]-}

. L max{x]-} — xij
Negatlve indices : Xij =

max{x;} —min{x;}

where max{x;} is the maximum value in the indices, min{x;} is the minimum value in the
indices, and x;; is the standardized result. After standardizing the indices, the proportion
wj; of the j indices in year i is calculated as follows:

xi]‘
Wij = T
Y Xij
i=1
1 m
The information entropy of the index can be calculated by ej:e; = — ;1 wij X Inw;;.

The redundancy of information entropy can be calculated by d;: d; = 1 —¢;, where m
is the year of evaluation.

The weight of an index ¢; can be calculated according to the redundancy of informa-
tion entropy:

dj

dj

Pj=

Tt

—

The comprehensive index of system development y can be calculated according to the

m
standardized index Xij and index weight @ity = L @j X wij, where y; is between [0, 1].
i=1

The larger the y;, the more developed the system, and vice versa.

Referring to a previous approach [14], we built a nonparametric stochastic frontier
model (SFA) for the coupled development of the digital economy and manufacturing
industry. We incorporated the provincial, municipal, and time effects into the model in
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nonparametric form to measure the promotion efficiency A between the digital economy
system and the manufacturing industry system. The SFA model does not restrict the
coupling form of the digital economy and manufacturing industry, and the time and
regional effects do not act on the coupling process in a simple linear form, which avoids the
deviation of a simple linear process and aligns with the dynamics of the coupling between
the digital economy and the manufacturing industry. The model of the digital economy
promoting manufacturing industry development is as follows:

yo = f(y1,i,t) exp(eir — pir) 7)

where y is the comprehensive index of digital economy development, y; is the comprehen-
sive index of the manufacturing industry development, ¢;; is the uncontrollable stochastic
interference, and p;; is the loss of efficiency. Similarly, the model of the manufacturing
industry promoting the development of the digital economy is

v1 = f(y2i,t) exp(eir — pit) ®)

The efficiency value calculated under the SFA model is the ratio of system development
value to frontier, that is, the values of A1 and A1 [35,36]. These two values represent
the efficiency of mutual promotion between the two systems. The closer the system
development value to the frontier, the stronger the interaction between the systems, and

vice versa: "
AlZ - max(}/l) (9)
Ay = — 12
21 max(y,)

where Aj; represents the efficiency of the manufacturing industry in promoting the devel-
opment of the digital economy; Ay is the efficiency of the digital economy in promoting
the development of the manufacturing industry; max(y1) is the highest level of the digital
economy development; and max(y») is the highest level of the manufacturing industry
development. We calculated the coupling degree C between the two systems as follows:

- __nNn Y2
C= )\12 X )\21— max(yl) X max(yz) (10)

When the coupling coefficient C = 1, the two systems are completely coupled, and
when 0 < C <1, they are not fully coupled. Finally, according to Equations (6) and (10), we
calculated the value-added capability V of the two systems.

3.3. Index System

Considering the data availability and synthesizing the studies in the literature, we con-
structed an omnidirectional measurement index system for the high-quality development
of the digital economy. Taking the comprehensive index of the digital economy as the target
layer, we decomposed the comprehensive index of the digital economy into 17 indicators
from three dimensions: digital economic infrastructure, industrial digitization, and digital
industrialization. The construction of the digital economy high-quality development mea-
surement index system is shown in Table 1. First, digital infrastructure is the foundation
supporting the operation and development of the digital economy. The Organization
for Economic Cooperation and Development (OECD) and the United States Bureau of
Economic Analysis (BEA) have incorporated digital infrastructure into the digital economy
measurement index system. Referring to the literature [37-41], the digital infrastructure
indicators we constructed in this study included optical cable line length, mobile phone
penetration, Internet broadband, and other infrastructure. The number of ICT employees
also increased in the index system, which we used to measure the human capital conditions
that support the operation of the digital economy. Second, industrial digitization is the
increases in output and efficiency produced by the application of digital technology in
traditional industrial sectors, indicating the deep integration of digital technology and
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traditional industries. Referring to the literature [37,38,42,43], we used e-commerce sales,
online retail sales, and other indicators to measure the digitization of the industry. With
reference to a previous study [44], we used the digital inclusive financial index to measure
the effect of financial development on the digital economy. Finally, digital industrialization
refers to the industry closely related to the study, promotion, and application of digital
technology, which can provide technical support for the development of industrial digital-
ization. Software is the bridge between the physical world and the digital world, which is
crucial for the development of the digital economy. Referring to the literature [37,45,46],
we used the total amount of telecom business, software business income, and software
product income to measure the level of digital industrialization.

Table 1. Evaluation index system for development of the digital economy and the manufactur-

ing industry.

Index Variable Unit Data Source Reference
Length of optical K
cable line
Number'of mobile phone 10,000 stations
base stations
o Mobile phone phones /100 people ) o
Digital Economy  penetration rate China Statistical [37-41]
Infrastructure Number of domain names Yearbook
10,000 names
per thousand people
Number of broadband 10,000 ports
access ports
Number of broadband 10,000 users
access users
Number of ICT employees 10,000 employees
Electronic business sales RMB 100,000,000
Online retail sales RMB 100,000,000
Digital Economy Number of enterprises enterprise
offering APP p
Statistical
Number of computers computer Yearbook of China
used in enterprises Electronic Informa-
. [37,38,42,43]
I Number of enterprises tion Industry
ndustry . . hi istical
Dicitizati with e-commerce enterprise China Statistica
gitization .
transactions Yearbook
Number of enterprises
with e-commerce o
transactions/total number ¢
of enterprises
Digital financial P(?k}ng Unlver51ty
. . / Digital Finance [44]
inclusion index
Index
Total telecom business RMB 100,000,000
Digital hi tatistical
ertal Software business revenue RMB 10,000 China Statistica [37,45,46]
Industrialization Yearbook
Software product revenue ~ RMB 10,000
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Table 1. Cont.

Index Variable Unit Data Source Reference
Industrial added value RMB 100,000,000
Main business revenue RMB 100,000,000
Total operating profits RMB 100,000,000 China Industrial
Economic Total operating Statistics Yearbook [27,47-50]
Returns profits /main % China Statistical !
business revenue Yearbook
Manufacturers liabili- o
ties/manufacturers assets ?
R&D expen(.:htu.re of the RMB
manufacturing industry
R&D expenditure of the
manufacturing o
industry/main business ?
revenue
Full-time equivalent of erson/vear
R&D personnel P y
Numbgr of valid patents China Stock
invention patents Market and
Innovative Number of valid Accounting
. Development invention patents/R&D patents/RMB Research Database  [27,47,48,51-53]
Manufacturing expenditure of the 10,000 (CSMAR)
Industry manufacturing industry China Statistical
Yearbook
Number of valid carboo
invention patents/FTE of  patent/person/year
R&D personnel
Sales revenue of RMB 10,000
new products
Number of legal entities in .
.o entity
manufacturing industry
Number of listed .
. . enterprise
manufacturing enterprises
Total industrial energy éﬁiﬁ;déﬁgrto
consumption/industrial tons/RMB . 8y
added value Statistical
Yearbook
Green Comprehensive utilization
Development of industrial solid % [47,48,54]
waste/output of industrial "
solid waste China Statistical
Yearbook
Total investment in
industrial pollution %

control /GDP

Note: Manufacturers liabilities/manufacturers assets and total industrial energy consumption/industrial added
value are negative indicators. The other indicators are positive indicators.

The development of the manufacturing industry should take quality improvement as

the direction, and scientific and technological innovation as the driving force; it should also
adhere to green development, and increase efficiency, power, and quality with the aim of
increasing economic benefits. Therefore, starting from the connotation of the high-quality
development of the manufacturing industry, adhering to the principles of systematic sci-
ence and availability, and synthesizing the studies in the literature, we constructed an index
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system for evaluating manufacturing development. As the target layer, we decomposed
the comprehensive manufacturing industry index from the three dimensions of economic
benefit, innovation development, and green development, which we further refined into
17 indicators to be measured from different perspectives. Finally, the high-quality manufac-
turing development measurement index system is shown in Table 1. First, economic benefit
is a key feature of the development of the manufacturing industry. The manufacturing
industry has a high production efficiency and a large production scale, and its benefits have
important impacts on the development of the national economy. Referring to the litera-
ture [27,47-50], we calculated the economic benefits of the manufacturing industry by using
industrial added value, main business income, and other indicators. Second, innovation
capability is the core force driving the development and upgrading of the manufacturing
industry. Only by continuously strengthening the technological innovation capability can
the high-quality development of the manufacturing industry be realized. Referring to
the literature [27,47,48,51-53], we used the manufacturing industry Redd expenditure and
other indicators to measure the innovation capability of the manufacturing industry. Finally,
green development is a new mode of modern industrial operation of the manufacturing
industry that comprehensively considers environmental and resource benefits and pro-
motes the reform of manufacturing methods and business processes, which will become
the trend of the future development of the manufacturing industry. Referring to the litera-
ture [47,48,54], we used the total industrial energy consumption, industrial added value,
and other indicators to measure the green development of the manufacturing industry.

4. Results
4.1. Comprehensive Index of Economy and Manufacturing Industry Development

Table 2 shows that the development of the digital economy in China has been con-
stantly progressing. The mean value of the comprehensive digital economy index in the
whole country has increased from 0.1003 in 2013 to 0.3048 in 2020, for an average annual
growth rate of 17.4706%. The annual mean value of the comprehensive digital economy
index in the eastern region (0.3223) was 2.45 times that of the northeast region (0.1314)
(Provinces and municipalities in the eastern region: Beijing, Tianjin, Hebei, Shandong,
Shanghai, Jiangsu, Zhejiang, Fujian, Guangdong, and Hainan. Provinces and munici-
palities in central region: Shanxi, Anhui, Henan, Hubei, Hunan, and Jiangxi. Provinces
and municipalities in the western region: Inner Mongolia, Guangxi, Chongqing, Sichuan,
Guizhou, Yunnan, Shaanxi, Gansu, Qinghai, Ningxia, and Xinjiang. Provinces and mu-
nicipalities in the northeast region: Heilongjiang, Jilin, and Liaoning.). The value for
Guangdong (0.5949), which ranked first, was 8.58 times that of the last place Qinghai
(0.0693). Only the eastern region exceeded the national annual average level (0.2064). The
statistics showed wide differences in the development of the digital economy across regions.
In terms of the average annual growth rate, the western region was the fastest-growing,
with a growth rate of 23.2909%, followed by the central region at 22.146%, the northeast
region at 16.0851%, and the eastern region at 14.0909%. In addition, the average annual
growth rates of Qinghai, Guizhou, Jiangxi, Gansu, Guangxi, and Yunnan were among the
highest, all exceeding 25%. The data showed that the development of the digital economy
has a notable catchup effect. Rapid development can also be achieved in regions with a
weak foundation and low base. We observed a marked difference in the manufacturing
industry, which is more demanding on regional conditions and needs long-term operation
to achieve steady growth.
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Table 2. Calculation results of the comprehensive digital economy development index of provinces

and municipalities in China from 2013 to 2020.

Average

Regions 2013 2014 2015 2016 2017 2018 2019 2020 A&:::I éﬁ‘;‘v‘v‘:‘ﬁ

Rate (%)

Beiing 02586 03287 03938 04278 04705 05115 05713 06053 04459  13.1264

Tianjin 00629 00803 01028 01114 01182 01366 01610 01778 0.1189  16.2881

Hebei 00885 01103 01459 01850 02119 02425 02742 02986  0.1946  19.2371

Shandong  0.1887 02179 02638 03211 03556 04258 04546 04855 03391  14.6152

Shanghai 01795 02314 02753 02941 03168 03491 04023 04311 03100 135752

Eastern  Jiangsu 02557 03078 03748 04054 04465 05026 05663 0.6092 04335  13.3228
Zhejiang 02494 02916 03676 04107 04410 04824 05479 05725 04204 127917

Fujian 01327 01622 02060 02496 02999 03247 03471 03345 02571  14.5842

Guangdong 03506 04053 04880 05503 0.6069 07095 08026 0.8459 05949  13.4972

Hainan  0.0416 00717 01002 01139 01196 01297 01432 01472 01084  21.7755

Mean 01808 02207 02718 03069 03387 03814 04271 04508 03223  14.0909

Shanxi ~ 0.0546 00765 01016 01208 01364 01623 01775 01980 01285  20.6621

Anhui 00712 01091 01543 01786 02061 02491 02940 03139 01970 244948

Henan 00931 01248 01716 02139 02399 02776 03154 03417 02223  20.8607

Central Hubei 00897 01196 01665 01965 02111 02468 02870 03054 02028  19.6581
Hunan 00763 01039 01350 0.1681 01947 02314 02698 02978  0.1846  21.7529

Jiangxi 00459 00685 0.1098 0.1166 01516 0.1849 02168 02399 01417  27.9447

Mean 00718 01004 01398 01658 01900 02253 02601 02828  0.1795  22.1460

Mgr‘;eorha 0.0540 00666 00851 01046 01240 01358 01552 0.1717 0.1121  18.1436

Guangxi ~ 0.0494 00770 01047 01307 01486 01812 02186 02488  0.1449  26.6809

Chongging 00612 00897 01232 0.1524 01767 02065 02336 02536 01621  23.1588

Sichuan 01152 01560 02180 0.2653 03007 03487 03998 04378 02802  21.4747

Guizhou 00376 00580 00920 01211 01382 01629 01880 02023 01250  28.5020

Western ~ Yunnan 00506 00752 01105 01375 01517 01825 02152 02403 0.1455 257435
Shanxi 00719 01000 0.1318 01677 01893 02181 02507 02672 01746  21.1062

Gansu 00313 00486 00758 00939 01056 01269 0.1438 01583  0.0980 273070

Qinghai  0.0199 00321 00560 0.0685 00782 00923 0.0990 01084 00693  29.5754

Ningxia ~ 0.0296 00512 00689 00805 0089 01029 01057 01116 00799  22.6950

Xinjiang ~ 0.0463  0.0602 0.0818 00933 01058 01352 0.1495 01672 01049  20.5090

Mean 00515 00741 01043 01287 0.1462 01721 01963 02152  0.1361 232909

Liaoning  0.1114 01343 01636 01710 01876 02052 02306 02470 0.1813 122108

Northest )0 0.0427 00603 00800 0.0956 01109 01309 01365 01512 01010  20.3534
Heilongjiang 0.0498 0.0715 00891 01021 01209 01351 01536 01730 01119  19.8946

Mean 0.0680 0087 01109 01229 01398 01571 01735 01904 0.1314  16.0851

Whole Mean 01003 01297 01679 01949 02185 02510 02837 03048 02064  17.4706

Country
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Table 3 shows that the development of China’s manufacturing industry has also been
constantly progressing. The average comprehensive manufacturing industry index in China
increased from 0.2696 in 2013 to 0.3415 in 2020, for an average annual growth rate of 3.4465%,
far below the growth rate of 17.4706% of the digital economy. The annual mean value of the
comprehensive manufacturing industry index in the eastern region (0.4147) was 1.88 times
higher that of the western region (0.2205), and the value in Guangdong (0.6605), which was
the highest, was 4.99 times that of the last-placed Qinghai (0.1322). The eastern and central
regions both exceeded the national annual average (0.3032). The data showed that large
differences remained in manufacturing industry development across the regions. Moreover,
from 2013 to 2020, only 13 provinces/municipalities, such as Guangdong, Jiangsu, Zhejiang,
and Shanghai, maintained continuous growth, while the others experienced fluctuations
in growth. The eastern region was the fastest-growing region, with an average annual
growth rate of 4.1633%, followed by the central region at 3.4668%, then the western region at
2.9435%, and the northeast region was the slowest, at 1.2572%. Compared with the average
annual growth rate of the digital economy, these rates are much slower. Inner Mongolia and
Ningxia even experienced negative annual growth. This shows that the level and speed of the
development of the manufacturing industry need improvement, and the advantages of the
digital economy must be used to realize transformation and upgrading. Finally, the results of
the comprehensive digital economy index in this study are highly consistent with those of
literatures [37,38]. The results of the comprehensive manufacturing industry index are also
consistent with those of literatures [46—48]. The consistency indicates this foundation could
be for the calculation of the coupling degree and value-added capability between the digital
economy and the manufacturing industry.

4.2. Visual Analysis of the Comprehensive Development Index

Figure 2 depicts the trend in the mean value of the comprehensive development index
of the digital economy and manufacturing industry in the whole country. China’s digital
economy started from a low point, but has rapidly developed. Compared with 2013, the index
in 2020 increased by 203.8883%. China’s manufacturing industry has also maintained a growth
trend, with an increase of 26.6691% in 2020 compared with 2013. The growth rate of the digital
economy was much faster than that of the manufacturing industry, almost catching up with
the manufacturing industry in 2020 [50]. Figure 3 depicts a radar chart of the annual mean
value of the comprehensive development index of the digital economy and manufacturing
industry in the sample provinces and municipalities. The two systems essentially grew with
the same trend. Provinces and municipalities with high development levels and speed in the
manufacturing industry performed equally well in the digital economy, and vice versa. This
shows that the developments of the two are highly related [49].
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Figure 2. The digital economy and manufacturing industry comprehensive development index in
whole country.
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Table 3. Calculation results of the comprehensive manufacturing industry development index of
provinces and municipalities in China from 2013 to 2020.

Average

Annual Annual
Mean Growth
Rate (%)

Beijing 03029 03174 03428 03521 03715 0.3814 0.4070  0.4070 0.3603 4.3413

Tianjin 0.2821 02941 03033 03098 0.3156 03197 0.3127 0.3248 0.3078 2.0538

Hebei 02397 02571  0.2625 0.2762 02871  0.3014 0.2993  0.3106 0.2792 3.7978

Shandong 04331 04588  0.4646 04847 04961 04551 0.4418 0.4703 0.4631 1.3058

Shanghai 0.3408 03639 03748 03938 0.4089 0.4091 04202 0.4324 0.3930 3.4776

Eastern Jiangsu 05073 0.5449 05715 0.6118 0.6389  0.6542 0.6599  0.7098 0.6123 4.9432
Zhejiang 0.4067 04319 04514 04749 04988 05126 0.5426  0.5835 0.4878 5.3010

Fujian 0.3008 03109 03148 03325 0.3462 03599 0.3753  0.3902 0.3413 3.7945

Guangdong  0.5125  0.5460 0.5913  0.6391 0.6943 0.7286  0.7642  0.8078 0.6605 6.7266

Hainan 0.2104 0.2246 02275 0.2555  0.2664 0.2334 0.2543  0.2630 0.2419 3.5146

Mean 03536 03750 0.3905 04130 04324 04356  0.4477  0.4700 0.4147 4.1633

Shanxi 0.1992  0.1799 0.1622  0.1666  0.1981  0.2078  0.2082  0.2091 0.1914 1.0877

Anhui 0.2955 03067 03219 03500 03689 03796 03824  0.4123 0.3522 4.9047

Henan 0.3197 03355 0.3403 03458 0.3538 03391 0.3513  0.3683 0.3442 2.0835

Central Hubei 02864 03023 03091 03298 03373 0.3618 0.3748  0.3833 0.3356 4.2709
Hunan 02828 0.2924 03118 0.3171 03405 0.3478 0.3662  0.3778 0.3296 4.2444

Jiangxi 0.2364 02485 0.2606  0.2685 0.2811 0.2865  0.2958  0.3050 0.2728 3.7127

Mean 02700 0.2776 02843  0.2963  0.3133  0.3204 0.3298  0.3426 0.3043 3.4668

Region 2013 2014 2015 2016 2017 2018 2019 2020

Inner
Mongolia

Guangxi 0.2042 0.2053 0.2173  0.2240 0.2315 0.2262 02295  0.2327 0.2213 1.9113
Chongqging  0.2394  0.2520 0.2602  0.2662  0.2915 0.3002  0.3057  0.3239 0.2799 4.4425
Sichuan 02449 02646 02717 02873 03079 03204 0.3318 0.3379 0.2958 4.7279
Guizhou 0.1915 0.2050  0.2157  0.2210 0.2344 0.2420 0.2541  0.2775 0.2301 5.4630
Western Yunnan 0.1984 0.2017 02110 0.2144 02207 0.2260 0.2522  0.2547 0.2224 3.6871
Shanxi 02721 02678 0.2637 02731 0.2841 0.2964 0.3050  0.3087 0.2839 1.8465
Gansu 0.1772 01755  0.1567  0.1708 0.1759  0.1834 0.1975  0.2087 0.1807 2.5622
Qinghai 0.1204 0.1239 01109 0.1436 0.1375 0.1563  0.0961  0.1690 0.1322 9.8098
Ningxia 02123  0.2217 0.1837 0.2278 0.1919 0.1949 0.1945 0.1878 0.2018 —0.9360
Xinjiang 0.1652  0.1749  0.1488 0.1468 0.1696  0.1963  0.2033  0.2222 0.1784 4.8202
Mean 0.2030  0.2088 02023  0.2148 0.2221  0.2308 0.2342  0.2480 0.2205 2.9435

02071  0.2043  0.1852 0.1877  0.1985 0.1965 0.2068  0.2051 0.1989 —0.0264

Liaoning 0.2527  0.2481 0.2239 02396 0.2584 0.2670 0.2642  0.2786 0.2541 1.5734
Northeast Jilin 0.2192 02164 0.2144 0.2204 0.2113 0.2256  0.2288  0.2521 0.2235 2.1197
Heilongjiang 0.2284  0.2250  0.2120 0.2148  0.2172  0.2158  0.2185  0.2298 0.2202 0.1357
Mean 0.2334 02298 0.2168 0.2249 0.2290 0.2361 0.2371 0.2535 0.2326 1.2572
Whole

Mean 02696 02800 02829 0.2982 03111 03175 0.3248 0.3415  0.3032 3.4465
Country
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Figure 3. The digital economy and manufacturing industry comprehensive development index of

provinces and municipalities from 2013 to 2020.

Figures 4 and 5 depict further analyses of the dynamic evolution of the trend in the
development of the digital economy and manufacturing. The figures show that, in terms of
distribution, the kernel density function curve of the digital economy and manufacturing
industry moved to the right over time, with the digital economy moving faster. This implied
that the development level of the digital economy and manufacturing industry was constantly
rising, and the digital economy was developing more quickly. Additionally, the peak of the
kernel density function curve continued decreasing in value and increasing in width, which
indicated that the developments of the digital economy and manufacturing industry were
spatially different, and the differences tended to increase over time, especially for the digital
economy. In terms of distribution extensibility, the kernel density function curve shows a
notable tail in the right that continues to extend, which further shows that the spatial difference
between the digital economy and manufacturing development is expanding.

kernel=epanechnikov, bandwidth=0.0570

Figure 4. The kernel density of digital economy development from 2013 to 2020.
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Figure 5. The kernel density of manufacturing industry development from 2013 to 2020.
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4.3. Promotion Efficiency between the Digital Economy and Manufacturing Industry Development

Table 4 shows that the efficiency A1, of China’s manufacturing industry in promoting
the development of the digital economy was constantly increasing in general. The national
average promotion efficiency Ajy of the sample provinces/municipalities increased from
0.2266 in 2013 to 0.3073 in 2020, which is an increase of 35.6134%. The annual mean value
of the efficiency in the eastern region (0.3896) was 2.27 times higher than that in the western
region (0.1714). Both the eastern and central regions were above the national annual average
of 0.2643. The efficiency of Guangdong (0.6657), which ranked first, was 9.22 times higher
than that of the last-ranked Qinghai (0.0722).

Table 4. Measurement results of manufacturing industry efficiency (A1, ) in promoting digital
economy development in sample provinces and municipalities from 2013 to 2020.

Region 2013 2014 2015 2016 2017 2018 2019 2020  Annual Mean
Beijing 02640 02803 03088 03192 03411 03521 03809  0.3809 0.3284
Tianjin 02407 02541 02645 02718 02783 02828 02749  0.2886 0.2695
Hebei 01930 02126 02186 02340 02462 02623 02599  0.2726 0.2374
Shandong 04102 04391 04456 04682 04810 04350 04200  0.4520 0.4439
Shanghai 03066 03325 03447 03661 03830 03833 03957  0.4094 0.3652
Eastern  Jiangsu 04935 05359 05657 06110  0.6414 06586  0.6650  0.7211 0.6115
Zhejiang 03806 04089 04308 04572 04840 04995 05333 05792 04717
Fujian 02616 02730 02773 02972 03126 03280 03453  0.3621 0.3071
Guangdong 04994 05370 05880  0.6417 07037 07422 07822  0.8312 0.6657
Hainan 01601 01760 01792 02108 02229  0.1859 02094  0.2192 0.1954
Mean 03210 03449 03623 03877 04094 04130 04267 04516 0.3896
Shanxi 01475 01258 01059 01108 01463 01572 01576  0.1586 0.1387
Anhui 02556 02682 02854 03168 03382 03502 03533  0.3869 03193
Henan 02828 03006 03060 03122 03211 03046 03184 03374 0.3104
Central Hubei 02454 02633 02710 02942 03026 03301 03448  0.3542 0.3007
Hunan 02414 02522 02739 02799 03062 03144 03351  0.3481 0.2939
Jiangxi 01892 02028 02164 02253 02394 02455 02560  0.2663 0.2301
Mean 02270 02355 02431 02565 02756 02837 02942  0.3086 0.2655
Mgr‘f;orha 0.1563 01532  0.1318 01346  0.1467  0.1444 01561  0.1541 0.1472
Guangxi 01531 01544 01678 01753 01838 01779 01815  0.1851 0.1724
Chongging 01927 02067 02160 02228 02511 02610 02671  0.2875 0.2381
Sichuan ~ 0.1988 02209 02289 02464 02696 02836 02964 03033 0.2560
Guizhou 01388 01539 01660 01720  0.1870 01955 02092  0.2354 0.1822
Western ~ Yunnan 01466 01503 01607 01645 01717 01776 02070  0.2099 0.1736
Shanxi 02294 02245 02200 02306 02428 02567 02663  0.2705 0.2426
Gansu 01228 01209 00997 01155 01213 01297  0.1456  0.1582 0.1267
Qinghai 00590 00629 00483 00850 00782  0.0992 00317  0.1136 0.0722
Ningxia 01622 01727 01300 01796  0.1393 01427 01422  0.1346 0.1504
Xinjiang 01093 01201  0.0909  0.088  0.1142 01442 01521  0.1733 0.1241
Mean 01517 01582 01509 01650 01732  0.1830  0.1868  0.2023 0.1714
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Table 4. Cont.

Region 2013 2014 2015 2016 2017 2018 2019 2020 Annual Mean

Liaoning 0.2076 0.2024 0.1752 0.1929 0.2140 0.2236 0.2204 0.2366 0.2091
Jilin 0.1700 0.1668 0.1646 0.1712 0.1611 0.1771 0.1807 0.2069 0.1748

Northeast
Heilongjiang  0.1803 0.1765 0.1619 0.1651 0.1677 0.1661 0.1691 0.1818 0.1711
Mean 0.1860 0.1819 0.1672 0.1764 0.1809 0.1890 0.1901 0.2084 0.1850

Whole
Mean 0.2266 0.2383 0.2415 0.2587 0.2732 0.2804 0.2886 0.3073 0.2643
Country

Table 5 shows that the efficiency of China’s digital economy in promoting the devel-
opment of the manufacturing industry has continued to increase. The national average
promotion efficiency of the sample provinces/municipalities increased from 0.4510 in 2013
to 0.5500 in 2020, an increase of 21.9512%. The annual average value of the promotion
efficiency Ap; in the eastern region (0.5585) was 1.20 times higher than that in the northeast
region (0.4661). The efficiency of the first-ranked Guangdong (0.6906) was 1.5839 times
higher than that of the last-ranked Qinghai (0.4360). The results of the comparative analysis
showed that in the sample provinces/municipalities, the average value of A»; was larger
than that of A1, and was larger than the digital economy and manufacturing comprehen-
sive development index of the sample provinces/municipalities, and has been steadily
improving (Figure 6). This showed that the efficiency of the digital economy in promoting
the manufacturing industry was greater than that of the manufacturing industry in pro-
moting the digital economy. In addition, the standard deviation of A»; among the samples
was smaller than that of A1, and was smaller than the standard deviation of the digital
economy and manufacturing industry comprehensive development index of the sample
provinces/municipalities. In regions with different levels of development, the values of
A1 were close and very significant. This further proved that the digital economy is highly
efficient, empowering, and inclusive in promoting the manufacturing industry.
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Figure 6. The national digital economy, the manufacturing industry, and their promotion efficiencies.
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Table 5. Measurement results of digital economy efficiency (A1) in promoting manufacturing
industry development in sample provinces and municipalities from 2013 to 2020.

Region 2013 2014 2015 2016 2017 2018 2019 2020 Annual Mean
Beijing 0.5277 0.5616 0.5931 0.6096 0.6303 0.6502 0.6791 0.6956 0.6184
Tianjin 0.4329 0.4413 0.4522 0.4564 0.4597 0.4686 0.4804 0.4885 0.4600
Hebei 0.4453 0.4558 0.4731 0.4920 0.5050 0.5199 0.5352 0.5470 0.4967
Shandong 0.4938 0.5080 0.5302 0.5579 0.5747 0.6087 0.6226 0.6376 0.5667
Shanghai 0.4894 0.5145 0.5358 0.5449 0.5559 0.5715 0.5973 0.6112 0.5525
Eastern Jiangsu 0.5263 0.5515 0.5840 0.5988 0.6187 0.6459 0.6767 0.6975 0.6124
Zhejiang 0.5232 0.5437 0.5805 0.6014 0.6160 0.6361 0.6678 0.6798 0.6061
Fujian 0.4667 0.4810 0.5022 0.5233 0.5477 0.5597 0.5705 0.5644 0.5269
Guangdong  0.5722 0.5988 0.6388 0.6690 0.6964 0.7461 0.7912 0.8122 0.6906
Hainan 0.4225 0.4371 0.4509 0.4576 0.4603 0.4652 0.4718 0.4737 0.4549
Mean 0.4900 0.5093 0.5341 0.5511 0.5665 0.5872 0.6093 0.6208 0.5585
Shanxi 0.4289 0.4395 0.4516 0.4609 0.4685 0.4810 0.4884 0.4983 0.4646
Anhui 0.4369 0.4552 0.4771 0.4889 0.5022 0.5231 0.5448 0.5544 0.4978
Henan 0.4475 0.4628 0.4855 0.5060 0.5186 0.5369 0.5552 0.5679 0.5101
Central Hubei 0.4459 0.4603 0.4831 0.4976 0.5047 0.5220 0.5414 0.5503 0.5007
Hunan 0.4393 0.4527 0.4678 0.4838 0.4967 0.5145 0.5331 0.5467 0.4918
Jiangxi 0.4246 0.4356 0.4556 0.4589 0.4758 0.4920 0.5074 0.5186 0.4711
Mean 0.4372 0.4510 0.4701 0.4827 0.4944 0.5116 0.5284 0.5394 0.4893
Mg;lrg:lia 0.4286 0.4347 0.4436 0.4531 0.4625 0.4682 0.4776 0.4856 0.4567
Guangxi 0.4263 0.4397 0.4531 0.4657 0.4744 0.4902 0.5083 0.5229 0.4726
Chongqging  0.4320 0.4458 0.4621 0.4762 0.4880 0.5024 0.5156 0.5253 0.4809
Sichuan 0.4582 0.4779 0.5080 0.5309 0.5480 0.5713 0.5961 0.6145 0.5381
Guizhou 0.4206 0.4305 0.4469 0.4610 0.4693 0.4813 0.4935 0.5004 0.4629
Western Yunnan 0.4269 0.4388 0.4559 0.4690 0.4759 0.4908 0.5067 0.5188 0.4729
Shanxi 0.4372 0.4508 0.4662 0.4837 0.4941 0.5081 0.5239 0.5318 0.4870
Gansu 0.4175 0.4260 0.4391 0.4479 0.4536 0.4639 0.4721 0.4791 0.4499
Qinghai 0.4120 0.4180 0.4295 0.4356 0.4403 0.4471 0.4504 0.4549 0.4360
Ningxia 0.4167 0.4272 0.4358 0.4414 0.4455 0.4522 0.4536 0.4564 0.4411
Xinjiang 0.4248 0.4316 0.4420 0.4476 0.4537 0.4679 0.4748 0.4834 0.4532
Mean 0.4274 0.4383 0.4529 0.4647 0.4732 0.4858 0.4975 0.5066 0.4683
Liaoning 0.4564 0.4675 0.4816 0.4852 0.4933 0.5018 0.5141 0.5220 0.4902
Northeast Jilin 0.4231 0.4316 0.4411 0.4487 0.4561 0.4658 0.4685 0.4757 0.4513
Heilongjiang  0.4265 0.4370 0.4456 0.4519 0.4610 0.4678 0.4768 0.4862 0.4566
Mean 0.4353 0.4454 0.4561 0.4619 0.4701 0.4785 0.4865 0.4946 0.4661
Cvgllllr(:tlfy Mean 0.4510 0.4652 0.4837 0.4968 0.5082 0.5240 0.5398 0.5500 0.5024

4.4. Visual Analysis of the Promoting Effect

Figure 6 shows the mean value of the digital economy and manufacturing comprehen-
sive development index in the whole country from 2013 to 2020 and the dynamic trend in
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their efficiency for A1p and Ay; in promoting each other. The comprehensive manufacturing
industry index grew almost parallel with A1, and the A1, curve is below the curve of the
comprehensive manufacturing industry index. The national average of the comprehensive
digital economy development index and A1 maintained a relatively parallel growth trend
over time, and the Aj; curve is above the average curve of the comprehensive digital
economy index. Figure 7 shows the annual mean value of the digital economy and the
manufacturing industry comprehensive development index of the sample provinces and
municipalities, and the dynamic trend of the annual mean value of their efficiency A1, and
A1 in promoting each other. The comprehensive manufacturing industry index continued
growing in a trend highly similar to the curve of A1, and the Aq, curve is within the curve
of the comprehensive manufacturing industry index. This shows that the efficiency of
the manufacturing industry in promoting the digital economy was closely related to its
own development; the more developed the manufacturing industry, the more strongly the
digital economy was promoted, and vice versa. The annual average curve of the compre-
hensive digital economy development index of each province and city is still highly similar
to the Ap; curve, and the Ap; curve is outside the average curve of the comprehensive
digital economy and manufacturing industry index as well as outside of the A1, curve. This
showed that the efficiency of the digital economy in promoting the manufacturing industry
was positively related to its own development. The digital economy had a high spillover
and driving effect, leading to a whole that was stronger than the sum of its parts.
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Figure 7. The digital economy, the manufacturing industry, and their promotion efficiencies in sample
provinces and municipalities.

Figure 8 shows that the standard deviation curve of the comprehensive manufacturing
index maintained a trend similar to that of A5, and the standard deviation of A1, was
larger than that of the comprehensive manufacturing index. This further showed that the
level of manufacturing industry development affected A;;. Moreover, the more developed
the manufacturing industry, the more efficiently the digital economy was promoted. The
standard deviation of A»; in Figure 8 is much lower than that of A5, and lower than that
of the comprehensive digital economy and manufacturing industry index. This further
supported the results of the previous analysis. Regardless of whether the region was
developed or developing in terms of the digital economy and manufacturing industry,
the digital economy played a vital role in promoting the manufacturing industry, and the
promotion efficiency in these regions was close to each other and was maintained at a
relatively high level. The digital economy has been highly efficient, empowering, and
inclusive in promoting manufacturing industry. These characteristics indicate that the
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digital economy is an economic form that is particularly suitable for coupled development
with the manufacturing industry. Their coupled development can continuously improve
the value-added capability of the two systems.
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Figure 8. The digital economy, the manufacturing industry, and standard deviation of their promotion
efficiencies in sample provinces and municipalities.

4.5. Coupling Degree and Value-Added Ability between the Digital Economy and the
Manufacturing Industry

Table 6 shows that the average coupling degree between the digital economy and
manufacturing industry in the nationwide samples increased from 0.1058 in 2013 to 0.1815
in 2020, for an average annual growth rate of 8.0196%, indicating that the two systems
in these provinces and municipalities were becoming more coupled. The annual mean
value of the coupling degree between the digital economy and manufacturing industry in
the eastern region was 0.2291, 0.1318 in the central region, 0.0820 in the western region,
and 0.0866 in the northeast region. Only that in the eastern region exceeded the national
average, indicating large differences in the coupling degree between the digital economy
and the manufacturing industry among the regions [27].

Table 7 shows that the average value-added capability of the coupled development
of the digital economy and manufacturing industry in China increased from 0.0091 in
2013 to 0.0590 in 2020, which is an increase of 6.4835 times and an average annual growth
rate of 30.8970%. The value-added capability of the digital economy and manufacturing
industry was low in the beginning, but quickly grew. In further analyses of the different
regions, we found that the annual average value-added capability of the eastern region
was 0.0759, 0.0139 in the central region, 0.0056 in the western region, and 0.0046 in the
northeast region. Only that of the eastern region exceeded the national average (0.0306).
Moreover, the annual average of the eastern region was 5.4604 times higher than that of the
central region, 13.5536 times higher than that of the western region, and 16.5 times higher
than that of the northeast region. This indicated wide differences in the value-added
capability of the two systems across the regions. Therefore, further studies are needed
of the causes of the differences to identify the driving factors to improve the systems’
value-added capability.
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Table 6. Measurement results of the coupling degree between the digital economy and the manufac-
turing industry in sample provinces and municipalities from 2013 to 2020.

Average

Annual Annual
Mean Growth
Rate (%)

Beijing 0.1393  0.1574 0.1832 0.1946 02150 0.2290  0.2587  0.2650 0.2053 9.7133

Tianjin 0.1042 01121 0.1196 0.1240 0.1279 0.1325 0.1321  0.1410 0.1242 4.4507

Hebei 0.0859  0.0969 0.1034 0.1151 0.1243 0.1364 0.1391  0.1491 0.1188 8.2394

Shandong 02026  0.2230 02363 0.2612 0.2764 02648 0.2615  0.2882 0.2517 5.3119

Shanghai 0.1500 01711  0.1847 0.1995 0.2129 0.2190 0.2363  0.2503 0.2030 7.6278

Eastern Jiangsu 02597  0.2955 03304 0.3659 0.3968 0.4254 0.4500  0.5030 0.3783 9.9334
Zhejiang 0.1991  0.2223 02501 0.2749 02982  0.3178 0.3561  0.3937 0.2890 10.2451

Fujian 0.1221 01313  0.1392 0.1555 0.1712 0.1836  0.1970  0.2044 0.1630 7.6623
Guangdong 0.2858  0.3215 0.3756  0.4293 04900 05538 0.6189  0.6751 0.4687 13.0893

Hainan 0.0676  0.0769  0.0808 0.0964 0.1026  0.0865  0.0988  0.1038 0.0892 6.8767

Mean 0.1616  0.1808  0.2003 0.2216  0.2415 0.2549 02749 0.2974 0.2291 9.1170

Shanxi 0.0633  0.0553 0.0478  0.0511 0.0685 0.0756  0.0770  0.0790 0.0647 42373

Anhui 0.1117 01221 0.1362 0.1549 0.1698 0.1832  0.1925  0.2145 0.1606 9.8031

Henan 0.1266 01391 0.1486 0.1580 0.1665 0.1635 0.1768  0.1916 0.1588 6.1648

Central Hubei 0.1094 0.1212 0.1309 0.1464 0.1527 0.1723  0.1867  0.1950 0.1518 8.6484
Hunan 0.1061  0.1142 0.1281 0.1354 0.1521 0.1618 0.1786  0.1903 0.1458 8.7417

Jiangxi 0.0803  0.0884  0.0986 0.1034 0.1139 0.1208  0.1299  0.1381 0.1092 8.0714

Mean 0.0996 0.1067 0.1150 0.1249 0.1373  0.1462 0.1569  0.1681 0.1318 7.7747

Region 2013 2014 2015 2016 2017 2018 2019 2020

Inner
Mongolia

Guangxi 0.0653  0.0679  0.0760  0.0817  0.0872  0.0872  0.0923  0.0968 0.0818 5.8471
Chongqging  0.0833  0.0922  0.0998 0.1061  0.1226  0.1311  0.1377  0.1510 0.1155 8.9279
Sichuan 0.0911 0105  0.1163 0.1308 0.1477 0.1621  0.1767  0.1864 0.1396 10.8125
Guizhou 0.0584 0.0663 0.0742 0.0793 0.0878  0.0941 0.1032  0.1178 0.0851 10.5788
Western Yunnan 0.0626  0.0660 0.0733  0.0772  0.0817  0.0872  0.1049  0.1089 0.0827 8.3537
Shanxi 0.1003  0.1012 0.1026  0.1115 0.1200 0.1304 0.1395  0.1439 0.1187 5.3403
Gansu 0.0513  0.0515 0.0438 0.0517 0.0550  0.0602  0.0687  0.0758 0.0572 6.2624
Qinghai 0.0243  0.0263  0.0207 0.0370 0.0344 0.0444 0.0143  0.0517 0.0316 40.2981
Ningxia 0.0676 ~ 0.0738  0.0567 0.0793  0.0621  0.0645 0.0645 0.0615 0.0662 0.4808
Xinjiang 0.0465 0.0518 0.0402 0.0397 0.0518 0.0675 0.0722  0.0838 0.0567 10.2447
Mean 0.0652  0.0699  0.0693 0.0778 0.0835 0.0906  0.0953  0.1048 0.0820 7.0736
Liaoning 0.0948 0.0946 0.0844 0.0936  0.1056 0.1122  0.1133  0.1235 0.1027 4.1489

0.0670  0.0666  0.0585 0.0610 0.0679  0.0676  0.0745  0.0748 0.0672 1.8665

Northeast Jilin 0.0719  0.0720 0.0726  0.0768 0.0735 0.0825 0.0847 0.0984  0.0790 4.7953
Heilongjiang 0.0769  0.0771 0.0721 0.0746  0.0773  0.0777  0.0806  0.0884 0.0781 2.1124
Mean 0.0812  0.0812 0.0764 0.0817 0.0854 0.0908 0.0929 0.1034 0.0866 3.6533

Whole

Mean 0.1058  0.1154 0.1228  0.1355 0.1471  0.1565 0.1672  0.1815 0.1415 8.0196
Country
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Table 7. Results of the value-added capability of coupled development of the digital economy and

the manufacturing industry from 2013 to 2020 in China.

Annual

Region 2013 2014 2015 2016 2017 2018 2019 2020 A&:::I é‘;ﬁﬁ%ﬁ

Rate (%)

Befjing 00170 0.0255 00383 00453 00579 00687 00919 0099 00555  29.5763

Tianjin ~ 0.0029 00041 00058 0.0067 00074 00090 00104 00127 00074  24.0574

Hebei 0.0029 00043 00062 0.0092 00118 00155 00178 00215 00111  34.0701

Shandong  0.0256  0.0343 0.0444 00621 00742 00783 00802 00999 00624 222075

Shanghai ~ 0.0143 00224 00295 00357 00425 00482 00613 00714 00407 265166

Eastern  Jiangsu 00515 00751 01062 01348 0.1665 02038 02427 03072 01610  29.4070
Zhejiang 00312 00431 00635 00816 00993 01184 0.1578 01937 00986  30.1214

Fujian 00076 0.0103 00141 00201 00276 00332 00397 00412 00242  27.9577

Guangdong 00780 01071  0.1606 02196 02932 03951 05067 05963 02946  34.0373

Hainan  0.0009 00019 00029 00044 00051 00041 00056 00063 00039 365114

Mean 00232 00328 00472 00620 00786 00974 01214 01450 0.0759  30.2143

Shanxi 00011 00012 00012 00016 00029 0.0040 00045 00051 0.0027 269698

Anhui 00037 00064 00105 00151 00200 00268 00335 0.0428 00198  43.0553

Henan 00059 00091 00135 00182 00219 00239 00304 00373 00200  31.0419

Central Hubei ~ 00044 00068 00105 00148 00169 00239 00311 00353 00180 356026
Hunan 00036 00054 00084 00113 00157 00202 00274 00331 00156  37.8873

Jiangxi 00014 00024 00044 00051 00076 00100 00130 00157 00074  43.9047

Mean 0.0033 00052 00081 00110 00142 00181 00233 00282 00139  36.3228

Mgrllr;orha 00012 00014 00014 00019 00026 00028 0.0038 00041 00024  20.3920

Guangxi  0.0010 00017 00027 00037 0.0047 00056 00072 00088 00044 367767

Chongging 00019  0.0033 0.0050 00067 00099 00127 00153 00193 00093  40.0713

Sichuan ~ 0.0040 0.0068 00108 00156 0.0213 00281 00363 00427  0.0207  41.0827

Guizhou 00007 00012 00023 00033 00045 0.0058 00077 00103 00045  49.9238

Western ~ Yunnan  0.0010 0.0016 0.0027 0.0036 00043 00056 0.0089 00104 00048 413774
Shanxi ~ 0.0031 0.0042 00056 00080 00101 00131 00166 00185 00099  29.5872

Gansu 00004 00007 00008 00013 00016 00022 00031 00039 00018  37.1991

Qinghai 00001  0.0002 0.0002 00006 00006 0.0010 0.0002 00015 00005 1255512

Ningxia ~ 0.0007 00013 00011 00023 00017 00020 00021 00020 00016 256983

Xinjiang ~ 0.0006  0.0009  0.0008 0.0009 00015 00028 00034 00049 00020 402755

Mean 0.0013 00021 00030 00043 0.0057 00074 00095 00115 00056  36.6039

Liaoning  0.0042 00049 0.0048 00060 0.0080 0.0096 00108 00133 00077  18.4197

Northest )0 0.0011 00015 00020 00025 0.0027 00038 00041 00059 00029 286105
Heilongjiang 0.0014  0.0019 00021  0.0026 0.0032 00036 00042 0.0055 00031  22.3570

Mean 0.0022 00028 00030 0.0037 00046 00057 0.0064 00082 0.0046  20.9368

Whole Mean 0.0091 00130 00187 00248 00316 00394 00493 00590 00306  30.8970

Country
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4.6. Visual Analysis of the Coupling Degree and the Value-Added Ability

Figure 9 shows that the digital economy, manufacturing industry, and their coupling
degree and value-added capability all continuously grew from 2013 to 2020. The manu-
facturing industry, its coupling with the digital economy, and its value-added capability
show similar trends. The digital economy was rapidly improving between the lines of the
coupling degree and manufacturing industry. This showed that, on the basis of the devel-
opment of the manufacturing industry and driven by the digital economy, the two systems
have achieved coupled growth and improvement in value-added capability. Figure 10
shows that the annual average values of the manufacturing industry, digital economy, and
the coupling degree between them in the sample provinces and municipalities maintained
a relatively similar growth pattern. However, only the eastern region had a value-added
capability that grew following the growth pattern of the above-mentioned three factors,
whereas the value-added capacity curves in the central, western, and northeast regions
rapidly decrease and flatten out. This indicated that the digital economy and manufacturing
industry have achieved coupled development to a certain extent, but the value-added capa-
bility of the two systems had not yet substantially improved. This is because the coupling
between the two systems is a necessary condition and the threshold variable for a notable
increase in the value-added capability of the two systems. Figure 10 shows that some
provinces and municipalities had not yet crossed the threshold of coupling between the
digital economy and manufacturing industry. Although some provinces and municipalities
had crossed the threshold, they had not yet reached the goal of considerably increasing
their value-added capability. Only some provinces and municipalities in the eastern region
achieved the goal of substantially increasing their value-added capability after crossing the
coupling threshold. In Figure 10, the four curves show consistent growth trends.
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Figure 9. Dynamic trends in the coupling degree and the value-added capability of the manufacturing
industry and the digital economy in China.

Figures 11 and 12 reveal the dynamic trends in the coupling degree and value-added
capability of the digital economy and manufacturing industry in China from 2013 to 2020. We
found that the curves in Figure 11 (kernel density of coupling degree between two systems)
share the same pattern as those in Figure 4 (kernel density of the digital economy) and
Figure 5 (kernel density of the manufacturing industry). The growth pattern of the three
are also similar in Figure 10. This indicates that some provinces and municipalities have
achieved the coupled development of the digital economy and manufacturing industry, and
have crossed the coupled development threshold. As reflected in the figures, the curves
follow similar growth trends. However, from further analysis of Figure 12, we found that
the kernel density curve of the value-added capability of the two systems shows a noticeable
right tail that is continuously expanding. Moreover, the values converge mostly within the
range of 0-0.1. Only a few provinces and municipalities had crossed the threshold, with
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their value-added capability considerably increasing. Therefore, the kernel density of value-
added capability was characterized by both convergence and extensibility. This showed that
although the value-added capability of the digital economy and manufacturing system in
most provinces and municipalities was constantly improving, it was still limited to a certain
range. Only a few provinces and municipalities have crossed the threshold and achieved a
noticeable increase. Therefore, the value-added capability of the system showed convergence
and extensibility. We further proved that the coupling degree of the two systems is the
necessary condition and threshold variable for substantial improvement in the value-added
capability. Even if the threshold of coupled development is crossed, the goal of substantial
improvement in value-added capacity has not yet been reached.
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Figure 10. The coupling degree and the value-added capability of the manufacturing industry and
the digital economy in sample provinces and municipalities.
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Figure 11. Kernel density of the coupling degree from 2013 to 2020 in China.
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Figure 12. Kernel density of value-added capability from 2013 to 2020 in China.
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Table 8 provides a comparative analysis of the coupling degree and value-added capa-
bility between the digital economy and manufacturing industry in the sample provinces
and municipalities. Accordingly, we divided the 30 provinces/municipalities into four
categories: developed, moderately developed, moderately underdeveloped, and underde-
veloped. Developed regions had a coupling degree that was more than twice the national
average, moderately developed regions more than 1 times, underdeveloped regions were
more than 0.8 times, and the rest were underdeveloped regions. Among the 30 sample
provinces and municipalities in China, 11 provinces and municipalities were higher than
the national average in terms of the coupling degree, among which 7 were in the eastern
region; however, 14 provinces and municipalities were categorized as underdeveloped
regions. We found large differences in coupling degree. We observed a still larger dif-
ference in the value-added capability of the system. Only 6 of the 30 sample provinces
and municipalities had a higher value-added capability than the national average, all of
which were located in the eastern region. Fujian was the only province in a transitional
stage (moderately underdeveloped). The remaining 23 provinces and municipalities were
underdeveloped in terms of value-added capability. Therefore, the value-added capability
of the digital economy and manufacturing industry in those provinces and municipalities
was polarized. We could loosely divide the samples into three categories: those that have
not crossed the threshold of coupled development; those that have crossed the threshold,
but not experienced a qualitative change in the value-added capability; and those that have
crossed the threshold of coupled development, and have witnessed a qualitative change
in their value-added capability (Taking the value-added capability of the system as the
response variable, and the coupling degree of the system as the threshold variable and the
explanatory variable, the results of a test with Hansen (2000) threshold model showed that
the coupling degree of the system had a threshold effect. See the Appendix A for the results
of the empirical threshold test.).

Table 8. Classification and ranking of provinces and municipalities in terms of the coupling degree and
the value-added capability of the digital economy and the manufacturing industry from 2013 to 2020.

Region Type Coupling Degree Value-Added Capability
Developed Guangdong (0.4687), Jiangsu (0.3783), Guangdong (0.2946), Jiangsu (0.1610),
P Zhejiang (0.2890), Shandong (0.2517) Zhejiang (0.0986), Shandong (0.0624)
Beijing (0.2053), Shanghai (0.2030),
Moderately Developed Fujian (0.1630), Anhui (0.1606), Henan (0.1588), Beijing (0.0555), Shanghai (0.0407)

Hubei (0.1518), Hunan (0.1458)

Moderately Underdeveloped

Sichuan (0.1396), Tianjin (0.1242), Hebei
(0.1188), Shaanxi (0.1187), Chongging (0.1155)

Fujian (0.0242)

Underdeveloped

Jiangxi (0.1092), Liaoning (0.1027),
Hainan (0.0892), Guizhou (0.0851), Yunnan
(0.0827), Guangxi (0.0818), Jilin (0.0790),
Heilongjiang (0.0781), Inner Mongolia (0.0672),
Ningxia (0.0662), Shanxi (0.0647), Gansu
(0.0572), Xinjiang (0.0567), Qinghai (0.0316)

Sichuan (0.0207), Henan (0.0200), Anhui
(0.0198), Hubei (0.0180), Hunan (0.0156),
Hebei (0.0111), Shaanxi (0.0099),
Chonggqing (0.0093), Liaoning (0.0077),
Jiangxi (0.0074), Tianjin (0.0074), Yunnan
(0.0048), Guizhou (0.0045), Guangxi
(0.0044), Hainan (0.0039), Heilongjiang
(0.0031), Jilin (0.0029), Shanxi (0.0027),
Inner Mongolia (0.0024), Xinjiang
(0.0020), Gansu (0.0018), Ningxia (0.0016),
Qinghai (0.0005)

Note: Values in brackets are the annual mean of the coupling degree and the value-added capability of the digital
economy and the manufacturing industry in sample provinces and municipalities. The national annual means of
the coupling degree and the value-added capability were 0.1415 and 0.0306, respectively.
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4.7. Analysis of the Evolution Pattern of the Coupling Degree and the Value-Added Capability of
the Digital Economy and Manufacturing Industry System

We further analyzed the relationships between the evolution of the coupling degree
and the value-added capability of the digital economy and manufacturing industry, and
we clarified the path of the evolution of the coupling degree enhancing value-added
capability. With the coupling degree between the digital economy and manufacturing
industry as the abscissa and value-added capability as the ordinate, we generated a
diagram to analyze the evolution pattern in four quadrants (Figure 13). In the first
quadrant, the levels of the coupling degree and value-added capability of the digital
economy and manufacturing industry are both high, indicating that the digital economy
and manufacturing industry were well-coupled based on their own development; on that
basis, the value-added capability was substantially improved. Quadrant one represents
the optimal state. In the second quadrant, the coupling degree between the two systems
is low, but the value-added capability is high. This shows that the two systems had not
reached a high-level coupling in the evolution process, but only relied on their respective
development to drive their value-added capability. In this case, the input of resources has
not produced the best results. Value-added capacity without the foundation of coupled
development is not optimal. In the third quadrant, the levels of the coupling degree
and value-added capability of the two systems are both low, indicating that the two
systems were each lagging and had low coupling degree and value-added capability.
In the fourth quadrant, the coupling degree between the two systems is high, but the
value-added capability is low, indicating that although the two systems had achieved
coupled development and may have crossed the threshold, the value-added capability
was only growing linearly and had not experienced a considerable increase. The fourth
quadrant is a transitional stage between the third and first quadrants; it is also the key
stage in exceeding the threshold. We further divided the patterns of system evolution
into four cases, as shown in Figure 13. The first is a relatively static state, showing
little movement in the coordinate of the coupling degree and value-added capability
of the two systems, with no cross-quadrant development, showing only a change in
quantity, not quality. The second is a substantial change in the systems’ value-added
capability, without qualitative development in the coupling degree between the systems,
but their value-added capability has achieved qualitative improvement. Patterns such
as @, @, @, and (@ are representative of this case. Patterns @ and (2 indicate that
the value-added capability has qualitatively improved without any qualitative change
in the coupling degree of the systems. Patterns () and (¥ are the opposite. The third
is a substantial change in the systems’ coupling degree. The value-added capability
of the system has not notably changed, but the coupling degree between the systems
has achieved a notable increase. Patterns ), (¢), @), and (8 are indicative of such a
case. Patterns (5and (6§) demonstrate the case where the value-added capability of the
systems has not qualitatively changed, but the coupling degree between the systems has
qualitatively improved. Patterns (7) and (8) are the opposite. The fourth is a substantial
change in both the value-added capability and the coupling degree, for example, patterns
®), @, @), and @. The value-added capability and coupling degree of pattern  have
qualitatively improved. Pattern @ shows the opposite trend. For pattern @0, the coupling
degree increased, but the value-added capability decreased. For pattern @), the coupling
degree decreased, but the value-added capability grew.
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Figure 13. Coupling between the digital economy and manufacturing industry and the evolution
pattern of value-added capability.

According to the above theoretical explanation of the system coupling degree and
value-added capability evolution patterns, and combined with Figures 14 and 15, we found
that the coupling degree between the digital economy and manufacturing industry was
positively related to their value-added capability. Overall, the levels of the coupling degree
and value-added capability of most of the sample provinces and municipalities were low
in 2013. A total of 19 provinces and municipalities had a coupling degree and value-
added capability in the third quadrant. Five provinces and municipalities had reached the
transitional stage in quadrant IV. Six provinces and municipalities broke through quadrant
IV and reached quadrant I, reaching the optimal state of high coupling degree and high
value-added capability. In 2020, the coupling degree and value-added capability in all
provinces and municipalities had remarkably improved, with an annual mean coupling
degree and value-added capability of 0.1815 and 0.0590, respectively. Compared with
2013, the overall distribution pattern in 2020 also changed. At this time, 10 provinces
and municipalities were located in the third quadrant and 20 in the first quadrant (In the
third quadrant, value-added capacity is lower than the average of 0.0091, and the coupling
degree is lower than the average of 0.1059. In quadrant IV, the value-added capacity is
lower than the average of 0.0091, and the coupling degree is greater than the average of
0.1059; in quadrant I, the value-added capacity is greater than the average of 0.0091, and
the coupling degree is greater than the average of 0.1059. For convenience of comparison,
the average value of 2013 is also used in Figure 15.). Most provinces and municipalities
had crossed the threshold value, achieving rapid growth and cross-quadrant transition of
coupling degree and value-added capability. However, some provinces and municipalities
still had not achieved qualitative changes or cross-quadrant development compared with
the baseline in 2013. Through the above analysis, we found the evolution path of the
value-added capacity of the digital economy and manufacturing industry was quadrant III
— quadrant IV — quadrant I. First is the state of pattern (6), where the coupling degree
achieves quadrant crossing early, and the value-added capability increases but has not
crossed into the next quadrant. With the enhancement in the coupling degree between the
two systems, the value-added capability continues to improve, and the systems evolve
from pattern (&) to (9 and enter the optimal state in quadrant I along the evolution path of
pattern (9. This shows once again that the coupling between the digital economy and the
manufacturing industry is the necessary condition and threshold variable for substantial
improvement in the value-added capability of the systems. However, some provinces
and municipalities were still at the low level in the first quadrant even though they had
achieved considerable improvement in the value-added capability. Even if the threshold of
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coupled development was crossed, the goal of value-added capability improvement was
far from being achieved.
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Figure 14. The distribution pattern of system coupling and value-added capability in 2013.
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Figure 15. The distribution pattern of system coupling and value-added capability in 2020.

4.8. The Decomposition of the Value-Added Capability of the Digital Economy and the
Manufacturing Industry

We then further analyzed the dynamic factors affecting the value-added capability
of the systems. We identified three dynamic trends in the value-added capability of the
digital economy and manufacturing industry: rising, remaining unchanged, and declining.
From the results, we found that the value-added capabilities of the sample provinces and
municipalities were mainly rising, with four combined driving forces: First, under the
condition that the development level of the manufacturing industry remains unchanged,
the value-added capability was driven by the growth of the digital economy. Second, under
the condition that the digital economy remains unchanged, the value-added capability
is produced by the development of the manufacturing industry. Third, the growth of
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value-added capability is produced by the simultaneous growth of the digital economy
and manufacturing industry. Fourth, the value-added capacity is produced from the
coupling between the digital economy and manufacturing industry. If we suppose that the
digital economy and manufacturing industry increase from 3 and y9 in the base period to
¥ 4+ Ay; and yJ + Ay, respectively, then the coupling degree changes from Cy = A1y X Ay
to C; = A}, X A3; in the reporting period. The included angle changes from ag to a1,
therefore:

Vi = (]/(1) + Ay1> X (yg + Ay2> X sinaq

According to the changes in v, y2, and «, we decomposed the value-added capability
of the coupled development of the digital economy and the manufacturing industry in the
study period into the following equation:

Vi = y¥yYsinag + yAys sinag + y3 Ay sinag + Ay1Aya sinag + y{y3 (sinay — sinag)+ a1
y(l)Ayz(sin a1 —sinwg) + ygAyl(sin aq —sinag) + Ay Ay (sinag — sinag)
Substituting Equation (5) « = 7 A12A5; into Equation (11), we obtained the decomposi-
tion Equation (12) of the value-added capability of the coupled development of the digital
economy and manufacturing industry in the study period:

A2 A A2 A A2 A A2 A ADAS A A
Vi = iy sin T2 g sin TR yfay sin TS Ay Ay sin TE2E 4y <sin e 21>+
1 I 1 Y v
o (o TR A L ox (o TARAL . TApAn CAGAL . Ay (12)
y1Ay2 | sin —sin + YAy ( sin —sin + Ay1Ay, | sin —sin
2 2 2 2 2 2
VI VI Vi

According to Equation (12), we divided the increase in the value-added capability
of the digital economy and manufacturing industry in the study period into eight types.
Table 9 provides the description of each type.

Table 9. The decomposed types of the value-added capability of the coupled development between
the digital economy and the manufacturing industry.

Type Typel Type I1 Type 111 Type IV
lue- ff lue- £f
Value-added effect Va ue added.e. ect V.a ue adc}ed effect
. . driven by digital driven by interactive
driven by manufacturing - .
) economy development influence of digital
. industry development on : .
- Original value-added . . on basis of coupling economy and
Description o basis of coupling degree L
capability degree of both systems manufacturing industry
of both systems and . ; .
. . and manufacturing on basis of coupling
digital economy in the . . .
b riod industry in the degree of both systems in
ase perod. base period. the base period.
Type Type V Type VI Type VII Type VIII
Value-added effect Value-added effect Value-added effect
. . . . . . Value-added effect
driven by coupling driven by manufacturing driven by digital . .
. . driven by coupling
degree of both systemson  industry development economy and coupling
- . . . degree of both systems
Description basis of digital economy  and coupling degree of degree of both systems . o
and interactive influence

and manufacturing
industry in the
base period.

two systems on basis of
digital economy in the
base period.

on basis of
manufacturing industry
in the base period.

of digital economy and
manufacturing industry.

With 2013 as the base period and 2020 as the reporting period, the decomposed results
of the value-added capability of the digital economy and manufacturing system are shown
in Tables 10 and 11. From the national average, in 2020, the descending order of the value-
added capability of the two systems were: Type III (0.0148) > Type VIII (0.0114) > Type I
(0.0091) > Type V (0.0072) > Type IV (0.0054) > Type VIII (0.007). Type III, driven by the
digital economy, was the major contributor to the increase in the value-added capability in
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2020. The national average value-added capability of Type III was 0.0148, which ranked first
among all types, with a proportion of 25.09%; it also ranked first in all regions and most of the
sample provinces and municipalities. Moreover, Type III accounted for a particularly higher
proportion in the relatively lagging northeast, western, and central regions. This showed that
the digital economy contributed the most to the improvement in the systems’ value-added
capability. In all regions that showed differences in the level of development, the digital
economy was rapidly developing, playing a large role in promoting the systems’ value-added
capability, especially in developing regions. Type V measures the contribution of the coupled
development between the digital economy and manufacturing industry to the value-added
capability of the systems. The national average of Type V was 0.0072, ranking fourth and
accounting for 12.13% of the total. It also ranked fourth among all regions and most of the
sample provinces and municipalities. This showed that the coupling between the digital
economy and manufacturing industry also played an important role in improving the value-
added capability of the system. Type VII is the contribution of the interaction between the
digital economy and coupling degree between the two systems to the value-added capability
of the systems. The national average of Type VII was 0.0114, ranking second and accounting
for 19.24% of the total. Type VII also ranked second of all the regions and most of the sample
provinces and municipalities. This once again showed that the digital economy and the
coupling between the systems had an important influence on the value-added capability
of the systems. Type II represents the contribution of the manufacturing industry to the
systems’ value-added capability, which accounted for a relatively low proportion of all the
samples, indicating that the manufacturing industry must transform and upgrade in order to
contribute to enhancing the systems’ value-added capability. The results of the above analysis
revealed that the development of the digital economy and the coupling between the two
systems are important for enhancing the value-added capability of the systems. The digital
economy could be characterized as highly efficient, empowering, and inclusive in promoting
the value-added capability of the systems in all regions with different development levels.
Therefore, the only path to increasing the value-added capability of the systems is to take full
advantage of the spillover, convergence, and driving effects of the digital economy and its
coupled development with the manufacturing industry.

Based on Tables 10 and 11, we drew a chart demonstrating the trend in the different
types of value-added capacity through China and in each region (Figure 16). The figure
shows that the value-added capability in the eastern region was above the national average,
while those of the other three regions were below the average. Types I, 111, V, VII, and
VIII in the eastern region all contributed to the value-added capacity of the system, so
we concluded that the eastern region was experiencing thorough all-round development.
The central, western, and northeast regions mainly relied on the contribution from Types
II and VII. Types 111, IV, VII, and VIII all involve the contribution of the digital economy
factors. The above analysis illustrates two points: First, the digital economy plays a large
role in improving the systems’ value-added capability. Second, the digital economy has not
fully played its role in promoting the transformation and upgrading of the manufacturing
industry. Except for the eastern region, the development of the manufacturing industry
and the degree of coupling between the two systems have contributed little to the value-
added capacity of the systems. This does not mean that the manufacturing industry is
unimportant, but that the value-adding effect of the manufacturing industry on the system
has not been fully exerted. If the development of the manufacturing industry and digital
economy and the coupled development of the two are realized, such as in Guangdong,
Jiangsu, Zhejiang, and Shanghai, the value-added capability of the systems will also be
comprehensively increased [42]. Accelerating the development of the digital economy, fully
allowing its role in promoting the transformation and upgrading of the manufacturing
industry, and enhancing the coupling between the digital economy and manufacturing
industry development are the only methods of enhancing the value-added capability of
the system.
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Table 10. Results of the decomposed value-added capability of coupled development between the
digital economy and the manufacturing industry in 2020.

Region Values of Decomposed Value-Added Capability
Type Typel Type I1 Typelll  TypelV Type V Type VI  Type VII Type VIII
Beijing 0.0170 0.0058 0.0228 0.0078 0.0147 0.0050 0.0197 0.0068
Tianjin 0.0029 0.0004 0.0053 0.0008 0.0010 0.0002 0.0018 0.0003
Hebei 0.0029 0.0008 0.0068 0.0020 0.0021 0.0006 0.0049 0.0015
Shandong 0.0256 0.0022 0.0402 0.0035 0.0102 0.0009 0.0160 0.0014
Shanghai 0.0143 0.0038 0.0200 0.0054 0.0092 0.0025 0.0128 0.0034
Eastern Jiangsu 0.0515 0.0206 0.0711 0.0284 0.0407 0.0162 0.0562 0.0225
Zhejiang 0.0312 0.0136 0.0404 0.0176 0.0276 0.0120 0.0358 0.0155
Fujian 0.0076 0.0023 0.0116 0.0034 0.0050 0.0015 0.0076 0.0023
Guangdong  0.0780 0.0449 0.1102 0.0635 0.0788 0.0454 0.1114 0.0642
Hainan 0.0009 0.0002 0.0024 0.0006 0.0005 0.0001 0.0013 0.0003
mean 0.0232 0.0095 0.0331 0.0133 0.0190 0.0084 0.0267 0.0118
Shanxi 0.0011 0.0001 0.0028 0.0001 0.0003 0.0000 0.0007 0.0000
Anhui 0.0037 0.0015 0.0125 0.0049 0.0033 0.0013 0.0112 0.0044
Henan 0.0059 0.0009 0.0157 0.0024 0.0029 0.0004 0.0079 0.0012
Central Hubei 0.0044 0.0015 0.0106 0.0036 0.0034 0.0011 0.0081 0.0027
Hunan 0.0036 0.0012 0.0104 0.0035 0.0028 0.0009 0.0081 0.0027
Jiangxi 0.0014 0.0004 0.0058 0.0017 0.0010 0.0003 0.0041 0.0012
mean 0.0033 0.0009 0.0096 0.0027 0.0023 0.0007 0.0067 0.0020
Mg:gjha 0.0012 0.0000 0.0026 0.0000 0.0001 0.0000 0.0003 0.0000
Guangxi 0.0010 0.0001 0.0042 0.0006 0.0005 0.0001 0.0020 0.0003
Chongging  0.0019 0.0007 0.0060 0.0021 0.0015 0.0005 0.0048 0.0017
Sichuan 0.0040 0.0015 0.0113 0.0043 0.0041 0.0016 0.0115 0.0044
Guizhou 0.0007 0.0003 0.0029 0.0013 0.0007 0.0003 0.0029 0.0013
Western Yunnan 0.0010 0.0003 0.0037 0.0010 0.0007 0.0002 0.0027 0.0008
Shanxi 0.0031 0.0004 0.0083 0.0011 0.0013 0.0002 0.0036 0.0005
Gansu 0.0004 0.0001 0.0018 0.0003 0.0002 0.0000 0.0009 0.0002
Qinghai 0.0001 0.0000 0.0004 0.0002 0.0001 0.0000 0.0005 0.0002
Ningxia 0.0007 —0.0001 0.0018 —0.0002  —0.0001 0.0000 —0.0002 0.0000
Xinjiang 0.0006 0.0002 0.0015 0.0005 0.0004 0.0002 0.0012 0.0004
Mean 0.0013 0.0003 0.0040 0.0010 0.0009 0.0003 0.0027 0.0009
Liaoning 0.0042 0.0004 0.0051 0.0005 0.0013 0.0001 0.0015 0.0002
Northeast Jilin 0.0011 0.0002 0.0027 0.0004 0.0004 0.0001 0.0010 0.0001
Heilongjiang  0.0014 0.0000 0.0034 0.0000 0.0002 0.0000 0.0005 0.0000
Mean 0.0022 0.0002 0.0037 0.0003 0.0006 0.0001 0.0010 0.0001

Whole Country Mean 0.0091 0.0035 0.0148 0.0054 0.0072 0.0031 0.0114 0.0047
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Table 11. Percentages of the decomposed value-added capability of coupled development between
the digital economy and the manufacturing industry in 2020.

Region Percentages of the Values of Decomposed Value-Added Capability (%)
Type Typel Type I1 Typelll  TypelV Type V Type VI  Type VII Type VIII
Beijing 17.08 5.87 22.88 7.86 14.73 5.06 19.74 6.78
Tianjin 22.80 3.45 41.61 6.30 7.95 1.20 14.50 2.19
Hebei 13.27 3.92 31.49 9.31 9.62 2.84 22.81 6.74
Shandong 25.59 2.20 40.27 3.46 10.19 0.88 16.03 1.38
Shanghai 20.01 5.37 28.04 7.53 12.82 3.44 17.96 4.83
Eastern Jiangsu 16.75 6.69 23.16 9.25 13.24 529 18.31 7.31
Zhejiang 16.12 7.01 20.88 9.08 14.25 6.19 18.46 8.02
Fujian 18.48 5.49 28.09 8.35 12.11 3.60 18.41 547
Guangdong 13.07 7.54 18.47 10.65 13.21 7.62 18.67 10.76
Hainan 14.76 3.69 37.48 9.37 7.84 1.96 19.91 4.98
Mean 15.99 6.53 22.81 9.17 13.08 5.82 18.45 8.14
Shanxi 21.06 1.04 55.29 2.73 522 0.26 13.71 0.68
Anhui 8.58 3.39 29.25 11.57 7.67 3.03 26.16 10.34
Henan 15.76 2.39 42.07 6.39 7.90 1.20 21.08 3.20
Central Hubei 12.46 4.22 29.93 10.13 9.50 3.22 22.83 7.73
Hunan 10.79 3.63 31.36 10.53 8.38 2.81 24.33 8.17
Jiangxi 8.67 2.52 36.64 10.64 6.16 1.79 26.02 7.56
Mean 11.79 3.24 34.10 9.57 8.03 242 23.60 7.25
Mg:}g‘jha 28.45 —0.27 61.96 —0.58 3.32 —0.03 7.23 —0.07
Guangxi 11.76 1.64 47.52 6.64 5.65 0.79 22.82 3.19
Chonggqing 9.90 3.49 31.13 10.97 7.94 2.80 24.97 8.80
Sichuan 9.42 3.58 26.39 10.02 9.64 3.66 27.02 10.26
Guizhou 6.38 2.86 27.97 12.56 6.43 2.89 28.22 12.67
Western Yunnan 9.47 2.69 35.47 10.06 6.95 1.97 26.02 7.38
Shanxi 16.61 2.24 45.08 6.07 7.12 0.96 19.32 2.60
Gansu 11.35 2.02 46.15 8.21 541 0.96 21.99 391
Qinghai 6.15 2.48 27.40 11.05 6.91 2.79 30.79 12.42
Ningxia 33.01 —-3.81 91.28 —10.54 —2.98 0.34 —8.25 0.95
Xinjiang 11.44 3.94 29.87 10.29 9.16 3.15 23.90 8.24
Mean 11.56 2.81 35.14 8.86 7.66 2.45 23.86 7.65
Liaoning 31.47 3.22 38.30 3.91 9.45 0.97 11.51 1.18
Northeast Jilin 17.96 2.69 45.70 6.85 6.57 0.99 16.73 2.51
Heilongjiang  24.93 0.15 61.61 0.37 3.71 0.02 9.16 0.05
Mean 26.79 241 45.27 3.82 7.48 0.76 12.23 1.24

Whole Country Mean 15.42 5.89 25.09 9.11 12.13 519 19.24 7.93




Systems 2023, 11, 52

35 of 41

0.08

0.06

0.04

0.02 |

Value-added capacity breakdown value

m IV \ VI VI VIl

HEastern M Middle ™ West Northeast ™ Whole country

Figure 16. Area map of the different types of value-added capacity of the digital economy and the
manufacturing industry.

5. Discussion and Implications
5.1. Discussion

The vector coupling model of system evolution that we constructed in this study can
calculate not only the coupling degree of both systems, but also their value-added abilities.
This advances the research from the system coupling level to the system value-added
level, enriching the literature on evolutionary economy and promoting the progress of
evolutionary economic theory measurement. Based on the vector coupling model of system
evolution, we calculated the development, coupling degree, and value-added ability of
the digital economy and manufacturing industry in China. The calculated results are
essentially consistent with those in the literature [27,37,38,47-50]. The calculation results
showed that the development level of China’s digital economy and manufacturing industry
has continued to increase, but with notable spatial differences. With the rapid development
of the digital economy, the promotion of system value-added capacity is also crucial,
especially in areas that are lagging. This catchup effect of the digital economy helps to
minimize these spatial differences. The digital economy is highly efficient, enabling, and
inclusive, so is suitable for coupling with the manufacturing industry; the threshold of
cross-domain coupling must be crossed to further substantially improve the value-added
ability of the system. The coupled development of the digital economy and manufacturing
industry is the path to improving the value-added ability of the system.

5.2. Implications

First, the coupled development of the digital economy and manufacturing industry
is conducive to promoting the transformation and upgrading of the manufacturing in-
dustry and expanding the space for the digital economy to develop. All provinces and
municipalities, especially those in relatively lagging regions, must continue to accelerate
the development of the digital economy and gradually promote its application from con-
sumption and service to production. Full play should be given to the spillover, integration,
and driving effects of the digital economy to promote the transformation and upgrading
of the manufacturing industry, realizing the coupled development of the two, crossing
the threshold of the coupling between the digital economy and manufacturing industry,
and improving the value-added capability of the system from all aspects. If the digital
economy and manufacturing industry are not developed, the value-added capability of
the system cannot be substantially improved even if they are well-coupled; conversely, if
the coupling degree between the digital economy and manufacturing industry is low, even
if they separately develop well, the value-added capability of the system still cannot be
considerably improved. Coupled development between systems is not an end in itself: the
aim is to transform and upgrade the manufacturing industry, expand the development
space of the digital economy, and finally improve the value-added capability of the two.
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Second, the coupled development of the digital economy and manufacturing industry
helps to give full play to the role of data and to strengthen the power of the system. The
strength of the manufacturing industry in China lies in the system and is rooted in the huge
supply chain and industrial networks of the industry. As China’s advantages of low-cost
human resources and land gradually fade, we must rely on the coupled development of
the digital economy and manufacturing industry to further strengthen the power of the
system in this network. Digital technology helps include each manufacturer into a huge
supply chain and industrial network, and the enterprises in the network can be effectively
specialized and standardized. This will help individual enterprises to reduce costs, improve
efficiency, and promote innovation. Additionally, the huge supply chain and industrial
networks can compensate for the lack of flexibility and resilience caused by specialization.
With the coupled development of the digital economy and manufacturing industry, a digital
network system has been built based on geographical systems, which breaks the limitation
of time and space, increases the scale of the supply chain and industrial networks, and
deepens the division of labor, thus crossing the threshold of system coupling and constantly
improving the value-added capability of the system.

Third, the coupled development of the digital economy and manufacturing industry
will promote the development of SRDI enterprises and the innovation of key and core
technologies. The development of SRDI enterprises will help overcome technical difficulties
and compensate for the shortcomings of basic manufacturing. Specialized and refined
production by enterprises can reduce costs, promote innovation, improve quality, and
increase efficiency; however, they will simultaneously face problems in terms of the lack
of flexibility and resilience. Specialization is targeted to a specific demand, and when
the demand changes, specialized enterprises may struggle to respond flexibly. Therefore,
SRDI enterprises must also be rooted in the huge manufacturing ecological network and
find their positions within the network. Digital technology can help with mapping the
physical manufacturing ecological network to the data space. SRDI enterprises must break
through the limitations of time and space and use data to quickly match and use resources
efficiently, thereby enhancing their resilience and flexibility. Innovation is the core of SRDI
enterprises. The scale of market demand is an important force that stimulates innovation,
but it often becomes a key factor restricting the innovation and development of these
enterprises because SRDI enterprises are often in a market segment, where the demand
for products is limited. This requires these enterprises to take advantage of the digital
economy to expand their market and rapidly identify and match the demand, information,
and resources.

Fourth, we must use leading enterprises to connect upstream and downstream in-
dustrial chains, build an ecological network for the manufacturing industry, and promote
the digital transformation and development of the manufacturing industry. Through dig-
ital means, such as industrial Internet platforms, we must synergize the development
of leading enterprises with that of small- and medium-sized enterprises, and we must
coordinate the upstream and downstream of industrial chains to form an ecological net-
work in the manufacturing industry. We must give full play to the empowering role of
leading enterprises and use of their product chains to provide opportunities for small- and
medium-sized enterprises in obtaining supply and technology, filling in their weak links,
to establish a competitive ecological chain network. For example, Galanz takes advantage
of its role as leader in the industrial chain to empower the whole industry. It incorporates
two thousand upstream and downstream suppliers into the overall digital architecture
through an industrial Internet platform. It drives upstream and downstream enterprises to
accelerate digital transformation throughout the digital industry chain, helping enterprises
in the industrial chain grow together, improve efficiency, reduce costs, and enhance the core
cohesion and innovation of the middle and lower reaches of the industrial chain through
data-based operation.

Fifth, through building an ecological network in the manufacturing industry, we can
obtain data, promote innovation and collaboration, and support the coupled development
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of the digital economy and manufacturing industry. In addition to providing physical
products to support the development of the digital economy, the manufacturing industry
also has vast data resources, which will also promote the coupled development of the
digital economy and manufacturing industry. Notably, technological innovation is the
foundation of the development of the digital economy. As a rare ability, manufacturing
is also a key link for technological innovation to achieve mass production and plays an
important role in technological innovation and the development of the digital economy.
The digital economy is an economic form with rapid innovation and change, and thus
requires a large-scale manufacturing sector to meet the needs produced by these rapid
changes and achieve the mass production of innovative products. Innovation is not only
the result in the laboratories: it also needs the demanded resources supported by the
manufacturing industry, as well as the support of ecological networks such as suppliers,
parts, distribution, sales, and after-sales services. The digital economy needs to be coupled
with the manufacturing industry to obtain economic benefits.

5.3. Limitations and Future Research

At present, the statistical caliber and statistical methods of the indicators of the digital
economy of the China Bureau of Statistics are not perfect. Related statistical data, such as
intelligent manufacturing and robots, are lacking, which also restricts the related studies
on the digital economy. In this study, one limitation is the lack of more in-depth analysis of
the relevant factors that affect system coupling and added-value creation. In a follow-up
study, we will use empirical research methods to explore the relevant factors that affect
system coupling and value addition. Researchers can also focus on a city, and the study
content can be extended to the fields of digital innovation, governance, and government
affairs. The scope for future digital economy research is vast.
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Appendix A
Panel Threshold Model Regression Test

1. Model building
The panel threshold model proposed by Hansen is used for testing, and the model is
constructed as follows [55]:

valyy = Bo + Brcous x I(couy < y) + Bocouyr x I(couy > ) + Ba tech i + Pagov;, + Bs fdijy + Pescibiy + Prpopis + a; + 0 + €4

In the model I(-) Is an indicator function that takes the value 1 or 0, val It is the
value-added ability of the system. cou Is the degree of system coupling. tech, gov, fdi,
scib, pop. The factors that may affect the explanatory variables are the ability to transform
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innovative achievements, government empowerment, regional openness, the intensity of
financial investment in science and technology, and the size of the population. i On behalf
of provinces and cities, t Represents time, J; It is a fixed effect of time. «; It is an individual
fixed effect. ¢;; Represents a random interference term. The model is a single-threshold
model, and can also be extended to a multi-threshold model. The likelihood ratio statistic
was simulated 500 times by “self-sampling” overlap to obtain the F and p values. The panel
threshold model test results are shown in Table 5 and Figure 1. The panel threshold test
of all cities shows that: cou It passed the first threshold test and reached the significance
level below 1%. It shows that there is a threshold effect for the coupling degree of digital
economy and manufacturing industry to enhance the value-added ability of the system.
2. Variable description

(1) Explained variable:

Digital Economy and Value-added Capability of Manufacturing Systems (val)
(2) Explanatory variable and threshold variable:

Coupling degree between digital economy and manufacturing industry (cou)
(3) Control variables:

Ability to transform innovative achievements (tech):

The turnover of technology contracts measures the ability to transform innovative achievements.

Government empowerment (gov)

The scale of expenditure in the local financial budget is used to measure the intensity
of government empowerment.

Level of regional openness (fdi)

Foreign direct investment amount/GDP is used to measure the degree of regional openness.

Intensity of financial investment in science and technology (scib)

The ratio of financial expenditure on science and technology to general budget expen-
diture is used to measure the intensity of financial investment in science and technology.

Population size (pop)

The population size is measured by the number of permanent residents at the end of
the year.

The empirical research data are from China Statistical Yearbook from 2013 to 2020.

Table A1. Test results of the threshold model of the coupling degree between the digital economy
and the manufacturing industry.

Explained Variables: The Digital Economy and the Value-Added Capability of the Manufacturing System (val)

Threshold value F-statistic pvalue  Threshold interval Eg;f;?éi i:r:eef?i]cai}en t f e;ilelgzi(());interval g:relgzlsize
0.1393 63.72 *** 0.000 Var < 0.1393 0.909 *** 0.000 159

0.1393 < Var <0.3756  0.839 *** 0.000 71

Var > 0.3756 0.956 *** 0.000 10

Note: ***, represent the significance levels of 1%.
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Figure A1l. Analysis Diagram of the Panel Threshold.
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