
Introduction

Low carbon economy emphasizes innovative, green 
and high-quality economic growth mode. Scientific and 
technological innovation is the core element of low carbon 
economy, low carbon economy is also the inevitable 

result of scientific and technological innovation [1, 2]. 
Accelerating the optimization and upgrading of industrial 
structure through innovation drive, i.e., the synergy of 
innovation chain and industry chain, can effectively 
promote the sustainable development of regional 
economy with unified speed and quality. Similarly, 
innovation-driven, and industrial upgrading also require 
service factors such as proactive policies, relaxed 
cultural environment and good infrastructure, namely 
the support of service chain [3]. The organic connection, 
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high matching and deep integration of industry chain, 
innovation chain and service chain can solve the driving 
force of economic development (innovation), green and 
security issues (policy support and regulation). In recent 
years, China has been exploring the transformation of 
the dynamics of economic development to achieve low 
carbon development goals. In May 2016, President 
Xi Jinping [4] first proposed the proposition of 
"integration and development of innovation, industry, 
capital and policy chains"; In the report of the 20th 
National Congress, the Communist Party of China 
also emphasized the importance of "promoting the 
deep integration of innovation chains, industry chains, 
capital chains and talent chains" [5], reflecting China's 
commitment to promoting high-quality and sustainable 
economic development through the coordination of 
industry chains, innovation chains and service chains.

This paper takes the city cluster along the middle 
reaches of the Yangtze River (the following text is 
referred to as case city cluster) as a case to discuss 
and analyze the coordinated development degree of the 
three chains. The case city cluster is a mega national 
city cluster, with urban clusters around Wuhan in Hubei 
province (with Wuhan as the central city), the Changsha-
Zhuzhou-Xiangtan city group in Hunan province (with 
Changsha as the central city) and clusters around 
Poyang Lake in Jiangxi province (with Nanchang as 
the central city) as the main body, covering 31 cities. 
The concept of this city cluster was proposed in 2012, 
and in 2015, the State Council of China recognized the 
construction of this city cluster at the national level. 
Since its establishment, the city cluster has developed 
rapidly and is gradually becoming the fourth largest 
economic growth pole in China. However, there are 
still gaps in the development of the region relative to 
other faster developing integration regions, and it still 
needs to improve regional competitiveness and maintain 
sustainable development. In the central city, the spillover 
effect is one of the important factors that determine 
the overall development level of the city cluster. The 
spillover effect is constrained by the strength of the cities 
themselves. Improving the competitiveness of central 
cities is beneficial to the overall economic development 
of the region. Therefore, this study focuses on the 
coordinated development of industry chain, innovation 
chain and service chain in Wuhan, Changsha and 
Nanchang, the three central cities in case city cluster.

In the context of low carbon economy, based on the 
idea of system theory, this study analyzes the data of case 
city cluster, deeply explores the coordination mechanism 
of the three chains, constructs the evaluation index 
system of the coordinated development level of the three 
chains, measures the coordination degree, and proposes 
countermeasures for the coordinated development of 
the three chains. The innovation of this study is mainly 
reflected in the following aspects: Firstly, this study 
creatively proposes that the coordinated development 
of three chains can build an industrial collaborative 
innovation system and promote high-quality and 

sustainable economic development. Secondly, this study 
thoroughly investigates the mechanism of coordinated 
development of three chains, and empirically analyzes 
and tests the degree of coordination of three chains in the 
case cities with the help of coupled coordination model. 
It provides realistic samples for assessing the current 
situation and trends of the coordinated development of 
the three chains, and proposes suggestions for improving 
the coordination degree of the three chains, extending 
the existing research findings. In this paper, the rest of 
the arrangement is as follows: the second part focuses on 
the literature review; the third part specifically outlines 
the research mechanism, data, and methodology; the 
fourth part shows the empirical results; and, the last part 
completes the conclusion and policy implications.

Literature Review

Industry Chain, Innovation Chain 
and Service Chain

(1) Industry chain. In 1958, Rasmussen and 
Hirschman [6] put forward the concept of industry 
chain for the first time in his book. Other scholars have 
conducted in-depth research on the concept of industry 
chain. At present, the industry chain has a relatively clear 
construct: a cooperative relationship is formed between 
enterprises as services and products are produced and 
delivered to consumers. The industry chain includes 
the upstream and downstream affiliated organizations 
connecting different enterprises with supply and demand, 
it is an industrial system composed of interconnected 
industries [7]. Several key nodes of the industry chain 
from top to bottom are composed of multiple factors 
such as raw material suppliers, producers, distributors, 
and end markets. 

(2) Innovation chain. Marshell [8] introduced the 
concept of innovation chain in 1992, considering 
innovation as a process of interaction between different 
innovation agents and an interlocking chain. Hansen 
and Birkinshaw [9] proposed the concept of innovation 
value chain, which is a value-added process involving 
three consecutive stages, including idea generation, 
idea development and innovation diffusion. According 
to Timmers [10], the innovation chain refers to the 
chain from theoretical results to innovative products, 
which mainly consists of four stages: basic research, 
technology development, industrialization and 
marketization. Bamfield [11] divided the innovation 
chain into five links: R&D, process evolution, pilot 
testing, market launch, manufacturing and sales.  
It can be concluded that the essence of the innovation 
chain is the multifaceted cooperation among the 
innovation subjects oriented to the industry chain, which 
is a dynamic process to realize the whole chain value 
creation and obtain sustainable competitive advantage 
[12, 13]. The innovation chain consists of scientific 
research institutes, universities, enterprise R&D 
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institutions and other R&D institutions, and runs through 
the whole process of R&D, achievement transformation, 
marketization and other innovative achievements 
industrialization.

(3) Service chain. Li et al. [14] put forward the 
idea of science and technology service chain, believing 
that the chain is a structure based on innovation and 
synthesized by related service groups, which is a bridge 
connecting innovation and market demand and aims to 
provide services for the transformation of innovation 
achievements. Some scholars analyzed from the 
perspective of productive service industry, considering 
that the service chain is a collection of service industries 
developed around a certain industry, such as various 
intermediaries, financial institutions, business service 
institutions, etc. [15]. Wang et al. [16] put forward a 
broader concept of service chain. They believe that 
service chain is a kind of supply chain formed by 
various service units through close or loose connections, 
supplying various service elements required by industrial 
development. Some concepts related to or overlapping 
with the service chain, including policy chain, capital 
chain or financial chain, have also received extensive 
attention [17, 18], these chains can be classified as 
service chain in a broad sense. To sum up, the service 
chain, i.e., the chain composed of the suppliers of service 
elements needed by the industry, includes all possible 
subjects such as intermediaries, financial institutions, 
other productive service industries and the government 
providing policy support.

Multi- Chain Collaboration and Collaborative 
Innovation System

(1) Multi-chain collaboration. Haken [19] proposed 
and established Synergetics, he believes that the world is 
a complex open system, and the coordinated division of 
labor and collaboration among internal subsystems can 
lead to good performance of the whole system. Scholars 
have conducted in-depth research on various synergistic 
phenomena related to industry chains. Take two-chain 
collaboration as an example. Mondejar [20] argued that 
technological innovation is an approach to optimize 
industrial output and organizational decisions. Pietrobeilli 
and Staritz [21] suggested that innovation is often driven 
by both technological innovation and business models. 
Capello et al. [22] believed that a cooperative innovation 
network could be formed between the industry chain 
and the innovation chain to carry out technological 
innovation, enterprise innovation and even regional 
innovation, improve innovation performance, and 
develop into a kind of relational capital. Take three-chain 
collaboration as an example. Etzkowitz [23] believed 
that universities, government and industry cooperate 
closely in innovation, interact with each other under 
the principle of reciprocity and mutual benefit, overlap, 
strengthen and supplement each other in functions, and 
create value for the society. Frolund et al. [24] proposed 
that universities, enterprises and government are the 

main bodies in an innovation system, among which 
the cooperation between enterprises and universities 
is the key driving force of innovation economy and 
the mainstay of enterprise R&D. Although the starting 
points of the study of multi-chain collaboration are 
different, scholars agree on the significance of the 
development of multi-chain collaboration. They believe 
that the coordinated development of the industry chain, 
innovation chain and other service support chains can 
integrate production factors and jointly create value.

(2) Collaborative innovation system. Baba and 
Imai [25] first proposed the definition of industrial 
collaborative innovation system. They believed that the 
system was a basic institutional arrangement to deal with 
systematic innovation, and the main linkage mechanism 
of the system framework was the innovation cooperation 
relationship between enterprises. Cooke and Morgan 
[26] proposed a related concept of regional innovation 
system, which is composed of a number of well-
defined and interrelated enterprises, higher education 
institutions, research institutes, etc. Based on the above 
ideas, it can be argued that the industry chain, innovation 
chain, service chain and their synergistic development 
are precisely the basic elements and operational 
mechanisms of the industrial collaborative innovation 
system or regional innovation system [27]. Fan and He 
[28] believed that modern industrial system pursues 
coordinated development of real economy, scientific 
and technological innovation, modern finance, human 
resources and other aspects. This kind of synergistic 
development was not only reflected in various industries, 
but also in many aspects such as talent education, 
financial support and environmental constraints required 
by industrial development, which precisely met the 
multi-dimensional requirements of sustainable economic 
development. Caliari et al. [29] further proposed that 
varied and pervasive (quality) rather than more intensive 
(quantity) innovation systems enhance a country's 
participation in higher value-added stages of the value 
chain.

Through the review of the above literature, it can be 
found that the previous literature discussed the issues 
related to the coordinated development of the three 
chains from the aspects of the concept of industry chain, 
innovation chain, service chain, the mutual relationship 
between some chains, and the significance of the 
coordinated development of different chains. However, 
there are relatively few researches on the mechanism of 
the coordinated development of the three chains and the 
measurement of the coordinated development degree of 
the three chains, which is exactly the focus of this study.

Material and Methodology

Principles of Research

In the complex system composed of industry 
chain, innovation chain and service chain, i.e., the 



Wang S., Zhao X.4328

industrial collaborative innovation system based on 
the coordination of the three chains, the industry chain 
is the core, the innovation chain provides the power 
for industrial development, and the service chain is 
the support and guarantee for industrial development  
(see Fig. 1). An idealized industrial collaborative 
innovation system should meet the following conditions: 
(1) The three chains are strongly developed, with no 
broken or weak chains. The industry chain should be 
supported by modern industrial infrastructure and have 
advanced industrial structure; the innovation chain has 
strong innovation input and output capacity; and the 
service chain is complete in all links, which can provide 
support and guarantee for industrial development and 
regulate the direction of industrial and innovation chain 
development. (2) The three chains should coordinate with 
each other and gradually realize close integration through 
the evolution process of “industry chain” –“innovation 
industry chain” – “coordinated development of the three 
chains of production, innovation and service”. First of 
all, innovation chain and industry chain are integrated 
to form a chain that jointly creates value, namely 
innovation-industry chain. The nodes between the 
innovation chain and the industry chain as well as the 
whole industry chain itself realize two-way information 
exchange, forming a synergistic relationship of mutual 
integration and mutual power: the innovation chain is 
laid out around the industry chain, and the output of 
the innovation chain precisely matches the needs of the 
industry chain, providing intellectual support for the 
upgrading of the industry chain [30]. At the same time, 
the practices and demands of the industry chain can be 
fed back to the innovation chain in time, providing the 
source and impetus for the development of the innovation 
chain, and prompting the relatively free nodes in the 
innovation chain to play a greater innovative kinetic 
energy. Secondly, the service chain and the innovation-
industry chain interact with each other and develop 
together. Each node in the service chain provides support 

respectively or jointly for a certain link or whole process 
of the innovation-industry chain, including policy 
support, financial support, scientific and technological 
achievements transformation support, talent support, 
infrastructure support, supporting construction services, 
etc. Service chain not only interacts with innovation-
industry chain as a whole, but also integrates with 
innovation chain and industry chain respectively. In this 
process, the service chain provides security for and acts 
as the link between the innovation chain and the industry 
chain. The government is in a central position in all links 
of the service chain. It plays a leading and coordinating 
role through policy coordination mechanism, risk control 
mechanism, innovation incentive mechanism, etc. 
[31], while other service links are directly or indirectly 
influenced by the government. As a complex system 
formed with the industry chain as its core, the goal of the 
industrial collaborative innovation system is to achieve 
high-quality development of regional industries, which 
has the general characteristics of a conventional system, 
such as dynamism, openness, wholeness, etc. The large 
and small systems within the system interact actively and 
closely with each other and make the overall function 
greater than the sum of the elements. This overall effect 
is exactly the basic mechanism and internal driving force 
of industrial collaborative innovation system. 

Methodology

Methodology Selection

Based on analyzing the existing research, the 
improved coupling coordination model is used to 
evaluate the development degree of three-chain 
collaboration. Firstly, the data are standardized, and 
secondly, the entropy value method is applied to 
determine the weights of each evaluation index, and the 
respective development level functions of the industry 
chain, innovation chain and service chain are determined 

Fig. 1. Schematic diagram of industrial collaborative innovation system with coordinated development of three chains.



Exploring the Coupling and Forecasting... 4329

Using the entropy weighting method, i.e., formulas 
(1) and (2) to determine the weights of the standardized 
values of each subsystem. Subsequently, the integrated 
development level function of each subsystem is further 
calculated based on the standardized values and weights. 
The formulas are as follows:

           (8)  

In the formula, Ui represents the normalized value of 
the ith subsystem; while ai represents the weight of the 
ith subsystem.
(iv) Build the coupling degree model to develop the 
calculation

The coupling degree model can reveal the degree 
of interaction and mutual influence among the industry 
chain, innovation chain and service chain within a city 
cluster. When n = 3, the formula of coupling degree 
model is shown as follows:

 
(9)

In the formula, C represents the coupling degree of 
the three chains and takes the values of [0,1]. The larger 
the value of C, the less discrete the subsystem and the 
higher the coupling degree; conversely, the lower the 
coupling degree between subsystems. By drawing on 
the modified version of Wang [32], the advantage of this 
model is to distribute C as much as possible in [0,1] and 
increase the differentiation of C values. Based on this 
modified coupling degree model, the further calculated 
coordination development degree can measure the 
coupling coordination relationship and development 
level more reasonably.
(v) Build a coordinated development degree model and 
calculate the coordinated development degree of the 
three chains

The coupling degree model can only describe the 
degree of mutual influence between systems and cannot 
determine whether the relationship between systems is 
mutually synergistic or antagonistic. It is necessary to 
accurately measure the coupling coordination between 
systems with the help of the coordination development 
degree model, so as to judge the level of system 
coordination. The calculation formula for the degree of 
coordination development D is as follows:

     (10)

accordingly. Then a coupling coordination degree model 
is established to measure the coordination degree of the 
three chains. Finally, according to the current situation 
of the coordination degree of the three chains, the 
gray forecasting model GM (1.1) is used to predict the 
development level and coordination degree of the three 
chains in the next five years.
(i) Standardized processing of initial data

Firstly, range standardization is carried out on the 
original data of each index according to the following 
formula, so as to realize the comparability of different 
indexes across regions and years and eliminate the 
differences of magnitude and direction between the 
original data.

 (1)

 (2)

In the above formula, vij represents the standardized 
value of the jth index of system i; vij represents the 
original value of the jth index of system i; maxvij and 
minvij represent the maximum and minimum values of 
the jth index of system i respectively. In order to avoid 
that, logarithms cannot be obtained when partial index 
values are 0, the indexes are non-zeroized.
(ii) Process of index weights

The entropy weight method is used to determine the 
weight of each index. The formula is as follows:

                      (3)

Hj represents the entropy value E corresponding to 
the jth index. The formula is as follows:

               (4)

and   

(iii) Determination of the development level function of 
the industry chain, innovation chain and service chain

Calculate the standardized values of the three 
subsystems of industry chain, innovation chain and 
service chain. The formula is as follows:

                  (5)

                 (6)

                 (7)

In the formula, m1, m2 represent the number of indexes 
of the first, second and third subsystems respectively; 
while ai, bi, ci represent the weights of each index.
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With reference to the existing research results [33], 
the degree of coordinated development can be classified 
according to the following criteria (see Table 1).  
The larger the D value, the higher the coordination 
degree between the three chains.
(vi) Further research: Grey forecasting model GM (1,1) 
is used to predict the coordinated development trend of 
the three chains in the next five years.

According to the existing calculation results, the first 
order linear differential model GM (1,1) in grey system 
theory was selected by SPSS 20.0 software for modeling. 
GM (1,1) forecasting model is based on a set of random 
time series and analyzes the new series formed by time 
accumulation. This model is mainly used for data with 
few samples and weak regularity, which is just suitable 
for this study. The model is used to forecast and analyze 
the development level of the industry chain, innovation 
chain and service chain of the three central cities of city 
cluster along the Yangtze River from 2021 to 2025, as 
well as the three-chain coordination degree of the three 
cities.

The concrete modeling is as follows: Suppose the 
original non-negative sequence is x(0) = {x(0)(1), x(0)(2), 
...x(0)n}, n represents the number of data, and its one-time 
accumulation generates the sequence = x(1) = {x(1)(1), 
x(1)(2), ...x(1)n}, with x(1) (k) = Σk

i=1x
(0)(i), k = 1, 2, ..., n;. 

Generate an equal-weighted series z(1) = {z(1)(2), z(1)(3), 
..., z(1)(n)} based on the mean of the immediate neighbors 
of x(1), with z(1) (k) = 0.5 x(1)(k-1) + 0.5 x(1)(k), k = 2, 3, 
…, n.

The following formula is the basic form of GM (1,1) 
model:

             (11)

Estimate the parameter vector α = [α, b]T in formula 
(11) using the least squares method:

                      (12)

and,

             (13)  

Establish a first-order linear differential equation 
model for x(1), that is, the whitening form of the GM 
(1,1) model is:

                    (14)

α represents the development coefficient, and the 
effective effect is (-2,2). b represents the gray action 
quantity, and formula (14) is discretized to obtain grey 
differential equation, that is, the mean value form of GM 
(1,1) model is as follows:

                   (15)   

The least square method can also be used to estimate 
the parameter vector α = [α, b]T. The elements in the 
matrix B are as follows:

                      (16)

By solving the differential equation, the grey 
forecasting model ofthe original sequence x(0) is obtained 
as follows:

 (17)

Table 1. Classification criteria of coordination level and coordination development degree.

Interval C value D value Categories

[ 0,0.1] Extreme incoordination Extreme incoordination

Dissonant recession
[0.1,0.2] Severe incoordination Severe incoordination

[0.2,0.3] Moderate incoordination Moderate incoordination

[0.3,0.4] Mild incoordination Mild incoordination

[0.4,0.5] Near incoordination near incoordination
Transitional development

[0.5,0.6] Barely coordination Barely coordination

[0.6,0.7] Primary coordination Primary coordination

Coordinated 
development

[0.7,0.8] Intermediate coordination Intermediate coordination

[0.8,0.9] Well-coordinated Well-coordinated

[0.9, 1] Quality coordination Quality coordination

Note: In the table, C value is the degree of coupling coordination, D value is the degree of coordination development.

›

›
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After modeling, the accuracy of the model was tested 
by variance Cand small error probability P respectively. 
Subsequently, the prediction accuracy was determined 
by referring to the criteria in Table 2.

Design of Index System

In this study, the keywords „industry chain” or 
„innovation chain” or „service chain” and „coupling” or 
„integration” were searched on WOS and CNKI, and 114 
related literatures in the past five years were obtained, 
among which the index design was selected. Based on 
the principles of systematic, scientific, objective and 
operable index selection, with reference to the index 
settings in the existing literature and the opinions of 
experts, this paper establishes an evaluation index 
system for the coordinated development degree of case 
city cluster industry chain – innovation chain – service 
chain (see Table 3).

Advanced industrial structure and service-oriented 
industrial structure are two important aspects of high-
quality industrial development, symbolizing the 
development of industry chain. Advanced industrial 
structure emphasizes that the industrial structure should 
constantly break the lock of economic structure at the 
low end based on industrial innovation and complete the 
evolution iteration from low to high level. The ratio of 
tertiary industry to secondary industry is used to indicate 
the level of advanced industrial structure. The service-

oriented industrial structure is the trend of rationalized 
development of industrial structure, in which the 
proportion of the tertiary industry increases relative to 
the second primary industry, and the resource allocation 
is efficient and the market mechanism is perfect. The 
proportion of the output value of the tertiary industry 
to the regional GDP is selected to represent the level 
of industrial structure service. In terms of innovation 
chain, innovation input and innovation output are mainly 
examined. The ratio of the number of R&D personnel in 
enterprises above the scale to the number of employees in 
the secondary industry and the ratio of R&D expenditure 
in enterprises above the scale to GDP are selected to 
represent the degree of science and technology input; 
and, the number of patent applications and patent licenses 
are selected to represent the science and technology 
output. The service chain involves a relatively large 
number of links. Financial support and infrastructure 
development, etc. are important components of the 
service chain, which have an important impact on the 
development of the industry chain and the innovation 
chain, and are also relatively easy to quantify. Therefore, 
these two aspects are used to represent the development 
status of the service chain. Finally, the number of loans 
from financial institutions and the ratio of government 
research expenditure to government general public 
budget expenditure are selected to characterize the 
intensity of financial support, and the total amount of 
freight transported by railroads, roads and waterways 

Table 2. Prediction accuracy levels of P and C values.

Prediction accuracy/Name Excellent Qualified Barely Unqualified

P value >0.95 >0.8 >0.7 ≦0.7

C value ≦0.35 ≦0.5 ≦0.65 ≦0.65

Table 3. indexes of coordinated development degree of three chains.

First level 
index Second level index Third level index Unit Index 

Attributes

Industry 
chain

Advanced industrial structure Ratio of tertiary industry to secondary industry % +

Service-oriented industrial 
structure

Ratio of output value of tertiary industry to total 
output value % +

Innovation 
chain

Science and Technology Inputs
Ratio of R&D personnel to secondary industry 

employees in enterprises above the scale % +

Ratio of R&D expenditure to GDP % +

Science and Technology 
Output

Number of patent applications Piece +

Number of specialties authorized Piece +

Service 
chain

Financial Support
Number of loans from financial institutions Ten thousand +

Ratio of scientific research expenditure to 
government general public budget expenditure % +

Infrastructure
Total amount of freight transported by railroad, 

highway and waterway
Ten thousand 

tons +

Information facilities: Internet penetration rate % +
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and the penetration rate of Internet access are used to 
represent the improvement of infrastructure.

According to Equations (3) and (4), the weights 
of each index and each subsystem are determined, as 
shown in Table 4.

Data Sources

This paper adopts the relevant data of the three 
cities since the establishment of case city cluster, that 
is, from 2013 to now, to conduct the study. The data 
are mainly derived from the statistical yearbooks of 
the three cities in the above years, and refer to the 
statistical communiques of national economic and social 
development of the cities.

Results

Based on the calculation results of the above model, 
the integrated level and coordinated development of the 
three chains of central cities among the case city cluster 
in the period of 2013-2020 can be analyzed.

Integrated Development Level of Three Chains 
of Central Cities 

From the overall perspective, the development level 
of the three cities in the three chains can be divided 
into two stages by 2016 (see Table 5). The first stage 
(2013-2015): the development level of the three chains 
is generally low, and the development of the industry 
chain significantly lags behind that of the innovation 
and service chains. The second stage (2016-present): the 
industry chain develops rapidly, and the development 

level of each chain is improved. Although the 
development level of the service chain is still higher than 
the other two chains, the gap between the three chains is 
narrowing and tends to be balanced. The characteristics 
of this stage may be related to the Development Plan 
of Yangtze River Midstream City Cluster approved by 
the State Council of China in 2015. The recognition of 
this city cluster from the national level has promoted the 
development of node cities and led to the development 
of the three chains to a certain extent. In the current year, 
not only did Wuhan and Changsha's industrial structure 
service index improve significantly, the number of patent 
applications in the three cities also increased by about 
35% compared to the previous year.

From the perspective of different cities individually, 
the development level of the three chains in the three 
cities varies widely. As the core city in the city cluster 
along the middle reaches of the Yangtze River, Wuhan 
is ahead of the other two cities in the development level 
of industry chain, innovation chain and service chain, 
among which the development level of innovation chain 
in particular is significantly ahead. During the study 
period, the city's innovation input and output are both 
higher than those of the other two places. For example, 
since 2014, the city's government research expenditure 
accounted for more than 4% of the general government 
public budget expenditure. Nanchang did not reach that 
ratio until 2019, while Changsha has never reached 
it. Since 2015, Wuhan's annual patent grant reached 
21,740 pieces and has been rising year by year since 
then, reaching 58,923 pieces in 2020; Changsha's annual 
patent grant party reached 21,188 pieces in 2018 and 
33,012 pieces in 2020; while Nanchang's annual patent 
grant did not reach 20,000 pieces by 2020. In addition, 
the development pattern of the three chains in the three 

Table 4. index weights and subsystem weights of the coordinated development degree of the three chains.

First level 
index Second level index Third level index Index weights Subsystem 

weights

Industry 
chain

Advanced industrial 
structure Ratio of tertiary industry to secondary industry 0.07504084

0.1642
Service-oriented 

industrial structure Ratio of output value of tertiary industry to total output value 0.089232132

Innovation 
chain

Science and 
Technology Inputs

Ratio of R&D personnel to secondary industry employees in 
enterprises above the scale 0.210813791

0.5039Ratio of R&D expenditure to GDP 0.045819715

Science and 
Technology Output

Number of patent applications 0.144162863

Number of specialties authorized 0.103227258

Service 
chain

Financial Support
Number of loans from financial institutions 0.109074593

0.3319

Ratio of scientific research expenditure to government general 
public budget expenditure 0.061812527

Infrastructure
Total amount of freight transported by railroad, highway and 

waterway 0.101850547

Information facilities: Internet penetration rate 0.058965735
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cities all show different characteristics. Before 2016, 
Wuhan's industry chain lagged behind the innovation 
chain and service chain, after which, the industry chain 
developed rapidly, the three chains tended to be balanced, 
and the service chain was slightly ahead. In 2020, the 
innovation chain overtook the service chain, showing a 
pattern of the innovation chain leading the development 
of the service and industry chains. In that year, the city's 
science and technology input and science and technology 
output are both significantly higher than the previous 
year. Relatively speaking, Changsha ranks in the middle 
of the three cities in terms of the development level of 
the three chains; before 2016, the city's innovation chain 
led the development of the other two chains, and since 
then, the development level of the industrial and service 
chains has improved. As of 2020, the development of the 
service chain tops the list, followed by the industry chain 
and the innovation chain at the bottom. Compared with 
the other two places, the comprehensive level of the three 
chains in Nanchang is low, the development is relatively 
slow, and the development of the industry chain is 
significantly backward. This shows that Nanchang still 
needs to be strengthened in terms of rationalization and 
upgrading of industrial structure.

Coordinated Development Degree of Three Chains 
of Central Cities 

According to the calculated results of the coupling 
degrees of industry chain, innovation chain and service 
chain in central cities among the case city cluster in 
2013-2020 (Table 6), it can be seen that, except for some 
years, the coupling degrees among the three chains in 
each city are in the range of [ 0.60, 1], which indicates 
that the three chains have a strong mutual influence on 
each other and are basically in a medium-level coupling 
state. In summary, Wuhan has the highest coupling 
degree among the three chains, with C-values fluctuating 
between [0.79,1] on average. Followed by Changsha, 
and finally Nanchang.

The three-chain coordination of the three cities has 
gone through a process of gradual development from 
dysfunctional to coordinated since the establishment of 
the case city cluster (see Fig 2). The overall situation is 
still not well coordinated, some cities are even on the 
verge of imbalance. However, it is encouraging that 
the level of three-chain coordination in this region is 
constantly improving, and the trend is good. 2016 was 
an important landmark in the development of three-
chain coordination in central cities among the case city 

Table 5. Development levels of the three chains in the three cities by year.

City Category
Year

2013 2014 2015 2016 2017 2018 2019 2020

Total

Industry chain 0.0190 0.0246 0.0385 0.0900 0.1012 0.1140 0.1181 0.1214 

Innovation chain 0.0646 0.0733 0.0764 0.0848 0.1051 0.1177 0.1220 0.2090 

Service chain 0.0653 0.0800 0.0837 0.1019 0.1301 0.1542 0.1752 0.1727 

Wuhan

Industry chain 0.0488 0.0576 0.0724 0.1238 0.1352 0.1488 0.1539 0.1659 

Innovation chain 0.0879 0.0874 0.0764 0.0738 0.0858 0.1113 0.1296 0.2828 

Service chain 0.0901 0.1151 0.1082 0.1352 0.1596 0.1814 0.1920 0.1836 

Changsha

Industry chain 0.0022 0.0091 0.0307 0.1096 0.1229 0.1269 0.1309 0.1269 

Innovation chain 0.0573 0.0681 0.0783 0.0693 0.0738 0.0792 0.0841 0.1020 

Service chain 0.0385 0.0432 0.0528 0.0653 0.0846 0.1019 0.1275 0.1461 

Nanchang

Industry chain 0.0018 0.0018 0.0057 0.0263 0.0345 0.0563 0.0587 0.0612 

Innovation chain 0.0077 0.0213 0.0236 0.0523 0.0928 0.0821 0.0565 0.0636 

Service chain 0.0073 0.0139 0.0174 0.0248 0.0560 0.0797 0.0955 0.1047 

Table 6. Measurement results of three-chain coupling degree (C value) in three cities.

City/Year 2013 2014 2015 2016 2017 2018 2019 2020

Wu Han 0.8410 0.7698 0.8193 0.8234 0.8011 0.8225 0.8396 0.6245 

Changsha 0.3944 0.5295 0.7057 0.7720 0.7883 0.8281 0.8754 0.8695 

Nanchang 0.6831 0.4824 0.6459 0.6922 0.6748 0.8956 0.7665 0.7607 

Total 0.6052 0.6060 0.6690 0.7898 0.7609 0.7513 0.7250 0.7564 
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cluster. In the same year, with the realization of barely 
coordinated three-chain in Wuhan, the overall three-
chain coordination level of the three cities also changed 
from disordered to barely coordinated. With the passage 
of time, the overall coordination degree of the three 
chains of the three cities has reached the intermediate 
level.

There are great regional differences in the 
coordinated development level of the three chains in the 
three cities, and the overall development is unbalanced 
(see Table 7). At present, Wuhan's three chains have 
achieved primary coordination, Changsha has entered 
the stage of barely coordinated, and Nanchang is still on 
the verge of imbalance. The development foundation of 

Wuhan's three chains is relatively good, and from 2013 
to 2016, although the city's three chains did not achieve 
coordinated development, the degree of dissonance was 
low, and it was in the transition stage from dissonance 
to coordination. Since 2016, the three chains in Wuhan 
have achieved a reluctant coordination. From 2018 to 
now, the development of the three chains in Wuhan has 
maintained a primary coordination state. Before 2018, 
the coordination degree of the three chains in Changsha 
has been steadily improving, gradually developing from 
serious imbalance to being on the verge of imbalance, 
and achieved reluctant coordination in 2018. By 2020, 
the three chains in Changsha have maintained reluctant 
coordination. The coordination degree of the three chains 

Fig. 2 Trend chart of coordination degree of three chains in three cities.

Table 7. Measurement results of three-chain coordination degree in three cities (D value).

Year /City Category Wuhan Changsha Nanchang Total

2013
Value 0.4368 0.1966 0.107 0.3921

Level Near incoordination Severe incoordination Severe incoordination Mild incoordination

2014
Value 0.4475 0.2525 0.1337 0.4219

Level Near incoordination Moderate 
incoordination Severe incoordination Near incoordination

2015
Value 0.4589 0.338 0.1737 0.4688

Level Near incoordination Mild incoordination Severe incoordination Near incoordination

2016
Value 0.5235 0.4342 0.2676 0.5802

Level Barely coordination Near incoordination Moderate incoordination Barely coordination

2017
Value 0.5522 0.4709 0.3518 0.6171

Level Barely coordination Near incoordination Mild incoordination Primary coordination

2018
Value 0.6026 0.5051 0.4419 0.658

Level Primary coordination Barely coordination Near incoordination Primary coordination

2019
Value 0.6318 0.5475 0.4018 0.6774

Level Primary coordination Barely coordination Near incoordination Primary coordination

2020
Value 0.6763 0.571 0.4178 0.715

Level Primary coordination Barely coordination Near incoordination Intermediate 
coordination
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in Nanchang is poor: before 2016, the city's three chains 
were in a serious imbalance, and then began to improve, 
entering a moderate imbalance period. However, the 
coordinated development has not been realized so far, 
and the three chains are on the verge of imbalance.

Development Trend of Three Chains 
of Central Cities 

Based on the calculation results in Table 5, the 
gray forecasting model GM (1,1) was used to predict 
the development level of the three chains in the three 
cities during the period from 2021 to 2025. As shown  
in Table 8, except for the innovation chain predicted 
values of Wuhan and Nanchang, other predicted values 
passed the C value and P value test, and the accuracy was 
qualified. From a general view, the development level of 
innovation chain will gradually lead and widen the gap 
with service chain and industry chain, and show a good 
pattern of leading development. Among them, Wuhan's 
innovation chain is expected to develop at the fastest 
pace. The development level may fluctuate downward 
in 2021 and 2022, but after that, it will develop rapidly 
and far exceed the development speed of industry and 
service chains. The industrial and service chains do not 
differ much from each other in terms of development 
level. From the predicted values, the development level 
of innovation chains in Changsha and Nanchang is not 
satisfactory and basically lags behind the development 
level of industrial and service chains. Changsha's industry 

chain and service chain have little gap between each 
other, and Nanchang's service chain development level 
is predicted to be the most developed among the three 
chains, which is much higher than the industry chain 
and innovation chain development level. Comparatively 
speaking, in the future, the average development level of 
the three chains in Wuhan will still be higher than that 
of the other two places, especially the innovation chain, 
which has maintained a large competitive advantage. But 
starting in 2023, the service chain will lag behind the 
others. The industry chain gap between the three places 
will also be gradually narrowed, and the industry chain 
development level of Nanchang is expected to catch up 
with the other two places around 2024.

Development Trend of Coordination Degree 
of Three Chains of Central Cities 

According to the calculation results shown in Table 
7, the grey forecasting model GM (1,1) is used to predict 
the development trend of the three-chain coordination 
degree of the three central cities in the future (see Table 9). 
After the C-value and P-value tests, the prediction 
accuracy of the numerical values of the three-chain 
coordination degree in all the cities reached the excellent 
grade, except for Nanchang, where the prediction 
accuracy of the numerical values of the three-chain 
coordination degree was qualified. As can be seen from 
the predicted results, the three-chain coordination degree 
of the three central cities as a whole will reach the high 

Table 8. Forecast of the development level of the three chains in the three cities during 2021-2025.

City/Year 2021 2022 2023 2024 2025 C
 value

Prediction 
accuracy P value Prediction 

accuracy

Total

Industry
chain 0.1668 0.1976 0.2339 0.277 0.328 0.4152 Qualified 1 Excellent

Innovation 
chain 0.2164 0.2611 0.315 0.38 0.4584 0.3484 Excellent 0.875 Qualified

Service
chain 0.216 0.2483 0.2854 0.3281 0.3771 0.2271 Excellent 1 Excellent

Wuhan

Industry
chain 0.2066 0.2369 0.2718 0.3118 0.3577 0.3421 Excellent 1 Excellent

Innovation 
chain 0.138 0.2043 0.3025 0.4479 0.5631 0.8274 Unqualified 0.75 Barely

Service
chain 0.2203 0.2422 0.2662 0.2925 0.3215 0.3037 Excellent 1 Excellent

Changsha

Industry
chain 0.1879 0.2236 0.266 0.3166 0.3767 0.5186 Barely 0.875 Qualified

Innovation 
chain 0.0993 0.1052 0.1115 0.1182 0.1253 0.4304 Qualified 1 Excellent

Service chain 0.1833 0.2242 0.2741 0.3352 0.4099 0.0722 Excellent 1 Excellent

Nanchang

Industry chain 0.1077 0.1417 0.1865 0.2455 0.3231 0.3788 Qualified 1 Excellent

Innovation 
chain 0.0871 0.0975 0.109 0.1219 0.1363 0.6762 Unqualified 0.625 Unqualified

Service chain 0.1697 0.2273 0.3045 0.4078 0.5463 0.2664 Excellent 1 Excellent
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quality coordination in 2023, among which Wuhan and 
Changsha will achieve the high quality coordination in 
2024 respectively. Relatively late, Nanchang will also 
achieve three chain quality coordination in 2025.

Discussion

In this study, the coupling coordination model is used 
to analyze the coordination degree of industry chain, 
innovation chain and service chain in central cities 
among the case city cluster, and the gray forecasting 
model is used to predict the future development 
trend. The results are consistent with previous studies. 
For example, Liang et al. [34] found that the three-
chain coordination degree is in line with the regional 
economic development condition, the degree in a 
developed district is higher than a developing area. The 
degree increased with the increase of their respective 
development level enhancement, and the three chains 
seem to promote each other: service chain significantly 
promote the development of the industry chain and 
innovation chain, innovation chain significantly promote 
the development of the industry chain, industry chain 
significantly promoted the development of innovation 
chain [35]. Liang and Huang [36] have confirmed that 
the intensity of R&D investment is the main reason 
for the low coordination degree of the "three chains". 
Therefore, improving the respective development levels 
of the three chains is an effective way to improve their 
coordination degree [37]. This study found that there are 
regional differences in the coordination degree of the 
three chains, and it is low in the case cluster. The results 
are also consistent with previous studies. Except for a 
few regions, the coordination degree of three chains is 
low in most regions of China, and there have not yet 
formed an efficient collaborative innovation system to 
promote the industrial development in those districts. 
However, in recent years, this situation is continuously 
improving and is expected to get better. 

Conclusions and Suggestions

Conclusions

Four basic conclusions are drawn as follows: (1) 
In terms of time-series characteristics, the construction 
of the case city cluster has promoted the coordinated 
development of the three chains in the central cities, 
and the coordination degree of the three chains in the 
three cities has shown a gradually increasing trend, 
experiencing a transformation from dysfunctional to 
coordinated development. However, the degree of 
coordination of the three chains is still relatively low, 
and Wuhan, which is in the best condition, is only in 
the primary coordination stage. (2) In terms of spatial 
characteristics, the development of the three chains in 
the three central cities is uneven, with large regional 
differences: Wuhan and Changsha have achieved primary 
coordination and barely coordinated respectively, while 
Nanchang is still on the verge of imbalance. (3) Each of 
the three chains in the three central cities has different 
characteristics. Relatively speaking, Wuhan has a more 
reasonable three-chain pattern. The innovation chain 
leads the development of the other two chains, and the 
innovation-oriented stage of economic development 
has begun to emerge, and the industrial development 
momentum is expected to be stronger. Changsha 
and Nanchang are ahead of the other two chains in 
terms of service chain development, and the trend of 
exogenous factors such as policy and environment 
driving development is more obvious, and they are 
still in the investment-oriented stage of economic 
development [38], and may not be able to support long-
term sustained economic growth. To a certain extent, 
the conclusion of (2) and (3) above reflects the current 
situation of unbalanced regional development in the case 
city cluster. The policy dividend for the construction of 
city cluster is more applicable to core cities and cities 
with a better economic base, while the ability of cities 

Table 9. Forecast of the coordination degree of the three chains in the three cities during 2021-2025.

City/Year 2021 2022 2023 2024 2025 C P Prediction 
accuracy

D Value of 
Wuhan

0.7317 0.7857 0.8438 0.906 0.9729 0.106 1 Excellent

Intermediate 
coordination

Intermediate 
coordination

Well- 
coordination

Quality 
coordination

Quality 
coordination / / /

D Value of 
Changsha

0.6767 0.7551 0.8426 0.9402 1 0.2535 1 Excellent

Primary
coordination

Intermediate 
coordination

Well- 
coordination

Quality 
coordination

Quality 
coordination / / /

D Value of 
Nanchang

0.5578 0.649 0.7551 0.8786 1. 0.3943 0.875 Qualified

Barely 
coordination

Primary
coordination

Intermediate 
coordination

Well- 
coordination

Quality 
coordination / / /

D Value of 
total

0.8049 0.8721 0.9449 1 1 0.2471 1 Excellent

Well- 
coordination

Well- 
coordination

Quality 
coordination

Quality 
coordination

Quality 
coordination / / /
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with a relatively poor economic base to undertake the 
policy has yet to be strengthened, and there is still a gap 
with the requirement of unified efficiency and equity for 
sustainable development. (4) From the perspective of 
forecasting, the three chains of the three central cities 
show a positive development trend. It is expected that 
in the next 3-4 years, the three chains of all cities will 
achieve quality coordination. However, the imbalance 
of regional development may continue to exist, and the 
innovation chain development level of Nanchang and 
Changsha may still lag the development level of their 
respective industrial and service chains for some time in 
the future, and have a large gap with Wuhan’s innovation 
chain development level.

Policy Suggestions

In view of the current situation of the coordination 
degree of the three chains, the case city cluster and the 
same type of regions can start from the following aspects 
to improve the level of coordinated development of 
three chains, to realize the coordinated development and 
sustainable development. (1) Promote the coordinated 
development of three chains within each city. Targeted 
measures should be taken to address existing weaknesses 
and deficiencies in three chains. It is necessary to 
promote industry chain-led, strengthen goal-oriented, 
deploy innovation and service chains around industry 
chains, and combine science and technology innovation, 
policy support with the needs of industrial development. 
In terms of innovation chain, it is necessary to enhance 
scientific and technological innovation capacity 
through various ways such as external attraction and 
internal strengthening, improve the intermediate link of 
innovation results transformation, make each innovation 
body work closely with enterprises, align with 
industrial and regional development needs, and provide 
differentiated and precise services for industry chain 
development. In terms of service chain, it is necessary 
to improve infrastructure construction, strengthen the 
service capacity of each link, and create a good ecology 
for innovation-industry chain development through policy 
guidance. (2) Promote the coordinated development of 
three chains among cities. City cluster should improve 
the coordination of region-wide industrial, innovation 
and service chains based on the idea of integration, to 
promote the overall development. For example, in terms 
of service chain, cities should break the boundaries 
between administrative divisions, establish a virtual joint 
government of city cluster, guide the region to achieve a 
high degree of integration such as the same planning, the 
same chain of division of labor, the same transportation 
network, and the same sharing of public services. In the 
innovation chain, it is necessary to actively carry out 
policy innovation to promote the free flow of scientific 
researchers between research institutions and enterprises 
in urban clusters and to facilitate the timely sharing 
of knowledge and information among cities. In terms 
of industry chain, it is necessary to carry out inter-

city gradient transfer of some industries or parts of the 
industry chain to realize the complementary synergy of 
industries in the city cluster and promote the optimization 
of industrial structure. It is necessary to play the role of 
industry chain of leading enterprises to reduce vicious 
competition, co-brand regional brands and strengthen 
regional advantageous industries. (3) Promote the 
overall sustainable development of economy, society 
and resources. First, pursue a rational and high-quality 
economic growth mode. Promote industrial upgrading 
and transform the high-consumption, high-pollution 
economic growth mode into an intelligent, flexible, 
sustainable and inclusive growth mode. Second, regulate 
the balance of environment and development. Through 
policy regulation, make good spatial planning, promote 
resource recycling, form an industrial structure that 
conserves resources and protects the environment, 
and reduce ecological disturbance and damage. Third, 
improve the quality of the population. Leading the 
adjustment of industry chain with the goal of sustainable 
development, leading the training of talents with 
the demand of industry chain, matching skilled and 
knowledge-based talents around the industry chain, and 
promoting employment. 
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