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Abstract: The coupling of and coordination between science and technology innovation (STI) and
sustainable development (SD) is a basic requirement for Anhui Province’s economic high-quality
development. According to panel data of 16 prefecture-level cities in Anhui Province from 2010
to 2021, the entropy method was applied to quantify the comprehensive development level of the
two systems. The models of coupling coordination degree, grey GM (1, 1), and ARIMA prediction
were constructed to analyze the spatiotemporal dynamic evolution features of the two systems’
coupling coordination. In the time series, the two systems’ comprehensive development showed a
steady increase, a high level of coupling, and an increasing overall trend of coupling coordination.
Moreover, the two systems’ coupling and coordination levels show the gradient spatial differentiation
characteristics of “central > east > west.” The prediction shows that the two systems’ coupling coordi-
nation degree exhibits a monotonic increasing trend and reaches the optimal coupling coordination
state around 2030. This study provides a decision-making reference for the implementation of the
innovation-driven development strategy of Anhui Province.

Keywords: science and technology innovation; sustainable development; coupling coordination;
prediction

1. Introduction

Climate change and development are two major challenges facing the world [1].
sustainable development (SD) was first introduced in the 1980s. In the report “Our Common
Future,” the World Commission on Environment and Development defined SD as “a
development that addresses the demands of the present without endangering the demands
of future generations” [2]. With the launch of “2030 Agenda for Sustainable Development,”
SD has become the future development goal of all countries. China’s economy has reached
a new normal, changing from a phase of high rapid growth to a phase of high qualitative
development [3]. As a major global greenhouse gas emitter, achieving SD in China is
an important issue [4]. As early as 1994, the Chinese government incorporated an SD
strategy into a long-range plan for China’s economic and social development. In 2016,
they released the “National Innovation-driven Development Strategy Outline,” which
clearly proposed the shift from a factor-driven to an innovation-driven economy and the
implementation of an innovation-driven development strategy. The relationship between
science and technology innovation (STI) and SD has become an important element of
theoretical SD systems.

Anhui Province plays an important role in the Yangtze River Delta, which is a new
region of growth for both internal and external markets but shows a trade-off relationship
between basic needs and SD goals [5]. In the past decades, urbanization and urban expan-
sion in Anhui Province has been promoted, leading to problems such as environmental
pollution and resource shortages [6], which seriously hinder SD. Over the past few years,
Anhui has placed great value on the construction of STI, encouraging local initiatives in
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innovation development, actively cultivating innovative cities, and introducing working
guidelines. An STI-biased economic development environment will continuously derive
new SD needs. However, the derived SD needs will further guide STI direction, making SD
a new undertone of STI activities [7]. Whether the driving force of STI to SD is insufficient
or the guidance of SD for STI is weak, blockage of either pathway will stall the coordinated
development of both.

Existing studies on the coordinated development of systems yielded some results. Sun
et al. evaluated the coupled coordination level between digital inclusive finance and STI in
China [8]. Yin et al. analyzed the degree of coupled coordination of the triple system of
environmental regulation-STI-green development in Shandong province [9]. Wang et al.
studied the coupled and coordinated development of marine STI systems and ecological
economic systems [10]. Shang and Liu explored the space-time patterns of coupled and
coordinated urbanization and green development in Chinese coastal cities [11]. However,
no scholars have yet conducted a dynamic coupled coordination study on STI and SD in
Anhui Province. What is the coupling and coordination degree between STI and SD in
Anhui Province? How can we achieve a higher level of integrating and promoting the
two systems? This information is of strategic importance in promoting the coordination
and SD of the Anhui Province’s regional economy. Therefore, it is especially important to
scientifically evaluate the degree of coupling and coordination between STI and SD and
predict future coupling trends in Anhui Province.

Worldwide, the intrinsic link between STI and SD has been studied from different
research perspectives, which are mainly based on two main lines. On one hand, the
implications of STI on SD have been studied. Pandey et al. found that cooperation and
innovation in technology can help developing countries achieve SD goals [12]. Su et al.
used BRICS countries as an example and found that information technology has an active
impact on environmental quality and can reduce carbon dioxide emissions, thus achieving
SD [13]. Mousavi et al. argued that innovation is an important tool for firms to achieve
SD and that their organizational and managerial capabilities play an important role in
the sustainable innovation process [14]. Arico explored the contribution of STI to SD
from the empirical perspective of UNESCO [15]. Liao et al. picked data from Chinese-
listed A-share companies and confirmed the significant contribution of green technology
innovation to the sustainability capability of enterprises [16]. Yang argued that active
eco-technological innovation is beneficial for improving the competitiveness of SMEs and
achieving SD [17]. Jaeger-Erben et al. combined real-life cases to determine the significant
influence of innovation on SD [18]. Scholars have generally confirmed the important impact
of STI on the economic development of a society and the transformation of production
methods [19].

However, STl is a double-edged sword. Although it promotes technological progress,
it may also trigger major environmental pollution problems and hinder SD [20]. The goal
of profit maximization can trigger firms to focus more on saving labor and capital factors
in technological innovation, thus neglecting the damage to the ecological environment and
natural resources. For example, to increase agricultural output, chemical fertilizers and
pesticides are used extensively, which directly leads to the destruction of water resources
and eutrophication of rivers and lakes [21]. In addition, STI can lead to energy rebound
effects, resulting in the increased consumption of overall energy and the increased emission
of pollutants. The rapid expansion of the total output is accompanied by an increase
in pollutant emissions, which, to some extent, counteracts the reduction in emissions
per unit of output accomplished with STI and increases total pollution [22]. Most of the
literature suggests that an innovation-centered approach is effective in addressing SD
issues [23]. SD models are likely to replace traditional models, and innovation is often key
to transformation success [24]. It is evident that STI needs the right leadership to achieve
the goal of SD.

On the other hand, the SD model can influence innovation. SD goals can attract
national, regional, and firm-independent innovations based on demand [25-28]. Yuan
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and Zhang demonstrated a significant positive relationship between industrial SD and
STI using the sys-GMM method [29]. Mai et al. empirically found a significant reversed
“U-shaped” relationship between corporate SD and innovation [30]. Ashford and Hall
argued that SD can stimulate revolutionary STI through the environment, safety, health,
labor market, and other related factors [31]. SD goals drive the STI process.

In general, there are still some gaps in the study on the relationship between STI and SD.
Most studies focus on the national macro level and the micro level of industry enterprises
but rarely involve the provincial level. Most studies pay attention to basic theories and the
one-way influence between them but lack the holistic system thinking about STI and SD,
and there is limited mention of the two systems’ coupling and coordination. There is also
limited mention of coordinated research on the two systems. In view of this, the entropy
method was used in this study to measure the combined development level of STI and SD in
16 provincial municipalities in Anhui from 2010 to 2021 based on the theory of coordinated
development. Furthermore, we constructed the models of coupled coordination degree,
grey GM (1, 1), and ARIMA prediction to explore the time trend and spatial characteristics
of the two systems’ coupled and coordinated development. This will provide a theoretical
basis and policy reference for actively promoting sustainable regional development and
accelerating the economic structure transformation and upgrading of Anhui Province.

2. Materials and Methods
2.1. The Coupling Mechanism of STI and SD

As shown in Figure 1, STI and SD have a natural interactive coupling relationship,
and they are mutually dependent and promote each other. STI is the key engine of SD, and
SD can lead to STI. Both are derived from human needs and practices and are centered on
development and innovation to achieve synergy in mutual interaction.

Science Drive Development Sustainable
and < Development
Action Guide System
Techonlogy
Promote the Transformation
. Economy
Innovation of Industrial Structure \
System Society
Improve Life Quality \
Ecology
Improve the Eco-environment

Figure 1. Coupling mechanism of science and technology innovation (STI) and sustainable develop-
ment (SD).

The achievement of SD goals requires the participation of the government, economy,
society, culture, environment, education, and S&T. STl is a crucial and core driver of SD.
The regional SD system covers three dimensions: the economy;, society, and ecology [32].
The achievement of SD goals in any dimension cannot be achieved without STI support.
In the economic dimension, STI is the fundamental impetus for the regional economics to
achieve high-quality development, and it plays a significant role in the transformation of
territorial economic growth patterns. In the face of traditional natural resource difficulties
such as depletion and non-renewability, STI can effectively improve industrial production
efficiency, reduce resource waste, and even replace traditional resource elements, trans-
forming and upgrading regional industrial structures. In the social dimension, STI in
transportation, education, medicine, and other fields promotes the quality of life of people
and the sustainable development of society. In the ecological dimension, the environment
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directly affects people’s surroundings. To prevent environmental pollution and restore the
ecological environment, STI is indispensable.

Moreover, the history of human development shows that STI is a double-edged sword
that has caused ecological damage and environmental pollution while enhancing social
development. Therefore, STI requires grounding in SD theory. The purpose of SD is not
only to solve the environmental problems created by social progress, but more importantly,
to shape the scientific concept of development and regulate and constrain the direction
and mission of STL. Accordingly, SD will become an action guide for STL. All aspects of STI
activities require SD to provide guarantees. Sustainable economic development provides
R&D funds for STI, while sustainable social and environmental development provides
intellectual support, good institutional environment, and a market for the application of
STI results.

2.2. Constructing the Index System

STI and SD have multi-dimensional and multi-hierarchical complex coordination
relationships. Therefore, to comprehensively reveal the degree of the two systems’ coupling
and coordination, a comprehensive evaluation of two systems’ index system was estab-
lished according to the principles of science and feasibility (as shown in Table 1). First, STl is
an important foundation for achieving SD, and it has central role in the city’s development
by adjusting inputs and outputs to achieve optimal resource allocation [33]. Drawing on
previous research [34-37], this study selected seven indicators to measure the degree of STI
development: the number of invention patents owned by 10,000 people, proportion of R&D
expenditure to GDP, turnover of technology contracts, value added of high technology
industries as a percentage of GDD, full-time equivalent of R&D personnel, number of S&T
papers published by industrial enterprises, and proportion of education expenditure to
GDP. Second, referring to related research by Zhu et al. and considering the holistic and
systematic nature of cities, this study established a comprehensive and diversified SD
assessment system with three dimensions: economic development, social harmony, and
environmental resources [32,38,39]. At present, China’s economy is in a pivotal period,
shifting from a phase of high growth to a phase of high-quality development [40]. SD must
comply with economic laws, build on the strengths of each region, promote the circulation
in the market, and achieve coordinated regional development. In this study, four indicators,
including GDP per capita, local fiscal revenue per capita, fixed asset investment per capita,
and the urban registered unemployment rate, were selected to measure the economic de-
velopment of 16 cities in Anhui Province in SD. Furthermore, social harmony is a key factor
affecting SD, which provides solid human capital, a good institutional environment, and a
market for the transformation of achievements in sustainable urban development and STI,
thus continuously improving well-being. In this study, four indicators were selected for
assessment: number of health personnel per 10,000 people, number of criminal cases per
10,000 people, illiteracy rate, and number of years of education per capita. Finally, balancing
resource utilization and environmental protection is the goal of SD, and high-quality devel-
opment in Anhui Province should adhere to ecological priorities and green development.
In the context of “grasping big protection and not big exploitation,” ecological protection is
an important policy for implementing SD in the region, and it is especially important to
clarify the relationship between urban environment and SD. In this study, four indicators
were selected for evaluation: sulfur dioxide emissions per billion GDP, the comprehensive
utilization rate of general industrial solid waste, the number of days with air quality better
than Grade 2, and green space per capita.
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Table 1. STT and SD indicator system.

Target . Indicator
La yge . Indicator Layer Direction

Proportion of R&D expenditure to GDP +
Number of invention patents owned by 10,000 people +
Turnover of technology contracts +
STI Value added of high technology industries as a percentage of GDP +
Full-time equivalent of R&D personnel +
Number of S&T papers published by industrial enterprises +
Proportion of education expenditure to GDP +
GDP per capita +
E Local fiscal revenue per capita +

conomy - .
Investment in fixed assets per capita +
Urban registered unemployment rate -
Number of health personnel per 10,000 people +
Society Number of crimir}al cases per 10,000 people -
SD [lliteracy rate -
Number of years of education per capita +
Sulfur dioxide emissions per billion GDP -
Ecology Comprehensive utilization rate of general +

industrial solid waste
Number of days with air quality better than

Grade 2 *
Green space per capita +

2.3. Research Methodology
2.3.1. Entropy Method

Determining the indicator weights using modern mathematical evaluation systems
is the key to research. The scientific nature and rationality of the indicator weights affect
the accuracy and reliability of the results. Compared with subjective assignment methods,
such as expert scoring and hierarchical analysis, the entropy method, first introduced
by the American mathematician C.E. Shannon, is an objective assignment method that
only depends on the discreteness of the data [41,42]. It measures information uncertainty
according to the magnitude of information entropy. To make the results more objective and
accurate, the entropy method was used to assign objective weights to each index as follows:

e Data normalization

To solve the problem of different units of measurement for each indicator, dimension-
less normalization is required. Data shifting of 0.001 is performed to eliminate the effect
of zeros.

For positive indicators:

xi]' — min{xlj, e xn]‘}

max{xyj, - - Xpj} —min{xyj, - - x,j}

x;j = 0.999 +0.001, 1)

For negative indicators:

max{xyj, - - Xpj} — xjj

max{xyj,- - Xpj} —min{xyj, - - X}

x;j = 0.999 +0.001, @)

where xl-]-(i =1,23,---,n,j=1,2,3,--- ,m) indicates the value of the jth index of the ith
evaluation object.

e  Calculation of the weight P;; of the ith object to be evaluated on the jth evaluation
index:

P = ij i —123... 3
; (j=123,---,m), (©)]

] n

Y Xjj
i=1
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e  Calculation of information entropy e; of the jth indicator:
n
ej = —A) pijlnpi, )
i=1
where, A =1/ In(n), satisfy e > 0.
e  Calculation of information entropy redundancy:
ri = 1-— €j, (5)
e  Calculation of the weight of each indicator:
"
Wi = (6)
Yr
j=1
e  Calculation the overall development degree of the ith-evaluated object.
m
LIZ- = Zw]xl] (7)
j=1

2.3.2. The Model of Coupling Coordination Degree

The term “coupling” originates from physics and refers to the phenomenon of two
or more systems or elements interacting and influencing each other [43], which has been
applied in the field of economics. The coupling degree is a measure of the intensity of
the association between systems; the larger the coupling degree, the stronger the degree
of association and dependence between systems [44]. The coupling coordination degree
based on this model can better reflect the synergy between systems [45].

e The conventional coupling degree model is described as follows [46]:

u” ub

C=2|—"t
(U,;~|»Ub)

®)

where U, represents the STI system, and U, represents the SD system; «, B are coeffi-
cients to be determined based on the interlinkage between the two systems. The two
systems are considered equally important and given the same weight, thusa« = g = 0.5.
C is the coupling degree of the STI and SD systems and takes the value between [0, 1].
When C = 0, the two systems are in disorder. When C = 1, the two systems are in a
fully ordered state.

The coupling-degree model can only illustrate the strength of the interaction between
the systems; therefore, reflecting the overall synergistic effect of the two systems is chal-
lenging. Considering that the U, and SD system Uj, may yield pseudo-evaluation results
if they take small values, the coupling coordination model is built using the principle of
deviation based on the coupling degree to accurately evaluate the coupling coordination of
the STI and SD systems.

e  The traditional model of coupling coordination is as follows:

D=+VCxT, ©)

T=all,+pU, a+p=1, (10)

where D is the coupling coordination degree of the STI and SD systems, which takes a
value between [0, 1], and T is the overall development level of the two systems.
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Owing to the inherent setting problem of the traditional coupling degree formula,
which concentrates the C value at one end of 1, the calculated D value depends largely on
the T value (development degree of each system), which leads to weakened coordination
between the systems and ultimately, the D value may not adequately measure the coupling
coordination degree. Therefore, the model has been improved in this study.

e  Theimproved coupling degree model and the coupling coordination degree model are:

cz\/[1\/(ubua)z}xgzz\/[l(ubua)]xg‘;, (11)

D=+CxT, (12)

T=al,+BUy, a+p=1, (13)
e  The classification of grade of the coupling and coupling coordination level:

To better analyze the level of coupling and coupling coordination between systems,
this study used a quartering method [47]. The criteria are shown in Table 2.

Table 2. Classification of degree of coupling and coupling coordination level.

Index Range Grade Classification
(0.000, 0.300] Low-level coupling
0.300, 0.500 Ant. isti
Coupling degree C ( I ntagonistic
(0.500, 0.800] Breaking-in
(0.800, 1.00] High-level coupling
(0.000, 0.300] Low coupling coordination
0.300, 0.500 Moderat li dinati
Coupling coordination degree ( ] oderate couping coordimation
(0.500, 0.800] High coupling coordination
(0.800, 1.000] Extreme coupling coordination

2.3.3. GM (1, 1) Model

The GM (1, 1) model generally weakens the randomness and fluctuation of the original
data by sequentially accumulating the original series [48], and its abbreviation GM for Grey
Model; (1, 1) denotes an equation of order 1 with one variable. It is suitable for time series
forecasting of localized samples and uncertain information and has the advantage that the
prediction results are more stable and not limited to the size of the known data. GM (1, 1)
modeling is as follows:

Step 1: Determine the original nonnegative variable data series (smooth series).

ZO0(k) = [200),20(2),20), -+, 20 ), (14)
Step 2: Make first-order accumulation to generate sequence data:

zW (k) = [z<1>(1),z<1>(2),z(1)(3), . ,Z(l)(n)}, (15)

k
where ZD (k) = ¥ 2O (i),k=1,2,- - ,n.
=}



Sustainability 2023, 15, 2874

8 of 22

If the sequence Z(!) (k) has a quasi-exponential law, then the sequence Z(1) (k) satisfies
the following first-order linear differential equation model:

dz1)
dt

+azM =y, (16)

where a is the developmental grey number, which reflects the trend of the cumulative data
series Z(1) and the original data Z(). u is the endogenous control grey number, which
reflects the change in the relationship between the data.

Step 3: Determine the data matrix B, Y;,.

-xM2) 1

-xM3) 1
B= |-xW(4) 1], (17)

—X(.l)(n) 1
m1=[Z”MZLZ@N3LZ”N3»-~,Z@NnﬂT, (18)

where X(1) (k) is the background value in the matrix B, satisfying:
XV (k) =pzW k) + (1 -wzW(k—1),k=2,3,--- ,n, (19)

where y is the weighting coefficient, which usually takes a value of 0.5.
Step 4: Estimate parameters based on ordinary least squares:

-1
=" =(B"B) BV, (20)
Step 5: Solve the time response sequence:

z(@:[ﬂ%@-?%ﬂ“m+?w=Lz~nmp:Lz~»m (21)
a a

where Z()(p) is the original condition of the time response function. In the GM (1, 1)
model, it is usually assumed that p = #, i.e., the original condition of the time response
function is assumed to be Z(1) (p) = 2 (n).

Step 6: Find the fitted value of the original data series Z(?).

(k—1),k=23,---,n, (22)

- (0)
Note that Z

(0
4 ( )(k) (k > n) is the predicted value of the original data Z(©) (k).

If the test results satisfy both the small error probability p > 0.7 and the posteriori ratio
C < 0.65, the model fit is good. Otherwise, the residuals need to be modeled and analyzed,
and the prediction model needs to be corrected.

(k)(k =2,3,--- ,n) is the fitted value of the original data series Z(*) (k);

2.3.4. ARIMA Model

The autoregressive integrated moving average (ARIMA) model is a popular model for
forecasting time-series data and has been widely used [49].

The ARIMA (p, d, g) model involves three parameters: autoregressive term order p,
difference order d, and moving average order q. The models have emerged to address the
problem of predicting nonstationary time series. First, a d-order difference computing on
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the non-stationary time series to obtain a stationary series should be preformed, followed
by a prediction using an ARIMA model. The specific form of the model is as follows:

yi=PBo+P1yi1+ - +ﬁpyt—p e+ 0g g+ +9q5t—q/ (23)

where {y;} is the data series to be predicted, which must satisfy the smoothness require-
ment; § and 6 are parameters to be evaluated; and {e; } is a white noise series.

For the prediction of the coupled coordination level time-series data, the ARIMA
model is constructed as follows:

Step 1: Smoothness check of the time series. The smoothness of the data is checked
for non-stationary time-series data to carry out the difference operation and ensure that it
meets the smoothness requirements.

Step 2: Determine the three model parameters p, d, 4. d is the number of differences in
Step 1, which was determined using the autocorrelation function criterion (AFC), partial
autocorrelation function (PACF), Akaike information criterion (AIC), and Bayesian infor-
mation criterion (BIC). Generally, the smaller the AIC and BIC, the better the parametric
model effect.

Step 3: Residual test. After determining the model parameters, check whether the
residuals of the model fitting results are consistent with the white noise series. If they are,
the model is good; if not, repeat the above steps to redefine the parameters.

2.4. Data Sources
2.4.1. Research Area

Anhui Province (114°5-119°6" E, 29°4’-34°6’ N) is situated in the Yangtze River
Delta in eastern China, with 140,100 square kilometers and 16 provincial cities under its
jurisdiction. Anhui’s population was 61.13 million at the end of 2021, ranking eighth in
China, with a regional GDP of CNY 429.592 billion, ranking 11th. With continuous rapid
economic growth and serious challenges to the ecological environment, SD has become an
inevitable choice for Anhui Province. Anhui’s 16 provincial cities were the object of this
study; their geographical locations are shown in Figure 2.

Bozhou ™ § s\

Bengbu

Fuyang =
y & L Huaingi

Hefei

Chuzhou

Lu'an

Wuhu

Tongling
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Anging °
Chizhou

Ruancheng

Huangshan

Illustration
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China's Area Javoyida

100 50 0 100 200 300 400 Vvientiane
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Figure 2. Location map of the study area.
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2.4.2. Data Source and Processing

The data in this paper were obtained from the “Statistical Yearbook of Anhui Province”,
published by the Anhui Provincial Bureau of Statistics, and the “Statistical Bulletin of
Science and Technology of Anhui Province”, published by the Department of Science and
Technology of Anhui Province. In 2011, Anhui went through an administrative division
adjustment. Chaohu city was transferred to the jurisdiction of Hefei City, so the number of
prefecture-level cities in Anhui Province subsequently changed from 17 to 16. The study
examined the latest 16 prefecture-level cities in Anhui Province as the subject of study. In
order to observe the impact of the administrative division adjustment on Hefei City, the
study period was set from 2010 to 2021. When the data were processed, except for Hefei,
Bengbu and Wuhu, the data on the number of invention patents owned by 10,000 people
in 2013 were missing in the other 13 cities. A linear growth trend was observed for this
indicator in the study sample. Therefore, this study used Stata software to make up the
data by linear interpolation. To improve the accuracy of the empirical analysis and exclude
the influence of price changes on the level of economic development, the GDP and fixed
asset investment amounts were treated in constant prices using the gross regional product
index and price index, respectively, with 2010 as the base period.

3. Results
3.1. STI and SD Comprehensive Development Level

The entropy method was used to measure the overall development degree of STI and
SD in 16 cities in Anhui from 2010 to 2021. For brevity, only the data of 2011, 2013, 2015,
2017, 2019, and 2021 are included here, and the results are shown in Table 3.

Table 3. Comprehensive development level of STI and SD in Anhui Province.

. 2011 2013 2015 2017 2019 2021 Average
Region STI SD STI SD STI SD STI SD STI SD STI SD STI SD
Suzhou 0.012 0.042 0.017 0.100 0.029 0.179 0.057 0199 0.07 0311 0.143 035 0178 0.189
Bengbu 0251 0.151 0288 0.248 0355 0.297 0412 0355 0441 0481 0542 0523 0442 0446

Chuzhou 0223 0233 0291 0200 0312 0260 0359 0340 0312 0475 0537 0581 0410 0416
Ma’anshan 0221 0361 0306 0484 0335 0488 0392 0546 0477 0.660 0.747 0.841 0.575 0.591
Xuancheng 0.154 0203 0.194 0283 0224 0352 029 0400 0354 0496 0483 0.644 0421 0433
Huangshan 0.074 0192 0127 0264 0125 0294 0.164 0333 0.158 0456 0.185 0534 0294 0.307

East 0.156 0.197 0.204 0263 0.230 0312 0280 0362 0303 0480 0440 0.580 0386 0.397
Hefei 0359 0.269 0445 0426 0503 0.552 0563 0613 0.629 0719 0.865 0719 0.653 0.665
Wuhu 0388 0.262 0466 0401 0535 0499 0.626 0605 0.692 0708 0968 0865 0.701 0.712
Tongling 0389 0446 0447 0628 0397 0368 0363 0487 0503 0461 0.659 0.659 0494 0.505
Huainan 0.081 0.158 0.172 0240 0.138 0.144 0.117 0240 0.097 0259 0.152 0329 0.188 0.195
Center 0304 0284 0382 0424 0393 0391 0417 0487 0480 0537 0.661 0.643 0.509 0.519
Huaibei 0.131 0.130 0.214 0.162 0218 0.196 0211 0327 0218 0374 0304 0465 0297 0.304
Bozhou 0.039 0.075 0.055 0.081 0.077 0108 0.098 0195 0.102 0260 0.145 029 0.177 0.185
Fuyang 0.024 0.097 0.041 0194 0062 0195 0.111 0261 0115 0307 0171 0311 0.201 0.209
Lu’an 0.033 0.067 0.090 0.109 0107 0126 0.135 0243 0.139 0290 0247 0364 0215 0224
Anging 0.047 0.079 0.078 0118 0.100 0.232 0.132 0295 0.158 0369 0.251 0561 0.269 0.282
Chizhou 0.062 0178 0.128 0.288 0.154 0352 0.196 0342 0.223 0465 0.297 0563 0325 0.337
West 0.056 0.104 0.101 0.159 0120 0.202 0.147 0277 0.159 0344 0236 0427 0247 0257
Average 0.207 0203 0269 0298 0307 0358 0355 0431 0383 0514 0553 0595 0447 0457

Table 3 and Figure 3 show that the STI levels of 16 cities in Anhui generally showed
an increasing trend from 0.183 in 2010 to 0.553 in 2021, with an average annual growth
rate of 10.6%. The average value was 0.447, with a 55.3% room for improvement. At
the regional dimension, the average values of STI in the east, center, and west of Anhui
Province were 0.386, 0.509, and 0.247, respectively, with the central region being higher
than the provincial average and the western region being at a lower level, with significant
regional differences. After 2019, the growth trend of the STI level in the three regions is
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clear, which is attributed to the “Several Policies to Support STI” introduced in Anhui
Province in 2017, with a significant transformation of STI results. From the perspective of
cities, the top three cities are Wuhu, Hefei, and Tongling, and Ma’anshan and Bengbu are
also higher than the average. They are the main forces promoting the development of STL
Chuzhou, Xuancheng, Huaibei, Chizhou, and Huangshan were higher than the average
value of STI in the western region, and the overall growth rate was faster. For example,
the STI development level of Chuzhou City increased from 0.167 in 2010 to 0.537 in 2021,
with an average annual growth rate of 13.8%. The average STI in Huainan, Anqing Lan,
Fuyang, Bozhou, and Suzhou was lower than 0.13. In the future, it is essential to increase
investment in innovation R&D and make full use of relevant supporting policies to attract
innovative investment.

—&—LEastern region == Central region
Western region =>¢=Anhui province
0.700
0.600
0.500
0.400
0.300
0.200
0.100

0.000
2011 2013 2015 2017 2019 2021

Figure 3. Comprehensive development level of STI in Anhui Province and regions.

In Figure 4, the overall trend of the SD level in Anhui Province increased from 0.204 in
2010 to 0.595 in 2021, with an average annual growth rate of 10.2%. The average value was
0.457, which was higher than the STI level, indicating that the STI drive was insufficient.
This was consistent with Wang and Yang’s finding that Anhui was at the bottom of the
Yangtze River Delta region in terms of STI efficiency [50]. In the regional dimension, the
average SD values in the east, center, and west of Anhui Province were 0.397, 0.519, and
0.257, respectively. The trend to level up was clearer in the east, and there is still more
room for improvement in the west. The central region was still higher than the provincial
average, but there was a brief decline in 2013-2015, followed by a gradual rebound. This
was mainly due to the lower SD level of Huainan City during this period. Coal is the
main industry in Huainan; the downward trend of the coal market led to a negative GDP
growth in Huainan City in 2014, which was contrary to sustainable economic development.
The government promptly changed its development strategy, and the coal industry was
transformed to achieve economic growth after 2015. Ma’anshan in the east and Wuhu,
Hefei, and Tongling in the center present the top four cities in Anhui Province and are the
leaders in SD. Huainan City in the center and Suzhou City in the east have lower SD levels,
whereas Lu’an, Bozhou, and Fuyang in the west are at the bottom. The conditions of cities
limit their development. In the future, cities that rank low should receive increased policy
support, and SD paths in line with their own needs should be explored.
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Figure 4. Comprehensive Development Level of SD in Anhui Province and Regions.

3.2. Spatio-Temporal Characteristics of Coupling Coordination between STI and SD

Based on the above analysis, the results of the regional comparisons and city com-
parisons of STI and SD are similar. Figure 5 shows that the change trends of the STI and
SD levels are generally consistent, and the time-series characteristics of both sides show
a clear positive correlation. Therefore, it is essential to consider the coupling relationship
between these two. The coupling degree curve of STI and SD always lies above the coupling
coordination degree curve, which indicates that the coordination relationship between the
two still needs to be further optimized.

1.000 ~
I Scientific and
0.800 - technological
innovation
0.600 - s Sustainable
Value development
0.400 -
0200 4 Degree of coupling
0.000 -~

Degree of coupling
2010 2012 2014 2016 2018 2020

Year

coordination

Figure 5. Time series diagram of the comprehensive development of two systems in Anhui.

For the temporal dimension, as shown in Table 4, the coupling evolution process of
the two systems can be classified into two phases: the moderate coupling coordination
phase (2010-2014) and the high coupling coordination phase (2015-2021). The roles of the
two systems in promoting and coordinating with each other have become increasingly
clear, and the coupling coordination degree increased from 0.374 in 2010 to 0.663 in 2021,
an increase of 77.1%. However, both the degree of coupling and the coupling coordination
had a brief low point in 2011 and 2019, and both showed an accelerated improvement in
the following year. The reasons for this are the stagnation of the SD level in 2011 and the
stagnation of the STI level in 2019; these directly affect the coupling coordination level. In
2012, the 18th National Congress of the Communist Party of China once again clarified the
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innovation-driven development strategy, placing STI at the core of the overall development
of S&T and prioritizing STI, bringing momentum to SD. In 2020, the level of STI once again
reached a new acceleration, and the degree of coupling coordination of the two systems
saw accelerated growth, demonstrating the effect of the STI policy implemented in Anhui
Province in 2017.

Table 4. Degree of coupling and coupling coordination of the two systems.

Year C D Stage of Coupling Degree Level of Coupling Coordination
2010 0799 0.374 Breaking-in stage Moderate coupling coordination
2011 0.757  0.378 Breaking-in stage Moderate coupling coordination
2012 0782 0421 Breaking-in stage Moderate coupling coordination
2013 0.806  0.464 High-level coupling stage Moderate coupling coordination
2014 0.804 0.486 High-level coupling stage Moderate coupling coordination
2015 0.818  0.509 High-level coupling stage Highly coupled coordination
2016  0.820  0.529 High-level coupling stage Highly coupled coordination
2017  0.806  0.556 High-level coupling stage Highly coupled coordination
2018  0.811  0.580 High-level coupling stage Highly coupled coordination
2019 0753  0.576 Breaking-in stage Highly coupled coordination
2020 0.796  0.616 Breaking-in stage Highly coupled coordination
2021  0.788  0.663 Breaking-in stage Highly coupled coordination

To further analyze the spatial dynamic trends of the two-system coupling and coor-
dination in 16 cities of Anhui, the spatial distribution pattern of the two-system coupling
and coordination degree is shown in Figure 6 for 2010, 2014, 2018, and 2021. The coupling
and coordination levels show different degrees of improvement and obvious changes. The
geographical distribution of the coupling coordination level of the two systems also shows
a gradient spatial differentiation of “central > eastern > western,” according to the grade of
coupling coordination.

e Low coupling coordination area

In 2010, the cities with a low degree of coupling coordinated were Bozhou, Fuyang,
Lu’an, Anging, and Chizhou in the west, Huangshan and Suzhou in the east, and Huainan
in the center, accounting for 50% of Anhui Province. The coupling coordination degree
of the two systems in the west was in the backward position, and the coupling degree
was in an antagonistic state; therefore, it is imperative to adjust the development of the
system over time. In 2018, the six western cities successively reached moderate coupling
coordination, indicating that the implementation of the innovation-driven and SD strategy
in Anhui Province had begun to bear fruit, but the levels of STI and SD in these cities were
still relatively low. In the future, we need to increase innovation investment, strengthen
exchanges and cooperation between the central and western regions, and accomplish the
goal of SD through innovation enhancement.

e  Moderate coupling coordination area

In 2010, Bengbu, Chuzhou, Ma’anshan, and Xuancheng in the east and Huaibei in the
center were in a moderate coupling coordination area. In 2014, the cities of Chizhou and
Huangshan entered moderate coupling coordination. By 2018, Anqing, Lu’an, Fuyang, and
Bozhou had gradually moved from the low-coupling coordination area. In contrast, Suzhou
City only crossed into the moderate grade area in 2020, and the coupling coordination
grade of the two systems was still low in 2021 at only 0.3741. The starting point of the
coupling coordination level of these cities is low. For future development, they should
study the experience of highly coupled and coordinated areas, carry out cross-regional
innovation cooperation, improve their own strength, and better realize the benign coupling
of urban STI and SD.
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Figure 6. Spatial distribution of the coupling coordination of two systems in Anhui Province.

e  High-coupling coordination area

As early as 2010, the cities of Hefei, Wuhu, and Tongling had already reached a high-
coupling coordination level, indicating that the STI and SD of the three regions were better
linked in the early years. In 2014, Ma’anshan City and Bengbu City joined the level, and
in 2018, the scope was further increased with Chuzhou City and Xuancheng City. In 2021,
Huaibei City and Chizhou City successfully entered the high-coupled coordination area.
The cities with highly coordinated coupling and above in these four years accounted for
18.8%, 31.3%, 43.8%, and 56.3% of Anhui Province, respectively. Over time, the number of
cities located in highly coordinated areas gradually increased, and the development status
improved. Except for Wuhu, Hefei, Ma’anshan, and Tongling, which had achieved the
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extremely coordinated coupling area in 2021, the coupling coordination levels of the two
systems in the other five cities have much room for improvement.

e  Extreme-coupling coordination area

There was no extreme coupling coordination region in Anhui Province before 2018,
and Wuhu City was the first city to enter this rank. After 2018, Hefei City, Ma’anshan City,
and Tongling City also gradually stepped into this rank in 2021, and the percentage of
extreme-coupling coordination regions in Anhui Province reached 25%. These four cities
are situated in the central part of Anhui Province, showing the trend of Wuhu City as the
hub radiating to the surrounding areas. As a sub-center city of Anhui Province, Wuhu City
has been developing rapidly in recent years. Hefei, Ma’anshan, and Tongling are adjacent
to Wuhu, which facilitates the inter-regional radiation drive and allows better cooperation
and exchange of technology and factor flow, which drives coupling and coordination levels.

3.3. Level of Coupling Coordination between STI and SD Subsystems

The following section focuses on the coupling coordination status of the STI system
with the three subsystems of SD (economy, society, and ecology) to clarify the lag factors.
In this study, four time points, 2010, 2014, 2018, and 2021, were selected for the analysis, as
shown in Figure 7.

——2010 —=—2014 2018 2021 ——2010 —m—2014 2018 2021
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Suzhou 1 Ma 'anshan Suzhou_ -1 Ma 'anshan
Bozhou ‘ Hefei Huainan b Wuhu
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Figure 7. Radar diagram of the coupling and coordination of STI and SD subsystems.

In the coupling and coordination of the STT and economic subsystems, Suzhou City
occupied the first place with an increase of 315.7%, while Huangshan’s increase was
only 38.9%. Hefei, Ma’anshan, Wuhu, and Tongling entered the extreme coupling and
coordination stage, accounting for 25%. Huaibei, Bengbu, Chuzhou, Xuancheng, and
Chizhou had high coupling coordination, whereas other cities had moderate coupling
coordination levels, with room for development.
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In the coupling and coordination of the STI and social subsystems, Hefei and Ma’anshan
were in an extremely coupled coordination stage, accounting for 12.5%. Seven cities, namely
Bozhou, Suizhou, Fuyang, Huainan, Lu’an, Anqging, and Huangshan, had a high coupling
coordination grade. The remaining seven cities were at a moderate grade. Among them,
Suzhou had the largest increase of 149.4%, whereas Tongling had the smallest increase.

In the coupling and coordination of the STI and ecological subsystems, there were no
cities with extreme coupling coordination levels, and the cities with high coupling coordina-
tion were Hefei, Huaibei, Bengbu, Chuzhou, Ma’anshan, Wuhu, Xuancheng, Tongling, and
Chizhou, accounting for 56.25%. The remaining cities have moderate coupling coordination
levels. The largest increase was in Suzhou, which reached 152%, whereas the increase in
Wuhu City was only 7.8%.

In summary, the coupling coordination relationship between STI and the three sub-
systems, was best for the economic system, followed by the social system, and finally, the
ecosystem. This indicates that STI and economic development in Anhui Province have a
good positive correlation, high economic growth provides material guarantee for innova-
tion R&D, and STI significantly promotes economic development. However, the coupling
and coordination level between STI and the ecosystem is low, and the coupling and coordi-
nation development of the ST and ecosystem are lag factors. This result confirmed by the
study of Luo et al. that Anhui had the lowest overall ecological quality score and was at the
bottom of the Yangtze River Delta region in the study of coupled economic-social-ecological
effects [51]. It is necessary to strengthen ecological protection in the future, focus on the
driving force of STI, and promote positive interactions between the two systems.

4. Prediction
4.1. GM (1, 1) Prediction

The change in the coupling coordination grade of STI and SD in the future is an
important guideline for changing the development model in Anhui Province. In this study,
MATLAB software was used to establish grey GM (1, 1) and ARIMA prediction models
to take the coupling coordination time series data of the two systems in Anhui Province
from 2010-2021 to predict the coupling coordination level from 2022-2033. For brevity, this
study only shows the overall forecast value of Anhui Province.

The posterior difference ratio value C was calculated as 0.0283, and the small error
probability value p was 1. Compared to the prediction accuracy table, the accuracy grade of
the model was good. As shown in Figure 8, the actual values from 2010-2021 are consistent
with the fitted values, indicating a good model fit.

1.400

1.200

1.000

0.800

0.600

0400 ==

0.200

0.000 T T T T T T T T T T T T T T T T T T T T T T T 1

True value
Fitting value

Predicted value

Figure 8. GM (1, 1) prediction graph.
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According to the predicted values of the GM (1, 1) model (Table 5), the coupling
coordination level of the STI and SD in Anhui from 2022-2033 will steadily increase. The
2030 coupling coordination level reaches one, and the two systems reach the optimal
coupling coordination grade.

Table 5. Predicted results of coupling and coordination of two systems in Anhui Province.

Year GM(@1,1) ARIMA
2022 0.691 0.689
2023 0.724 0.715
2024 0.759 0.741
2025 0.796 0.768
2026 0.835 0.794
2027 0.876 0.820
2028 0.918 0.846
2029 0.963 0.873
2030 1.010 0.899
2031 1.059 0.925
2032 1.110 0.951
2033 1.164 0.978

4.2. Prediction of ARIMA

Because the GM (1, 1) model is based on exponential law forecasting, its predicted
data can only show increasing or decreasing trends, which, to a certain extent, limits
the reverse fluctuation trend due to special circumstances [52]. However, the ARIMA
forecasting model can simulate the fluctuations of the data, which partially compensates
for the inverse fluctuation trend ignored by the GM (1, 1) forecasting model [53]. Therefore,
in this study, the ARIMA model was used to examine the trends of the two systems over
the next 12 years.

After passing the smoothness test of the time series, the autoregressive term order p
and moving average order g of the ARIMA model were determined using the AIC and
BIC criteria. After computing them using MATLAB software programming, the prediction
model for the case of minimum AIC and BIC values was ARIMA (0,1,0). The results of the
Q statistic test are shown in Table 6. The p value of Q6 is 0.566, which is greater than 0.1,
indicating that the first sixth-order autocorrelation coefficients of its residuals satisfy the
white noise test. The prediction results are listed in Table 5.

Table 6. Q statistic test.

Item Statistics p Value
Q1 0.097 0.756
Q2 2.959 0.228
Q3 2.984 0.394
Q4 2.985 0.560
Q5 3.002 0.700
Q6 4.831 0.566

The prediction results of the ARIMA model also show a monotonically increasing
trend in the coupling coordination level of the two systems, which is consistent with the
prediction results of GM (1, 1). However, its coupling coordination level reaches only 0.978
in 2033, which is three years later than the former prediction result in Figure 9.
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Figure 9. ARIMA forecast graph.

5. Discussion and Conclusions
5.1. Discussion

The concept of sustainable development has been proposed for more than 40 years
and has received wide attention from scholars. China was the first country in the world to
incorporate sustainable development into its national development strategy, which is not
only necessary for its development but also reflects its attitude and determination to follow
the path of sustainable development. In terms of economic development and innovation
capacity, the Yangtze River Delta region is one of the most dynamic regions in China [54].
The Yangtze River Delta’s integration is the future development trend, but Anhui Province
still has a gap with the other three provinces and cities (Shanghai, Zhejiang Province, and
Jiangsu Province) in terms of high-quality development [55] and STI as a key power engine
of SD. In addition, STI as a key power engine of SD, this study also confirmed the lack
of STI power in Anhui Province. The spatial level of STI in Anhui province was uneven,
with large differences between east and west. The STI levels in central and eastern cities
such as Wuhu and Hefei were greater than 0.8, while western cities were below 0.2. In
Zhang et al.’s study, there were differences in STI efficiency in different regions of Anhui,
which affected the level of regional green development, and this paper also confirmed this
result [56]. Due to their geographical advantages, the eastern cities can integrate more
quickly into the construction of the Yangtze River Delta economic circle and can make full
use of their location advantages to strengthen economic and trade cooperation with the
neighboring developed provinces. Resource-based cities such as Huainan in the center
and Huaibei in the west had the bottom level of science and technology innovation in the
province. Yu et al. concluded in their study that resource-based cities have low efficiency in
science and technology innovation, which was consistent with the results of this study [57].

The proliferation of urban population and ecological pollution were the main obstacles
on the road to sustainable urban development [58,59]. To facilitate the clarification of
the internal constraints of the coupled and coordinated relationship between STI and SD,
this study explored the coupled and coordinated status of the STI system and the three
subsystems of SD (economy, society, and ecology). The study found that the overall level of
coupling and coordination between STI and ecological protection in Anhui Province was
low. It was well verified that cities were pursuing the rapid economic development while
neglecting ecological protection [60]. The ecological environment is a matter of human
survival and development, and a good ecological environment can effectively improve the
quality of life and work. In 2021, the State Council issued the “Opinions on Encouraging and
Supporting Social Capital to Participate in Ecological Protection and Restoration,” which
encouraged social capital to join in ecological restoration build. At the same time, Anhui
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provincial government should also actively explore a new model of ecological protection,
fully integrate social resources, and integrate elements of STI to protect and restore the
ecological environment.

The analysis of existing studies related to coupling coordination relationships revealed
that few articles have predicted the future state of the level of coupling coordination
between systems in Anhui Province [61-63]. In this study, the gray GM (1, 1) prediction
model, which is currently used more often, was used, but the theoretical system of gray
systems is not perfect, which leads to some defects of the GM (1, 1) model. For example,
the fitted and predicted data can only show increasing or decreasing trends [64]. For this
reason, this study again used the ARIMA model to make predictions for comparison and
demonstrated that the future coupling and coordination level of STI and SD in Anhui
is monotonically increasing. However, ARIMA and GM (1, 1), which are short-term
forecasting models, predict the trend of the coupled coordination level of the two systems
for the next decade in this paper and may lose the accuracy of their predicted values. Due
to material collection and time constraints, a combination of models GM (1, 1) and ARIMA
can be considered for predicting the level of system coupling coordination to find prediction
methods with smaller errors, greater span, and more generality in the future [65].

5.2. Conclusions

Based on the panel data of 16 cities in Anhui Province from 2010-2021, this study
analyzed the coupling coordination degree of STI and SD and its spatio-temporal dynamic
evolution characteristics using the models of entropy method, coupling coordination degree,
grey GM (1, 1), and ARIMA prediction. The following conclusions were drawn.

First, the overall levels of STI and SD are on the rise, but the level of STI lags behind
the level of SD, and the driving force of STI on SD is insufficient. There was an obvious gap
between the level of STI and SD in different regions and cities, showing the pattern “center
> east > west.”

Second, the coupling coordination relationship between the STI and SD experienced a
moderate coupling and coordination phase (2010-2014) and a high coordination coupling
phase (2015-2021). The coupling and coordination degree increased by 77.1%, with a
significant growth trend. For the time dimension, cities with low coupling coordination
decreased from 8 in 2010 to 0 in 2021; cities with moderate coupling coordination increased
from 5 to 7; cities with high coupling coordination increased from 3 to 5; and cities with
extreme coupling coordination increased from 0 to 4. For the spatial dimension, the
central region had the strongest coupling coordination level between the two systems,
followed by the eastern region, while the western region was the weakest. The coupling
and coordination degree of the two systems in Wuhu City retained the leading position,
creating a radiating effect to the surrounding area. For the coupling coordination of STI
and SD subsystem, the pattern of economic system > social system > ecosystem emerged,
and the coupling coordination development between STI and the ecological environment
was the lag factor.

Finally, looking at future trends, the coupling coordination level of Anhui Province
shows a monotonically increasing trend and will reach the optimal coupling coordination
state around 2030.
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