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Abstract

:

Coordinating regional innovation–economy–ecology (IEE) systems is an important prerequisite for overall continuous regional development. To fully understand the coordination relationship among the three, this study builds a data-driven multimodel decision approach to calculate, assess, diagnose, and improve the regional IEE system. First, the assessment indicator system of the regional IEE system is established. Secondly, the range method, entropy weight method, and weighted summation method are employed to calculate the synthetic developmental level. Thirdly, a multimodel decision approach including the coupling degree model, the coordination degree model, and the obstacle degree model is constructed to assess the spatiotemporal evolution characteristics of the regional IEE system coupling coordination and diagnose the main obstacles hindering its development. Finally, the approach is tested using Anhui Province as a case study. The results show that the coupling coordination degree of the Anhui IEE system presents a stable growth trend, but the coupling degree is always higher than the coordination degree. The main obstacle affecting its development has changed from the original innovation subsystem to the current ecology subsystem. Based on this, some countermeasures are put forward. This study, therefore, offers decision support methods to aid in evaluating and improving the regional IEE system.
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1. Introduction


Along with the fast development of the worldwide economy, new requirements have been put forward for economic growth [1,2], scientific and technological innovation [3,4], and ecological environment construction [5,6]. In this new era, all countries face the task of integrating the construction of ecological civilization and scientific and technological innovation with economic construction [7] and must move toward green and coordinated development [8]. Ecology links production and consumption, and the construction of ecological civilization is determined to a great extent by the economic structure and economic development mode. With continuous changes in cloud computing, artificial intelligence, big data, and other modern information technologies, regional innovation has become the main force promoting regional economic [9] and ecological civilization construction [10]. Therefore, local governments and in-depth academic studies are very concerned about the important issues of how to coordinate relationships among the three systems of regional innovation, regional economy, and regional ecology, and exploring the high-quality development model promoted by regional coordinated development. In particular, scholars have conducted several studies examining the interaction between two of the three systems: between regional innovation and regional economy [11], between regional innovation and regional ecology [12,13], and between regional economy and regional ecology [14].



Numerous studies report on the connection between regional innovation and regional economy, however, most scholars begin with the angle of technological innovation [15] to analyze how regional innovation impacts and promotes regional economic growth [16]. Scholars generally agree that innovation is the basic motivity and source of economic growth and development activities [17,18]. Antonioli et al. [19] emphasized that innovation and institutional change could contribute to a rapidly developing economy. Adak [20] explored this linkage between scientific and technological innovation and economic growth, and analyzed the path from technology introduction, to the number of patents, to economic development. Liang et al. [21] discussed the co-evolution principle between technological innovation and regional economic development and studied the co-evolution law and crucial influencing properties between them through the use of the dynamical coupling model and geographical detector method. Cheng and Wang [22] explored the multiplier effect of science and technology innovation on community economic development through empirical data analysis from seaside cities. Chen and Zhang [23] applied this coupling coordination degree model and geographical detector for conducting the multi-scale evaluation of the coupling coordinative degree between innovation and economic development, taking resource-based cities as an example. This model was also used by Tian et al. [24] to reveal the synergistic condition between green innovation efficiency and economic development. Pradhan et al. [25] discussed the relationship between innovation and economic growth in Euro area countries, while Qamruzzaman and Jianguo [26] pointed out that there is a long-term cointegration relationship between financial innovation and economic growth in South Asia. Furthermore, Pala [27] selected 25 developing countries as research objects to explore the impact of innovation on economic growth.



Research has produced rich findings on the interaction between the regional economy and regional ecology, and several mature theories and models have been formed and widely used, such as the coordinated development theory [28], correlation analysis between economy and environment [29,30], and economic energy environment impact model [31]. Peng et al. [32] analyzed the external and inherent connections between the ecological environment and economic development by means of the coupled coordination theory. Fan et al. [33,34] investigated the coupling state between the urban social economy and the ecological environment. Liu et al. [35] explored the coupling mechanism and space-time coordination between the development of the economy and ecological environment along the Yellow River Basin. Taking the Beijing-Tianjin-Hebei region as the research target, Liao et al. [36] also examined the coupling and coordination level between them. Shi et al. [37] also analyzed the coupling coordination and spatial-temporal heterogeneity between them by applying a geographically and temporally weighted regression model. Finally, Adami and Schiavon [38] elaborated on the nature of the interrelation between economy and ecology.



The research stream on the interplay relationship between regional innovation and regional ecology is growing. Liu et al. [39] analyzed the mechanism of new knowledge growth and explored theoretically the effects of technological innovation on ecological environment quality improvement. After the environmental Kuznets curve hypothesis [40,41] was proposed, several topics emerged, such as the relationships between economic growth and suspended solids [42], between economic growth and sulfur dioxide emissions [43], between economic growth and carbon dioxide emissions, [44] and between economic growth and air pollution [45]. Xia and Bing [46] explored the impact mechanism of environmental optimization on the improvement of regional innovation performance and noted that the former can promote the latter. Ke et al. [47] took advantage of a spatial measurement technique to present the spatial effect of innovation efficiency on ecological footprints. Moreover, Meirun et al. [48] explored green technology innovation’s dynamic impact on Singapore’s economic growth and carbon dioxide emissions. Brancalion [49] emphasized the importance of innovation in regional ecological restoration. Furthermore, Murphy and Gouldson [50] pointed out that ecological and economic benefits can be achieved through innovation.



With the continuous expansion of research, the coordinated research among the three is expanding, such as innovation-economy-education [51,52], economy-ecology-health [53,54], and ecology-innovation-climate change [55]. For instance, Wang and Tan [56] explored the coupling conditions among finance development, scientific and technical innovation, and economic growth. Zhang [57] explored the coupled and coordinated state of the regional economy, tourism, and ecological environment. Liu et al. [58,59] explored the space-coupled and coordinated degree of the energy-economy-environment system. Similarly, Yan et al. [60] described the coupled and coordinated state among the three by using Australian data from 2007 to 2016. Taking the Huai-Hai economic region as an example, Zheng et al. [61] examined the coupling relationship and its heterogeneity among technological innovation, industrial transformation, and environmental efficiency based on models such as the super efficiency relaxation measurement model and grey correlation analysis. Furthermore, Xu et al. [62] worked to identify methods for achieving regional coordinated development using aspects of technological innovation, industrial upgrading, the ecological environment, and their interactions. Huang et al. [63] explored the coupling research on technological innovation, talent accumulation, and the ecological environment. Yin et al. [64] used the coupling coordination model to determine the coordination degree among environmental regulations, scientific and technical innovation, and green development. Wu [65] measured and evaluated the regional technology-economy-ecology coordination relationship. Essentially, it can be seen that the interrelationship and interaction among regional innovation, economy, and ecology are viewed with consensus. However, relevant studies on the analysis of the coupling and coordination of the three factors are limited.



The above research findings indicate that scholars have mostly focused on researching the pairwise relationships among regional economy, regional innovation, and regional ecology. This research stream is relatively mature, which provides a certain foundation for studying the relationships among the three; however, room still exists for further in-depth research. First, few studies place the regional innovation, regional economy, and regional ecology systems into the same framework to quantitatively assess coupling and coordination among them. Second, the existing literature provides little discussion on the spatial and temporal evolution trend for coupling coordination development among the three systems; thus, it is necessary to further analyze its spatial and temporal evolution characteristics and heterogeneity. Third, proposed policy recommendations have been relatively broad, making it necessary to further identify obstacles blocking the coordinated development of the three systems, and subsequently, formulate targeted countermeasures and suggestions. Challenged by the above, this study builds a data-driven multimodel decision approach for calculating, assessing, diagnosing, and improving the regional innovation–economy–ecology (IEE) system to provide a scientific foundation and reference for harmony and the integrated planning of sustainable regional development.



This study is of great theoretical and applied significance. On its theoretical significance, first, the assessment indicator system of the regional IEE system coupling coordination development is established, providing researchers with a new study vision of the good coupling and orderly coordination of three subsystems. Second, a data-driven multimodel decision approach for regional IEE coupling coordination development is established, and the spatial and temporal evolution laws and factors affecting its development are identified, thereby enriching the assessment method system. Third, this study reveals the trend of coupling and coordination and the function mechanism of the regional IEE system, expanding the framework of coupling coordination theory. However, the practical significance must also be considered. First, this study takes Anhui Province as a case study. By evaluating the development level and coupling coordination degree of Anhui’s IEE system, it explores the coupling and coordination development state, identifies its key obstacle factors, and comprehensively reveals the internal mechanism of Anhui’s IEE system development. Second, it analyzes the spatio-temporal evolution characteristics of the coupling and coordinated development of Anhui’s IEE system, explores the internal mechanism of its coupling and coordinated development, and then proposes targeted strategies to provide decision-making guidance for relevant government departments and enterprises. Third, it actively implements the sustainable development goals of the United Nations, which provides an important reference for the realization of regional innovation-economic-ecological sustainable development goals.



The basic structure of the thesis is as follows: Part 2 elaborates on the research method. Part 3 displays a case study, in which Anhui Province is selected as a case to verify the method’s effectiveness and feasibility, and then provides effective countermeasures. Lastly, Part 4 presents the conclusion and sums up the essay.




2. Method


This part of the paper mainly discusses our research methods, involving the calculation, assessment, and diagnosis methods of the coupling coordination development of the regional IEE system. Its contents include method flow, data collection, data processing, and data modeling.



2.1. Method Flow


Promoting sustainable regional development necessitates placing the three systems—regional innovation, regional economy, and regional ecology—into the same framework, constructing the calculation framework and assessment system for the three subsystems’ coupled coordinated development from the systems theory perspective, and conducting a systematic, integrated, and collaborative reform from the global optimization perspective [66,67]. This is urgently needed for high-quality coordinated regional development. However, given the complicacy and diversification of the three systems’ data indicators, research has faced challenges regarding how to apply efficacious methods to calculate, assess, diagnose, and improve the three systems’ coupling coordination development level.



To address this challenge and improve regional coordination development levels, this study constructs the data-driven multimodel decision approach [68,69] for the calculation, assessment, diagnosis, and promotion of regional IEE system coupling coordination development. In the data collection stage, we used surveys and research methods to define the data range. The collected data primarily includes statistical data on regional innovation, the regional economy, and the regional ecology. Empirical analysis is used in data processing and data modeling. Data processing mainly uses the range method-entropy weight method-weighted summation method to obtain the data standardization value, indicator weight, and synthetic developmental level score. Data modeling is used to build the coupling degree model and the coordination degree model for calculating the regional IEE system. Then, the coupling degree and coordination degree are identified as well as the key obstacles blocking the system’s development using the obstacle degree model. The innovative practice applies the integrated method to the case of Anhui Province, verifies the integrated method’s effectiveness, obtains the assessment results, and proposes targeted policy recommendations. The method flow chart of the study is illustrated in Figure 1.




2.2. Data Collection


Data collection is the basis of scientific data analysis. The accuracy of collected data is directly related to the value of the data analysis results. This study uses survey research methods to extract the desired data from the huge data. First of all, the source of the data should be clarified. The data of this study are from public publications and second-hand data collection. The main advantages of this data source are convenience, cost-saving, and accurate data. Therefore, this study’s sample data are mainly observed from government statistical data resources, such as the “Statistical Yearbook”, every year. Secondly, the scope of data collection must be defined. Based on the element connotation of the regional IEE system and the scientific and quantifiable principle, this study identifies the main indicators that can reflect the three subsystems, constructs an indicator system for the coordinated development of the regional IEE system, and determines the sample data capacity. Finally, according to the scope of the data collection, the data are collected through the data collection channels of the statistical yearbook, and the collected data are counted and summarized in an EXCEL table to lay a data foundation for the next stage of data processing.




2.3. Data Processing


2.3.1. Range Method


This composite regional IEE indicator system includes three subsystems, with several criterion layers under the subsystem and several assessment indicators under the criterion layer because different indicators have different measurement units, which present non-comparability. Therefore, this study applies the range method for standardizing each indicator value to eliminate the measurement unit problem. The standardized calculation formula is:


   X  i j  ′  =  {         x  i j   −  β j     α j  −  β j    × 0.99 + 0.01     x j    i s   a   p o s i t i v e   i n d i c a t o r         α j  −  x  i j      α j  −  β j    × 0.99 + 0.01     x j    i s   a   n e g a t i v e   i n d i c a t o r       



(1)




where    X  i j     is the sample value,    x  i j  ′    is the standardized date value, and    α j    and    β j    are the highest and the lowest values of indicator  j , respectively. The value range of    x  i j  ′    is between {0.01, 1}.




2.3.2. Entropy Weight Method


When calculating the comprehensive assessment score of each subsystem, it is necessary to weigh each indicator in the system. In view of the widespread use of the objective weight method-entropy weight method [70,71], we use this method to measure each indicator weight in each subsystem.



First, indicator weight    R  i j     is calculated using standardized data:


   R  i j   =    X  i j  ′      ∑   i = 1  t   X  i j  ′      i = 1 , 2 , 3 , … t ; j = 1 , 2 , 3 , … m  



(2)







Let   k =  1  ln  ( t )    > 0  , as the adjustment coefficient, and calculate indicator information entropy    e j   :


   e j  = − k   ∑   i = 1  t   R  i j   ln  R  i j     i = 1 , 2 , 3 , … t ; j = 1 , 2 , 3 , … m  



(3)







Determine indicator weight    W j   :


   W j  =   1 −  e j    m −   ∑   j = 1  m   e j        ∑   j = 1  n   W j  = 1 , j = 1 , 2 , 3 , … m  



(4)




where    W j    represents the weight coefficient of indicator  j , and   0 <  W j  < 1  ,  n  represents the number of selected indicators. Using the weights of the indicators, we derive comprehensive assessment scores for the regional innovation (   U A   ), regional economy (   U B   ), and regional ecology (   U C   ) subsystems.




2.3.3. Weighted Summation Method


The weighted summation method is adopted in this study to determine the synthetic developmental level score of the regional innovation subsystem (   U A   ), the synthetic developmental level score of the regional economic subsystem (   U B   ), and the synthetic developmental level score of regional ecological subsystem (   U C   ). The specific formula is as follows:


   U A    o r    U B  o r  U C  =   ∑   j = 1  n   W j  ×  X  i j  ′   



(5)




where    U A  ,    U B  ,    and     U C    are the comprehensive assessment score of the regional innovation subsystem, regional economy subsystem, and regional ecology subsystem.    W j    is the indicator weight of the response system and    X  i j  ′    is the standardized indicator value.





2.4. Data Modeling


The coupling coordination degree model [72] is a widespread application that incomprehensively calculates the degree of interaction, influence, and promotion between the interior factors of a complex system in a specific range. Coupling represents the interaction relationship [73], coordination is the constraint condition for the development process [74], and development is the ultimate goal. This model is often used to calculate and assess two systems [75,76], three systems [77,78], and multi-systems [71]. In this study, a multimodel decision approach of the regional IEE system is established, which includes the coupling degree model, coordination degree model, and obstacle degree model.



2.4.1. Coupling Degree Model


The coupling degree model can be applied to represent the influence degree of interaction of two or more systems. Referring to the research of relevant scholars [75,79], the three subsystems coupling degree model for the regional IEE system is derived as follows:


  C =   3 ·    (   U A  ·  U B  ·  U C   )     1 3       U A  +  U B  +  U C     



(6)




   where    C   is the coupling degree score, with a value range from {0,1}. The higher the  C  value is, the stronger the interaction among the three subsystems and the better the coupling condition. Drawing on the views of relevant scholars [65,73], we divide the coupling degree into four stages. When   C ∈  [  0 ,   0.3  ]   , it is in a stage of low-level coupling. When   C ∈  (  0.3 ,   0.5  ]   , it is in the confrontation stage. When   C ∈  (  0.5 ,   0.8  ]   , it is in the running stage. When C ∈ (0.8,0.1], it is in the high-level coupling stage.




2.4.2. Coordination Degree Model


Based on the result of the former model, we calculate the coordination degree of three systems and two systems. The coordination degree can clearly display the function degree size of interaction and influence among systems and can determine whether the systems develop harmoniously. This study represents the formula derivation of the coordination degree model.


  D =   C × Y    



(7)







Among them, the coordination coefficients of two systems:


   Y = α  U A  + β  U B      o r   α  U A  + β  U C      o r   α  U B  + β  U C    



(8)







Three system coordination coefficients:


  Y = a  U A  + b  U B  + c  U C   



(9)




   where    Y   is the synthetic developmental level score,   a ,   b ,   c   are the undetermined weights of the synthetic developmental level scores of the three systems, and   α , β   is the undetermined weight of the synthetic developmental level score of the two systems. Regional innovation, regional economy, and regional ecology are equally important. With reference to the practices of relevant scholars [32,80], the undetermined weight of the synthetic developmental level score of the three systems is   a = b = c = 1 / 3  , and the undetermined weight of the synthetic developmental level score of two systems is   α = β = 1 / 2  .  D  is the coordination degree, which is in the range from 0 to 1. The classification of coordination degree D refers to the classification basis of relevant scholars [72,81], and the classification level is illustrated in Figure 2.




2.4.3. Obstacle Degree Model


This study uses the obstacle degree model [82,83] to diagnose and distinguish the major factors blocking the coupling coordinated development of the regional IEE system, which is helpful for the government when adopting targeted policies and measures to promote coordinated development. This is calculated as follows:


   M j  =  (  1 −  X  i j  ′   )  ×  (   P i  ×  W  i j    )  × 100 /   ∑    (  1 −  X  i j  ′   )  ×  (   P i  ×  W  i j    )   



(10)






   T i  =   ∑    M  i j    



(11)




where    X  i j  ′    represents the standardized value of a single indicator    x  i j    ,    M  i j     is the obstacle degree of the indicator  j , and    T i    represents the obstacle degree score of the subsystem   i .      P i    is the weight of subsystem  i  and    W  i j     is the weight of indicator  j  in system  i .



To sum up, this study builds a coupling degree model, coordination degree model, obstacle degree model, and other technical means to measure the coupling, coordination, and obstacle degrees of the regional IEE system. This reveals the space-time evolution law of the coupling and coordinated development of the regional IEE system, clarifies the main factors affecting its development, and lays a solid foundation for promoting the sustainable development of the regional IEE system.






3. Case Study


We take Anhui Province as the object of study for validating the data-driven multimodel decision approach proposed and verifying the effectiveness of the approach. In 2014, Anhui’s GDP broke through the 2 trillion mark for the first time, ushering in new breakthroughs in economic development. At the same time, 2014 was also the first year for Anhui to carry out the pilot work of building an innovative province. In addition, in 2014, Anhui Province carried out the construction of provincial ecological civilization pilot demonstration areas for the first time. Since then, Anhui’s scientific and technological innovation, economic development, and ecological environment protection have ushered in a new stage, with accelerated progress and remarkable achievements. Therefore, 2014 is selected as the starting year of this study. At the same time, since the 2021 statistical yearbook has not been published yet, in view of the availability of data collection, this study chooses 2020 as the end year of the study. To sum up, the sample data used in this study are mainly from the statistical data resources of Anhui Province from 2014 to 2020, which is a good model and reference for regional research. In this section, we include the study area, results analysis, and discussion and managerial implications.



3.1. Study Area


Anhui Province is located in East China, between 114°54′–119°37′ E and 29°41′–34°38′ N, as shown in Figure 3. It is approximately 450 km wide from east to west and 570 km long from north to south. The land area is 139,400 km2, which occupies 1.45% of the national territory. Anhui is an ecological resort with good mountains and water. It is the only province covered by the two national strategies of the Yangtze River Delta Yangtze Regional Integration and the Rise of the Central Region. Anhui is experiencing “three historical changes”, from everything waiting to be done to a flourishing economy, a traditional agricultural province to a new industrial province, and innovation catching up to innovation leading. At present, how to deeply integrate regional innovation, economic development, and ecological construction, as well as actively explore innovation guidance, ecological priority, and high-quality economic development, have become important topics. Therefore, there is a need to calculate, assess, diagnose, and promote the coupling coordinated development of the Anhui regional IEE system.




3.2. Results Analysis


3.2.1. Data Collection Results


Regional innovation, regional economy, and regional ecology are complex systems that affect and promote each other. The regional economy provides material demand guarantees for regional innovation and is restricted by the ecological environment and regional innovation level. Regional innovation is the first driving force leading development [84], as well as key to improving economic development quality [85] and promoting the transformation and upgrade of economic structures [86]. It also promotes ecological civilization construction by improving energy utilization efficiency and reducing energy consumption and three wastes discharge [87]. Further, regional eco-civilization construction is a strong base for increasing regional economic sustainability [6,10,88]. Therefore, the three subsystems—regional innovation, economy, and ecology—interact with, promote and support each other, and share a relationship of coupling coordination development.



Constructing the indicator system is a precondition and an important guarantee for calculation and assessment. This study follows the principles of scientific, hierarchical, and systematic indicator system construction and comprehensively considers the availability and persuasiveness of the indicator data. The indicator system constructed in this study includes 3 subsystems (system layer), 9 major criteria (criteria layer), and 35 basic indicators (indicator layer). The three subsystems include the innovation subsystem, regional economic subsystem, and ecological subsystem, and there is a coupling and coordination relationship among them [62,65].



The regional innovation subsystem refers to the regional innovation environment and innovation input and output [89,90]. The innovation environment refers to various software and hardware environments that affect the innovation of the innovation subject in the innovation process, such as a good policy environment, social environment, and cultural environment [91]. Compared with the existing research [92,93], this study increased the number of legal entities in cultural and related industries above the designated size (A11) [94] and the number of public library institutions (A12) [95] in the innovation environment criteria layer. Innovation input refers to the resources consumed for scientific research and technological innovation, mainly embodied in human and capital input [96]. Therefore, this paper selects the internal expenditure of R&D funds (A21), the number of college students per 10,000 population (A22), the full-time equivalent of R&D personnel (A23), and R&D personnel input/person (A24) to evaluate innovation input. Innovation output directly reflects the operation result of innovation, which is manifested as knowledge output and economic output [97]. Knowledge output is mainly manifested in scientific and technological achievements and patents. The economic output reflects the economic value created by innovation. This paper selects the technology market turnover (A31), number of registered scientific and technological achievements at or above the provincial or ministerial level (A32), invention patent authorization (A33), and patent application authorization (A34) to evaluate the innovation output.



For the regional economic subsystem, this study combines the current focus of regional economic development, referring to previous research [35], and expands the connotation of the regional economic subsystem from three aspects: economic scale, economic quality, and economic structure [98]. Economic scale is the material basis for economic development. This paper selects the GDP (B11), total retail sales of consumer goods (B12), total import and export trade (B13), and total investment in fixed assets (B14) to reflect the economic scale. Economic quality is reflected in economic benefits, social benefits, and ecological benefits. Compared with the existing research [99], per capita GDP (B21) and urban per capita disposable income (B23) have been added to relevant indicators of economic quality in this study. Economic structure refers to the composition and structure of the national economy, involving industrial structure, labor structure, and consumption structure [100]. This paper selects the proportion of employees in the tertiary industry (B31), the proportion of the added value of the tertiary industry in GDP (B32), and the urbanization rate (B33), to reflect the economic structure.



Drawing on the “China Sustainable Development Strategy Report” issued by the Chinese Academy of Sciences and relevant previous studies [59,101], the regional ecological subsystem is mainly assessed from three dimensions: the ecological basis, ecological pressure, and ecological response [102]. The ecological basis represents the ecological environment state and environmental change in a specific time period. This paper selects the percentage of forest cover (C11), urban per capita park green area (C12), area of nature reserve (C13), and per capita water resources (C14) to reflect the ecological foundation. Ecological pressure represents the load of human economic and social activities on the environment [103]. Compared with existing studies [104,105], this study adds industrial wastewater emissions (C21), industrial sulfur dioxide emissions (C22), and industrial solid waste output (C23) to the relevant indicators of ecological pressure. Ecological response refers to the actions and measures taken by human society to maintain the stability of the ecological environment. In this paper, the green coverage rate of urban built-up areas (C31), centralized sewage treatment rate (C32), the comprehensive utilization rate of general industrial solid waste (C33), and the harmless treatment rate of urban domestic garbage (C34) [106] are selected to evaluate the ecological response.



Finally, this study establishes a comprehensive assessment indicator system for the coupling coordination development of the regional IEE system, as described in Table 1. “Direction” refers to whether an indicator is a positive indicator or a negative indicator in Table 1. Positive indicators and negative indicators have different meanings. Positive indicators are represented by “+”, and the larger the value, the better. Negative indicators are represented by “−”, and the smaller the value, the better.



The final assessment indicator system includes 3 subsystems (system layer), 9 major criteria (criteria layer), and 35 basic indicators (indicator layer). On this basis, we collect corresponding sample indicator data. All the indicator data used in this paper are from Anhui Statistical Yearbook (2014–2020) [107], China Statistical Yearbook (2014–2020), China Environmental Statistical Yearbook (2014–2020), and China Industrial Statistical Yearbook (2014–2020) [108].




3.2.2. Indicator Weight Analysis


In this study, the entropy weight method is used to determine the weight of each indicator. Before the entropy weight method [70] is adopted, we need to standardize the collected data to obtain the standardized value. The range method [71] is used in the standardization process, as shown in Formula (1). After using Formula (1) to obtain the standardized value, we use the entry weight method as shown in Formulas (2) and (3) to find the weight of each specific indicator in the subsystem. The weight of the criteria layer is obtained from the sum of its subordinate specific indicator weight. The weight determination process of each subsystem is the same. All calculation processes of obtained weight data resources were implemented in an EXCEL table. Finally, the weight of the Anhui IEE system coupling and coordinated development indicator system is shown in Table 2.



As Table 2 illustrates, among the innovation subsystem’s three criteria layers, the proportion of innovation input is the highest, reaching 0.444. The proportion of innovation environment is the lowest, with a weight value of 0.194. The proportion of innovation output is in the middle, with a weight value of 0.362. The number of college students per 10,000 population/person (A22) is the index with the largest weight in the innovation subsystem, and its weight value reaches 0.178. The scale of higher education is closely related to regional innovation. Then, in the economic subsystems’ three criteria layers, the proportion of economic quality is the highest, reaching 0.402. The proportion of economic structure is the lowest, with a weight value of 0.242. The proportion of the economic scale is in the middle, with a weight value of 0.357. Whole-society productivity (B24) is the indicator with the largest weight in the economic subsystem, and its weight value reaches 0.123. It is evident that labor productivity is an important indicator to evaluate the level of regional economic development. Finally, in the three criteria layers of the ecological subsystem, the proportion of ecological foundation is the highest, reaching 0.409. The proportion of ecological response is the lowest, with a weight value of 0.246. The proportion of ecological pressure is in the middle, with a weight value of 0.345. The area of nature reserve/filling ecosystems (C13) has the largest weight in the ecosystem, and the area of nature reserve/filling ecosystems mainly reflects the stability and quality of regional ecosystems.




3.2.3. Synthetic Developmental Level Analysis


The development level and synthetic developmental level of each subsystem in Anhui Province from 2014 to 2020 are calculated using Equations (1)–(5), as illustrated in Figure 4.



As Figure 4 illustrates, the development level of the innovation subsystem follows a rapid upward trend, and the innovation environment is steadily optimized. Innovation input and output have been increasing since 2018 and 2017, respectively. This is highly consistent with the innovative development practices of Anhui Province. Anhui’s regional innovation capacity has ranked first nationwide for ten consecutive years, and it is the province with the largest increase in the ranking of East China. The development level of the economic subsystem presents a strong uptrend, and the development level of the economic scale and economic quality criteria are the major drivers supporting the development of the economic subsystem. The development level of the ecological subsystem shows a rapid upward trend, with a good ecological foundation and strong ecological elasticity. This is consistent with Anhui’s efforts to build an “ecological barrier” in the Yangtze River Delta and create a “green economy” growth point. On the whole, the synthetic developmental level of the innovation economy ecology shows a steady upward trend during the study period, resulting from the joint action of the three subsystems. However, the contribution degree of each subsystem is different. The contribution degree order is as follows: ecological subsystem > economic subsystem > innovation subsystem. It is thus clear that the main driving force of Anhui’s synthetic developmental level has changed throughout the study period. Regarding the relationships among the three subsystems, the development level gradually trends toward coordination during the study period.




3.2.4. Coupling Coordination Development Level Analysis


With regard to the development level data and the coupling coordination degree model, we use Excel 2018 software to calculate the coupling degree and coordination degree of the three systems and two systems of Anhui IEE. Table 3 illustrates the calculation results. On this basis, we describe the spatial and temporal evolution pattern of the coupling coordination of three systems and two systems from 2014 to 2020 (Figure 5) to analyze their spatial differences and evolution characteristics more intuitively.



As the data in Table 3 indicates,  Y  is the synthetic developmental level score;   C   is the coupling degree score; and  D  is the coordination degree. During the investigation period, the coupling degree among the three systems was at the high-level coupling stage, except for in 2014, when it was at the running-in stage. The coupling degrees of the innovation–economic and innovation–ecological subsystems were at a high-level coupling stage in all years except 2014, when they were at the running-in stage. The coupling degree of the economic ecological subsystem was at the high-level coupling stage in this investigation period. In addition, the coupling degree values of these high-level coupling stages are all above 0.927, which is a high level. However, a high coupling level does not mean a high coordination level. As Table 3 illustrates, in 2014–2019, the coordination degree of each system lagged behind the coupling degree. By 2020, the gap between the coordination degree and coupling degree was not apparent, and the gap value was below 0.06.



Figure 5 illustrates the coordination development and evolution of three subsystems and two subsystems in Anhui Province. The IEE system indicates that the innovation–economy and innovation–ecology subsystems experienced the evolution track of “modern disorder-on the verge of disorder-barely coordinated-primary coordination-good coordination-high quality coordination”. Over the course of the research, the level of coordination development improved consistently. The coordination degree of the economic ecological subsystem experienced the evolution track of “middle disorder-on the verge of disorder barely coordinated primary coordination-intermediate coordination-good coordination-high quality coordination”. In addition, we find that, from 2014 to 2019, the coordination state of the two systems showed the following relationship: “economy-ecology > innovation–ecology > innovation–economy”. In 2020, its coordination state showed the following relationship: “innovation–economy > innovation–ecology > economy–ecology”. Anhui can be observed to shift from being driven by ecological factors to being driven by innovation, owing to Anhui’s in-depth implementation of an innovation-driven development strategy, thereby promoting the transfer of science and technology into a real productive force and highlighting the regional innovation output benefits.




3.2.5. Obstacle Degree Analysis


By the use of the obstacle degree model, the obstacle degree score of the system, criterion, and indicator layers of the IEE system in Anhui Province during 2014–2019 is computed. The computed results are illustrated in Table 4 and Table 5.



As Table 4 and Figure 6 show, at the system level, from 2014 to 2019, the largest obstacle blocking the coordinated development of Anhui’s IEE system was the innovation subsystem. In 2020, the obstacles of the innovation subsystem gradually disappeared, and the ecological subsystem became the largest development obstacle, followed by the economic subsystem. The economic rise of the innovation region in Anhui also placed certain pressures on the ecological environment. It is an important task for regional economic planning to seek the coupling coordination development of three subsystems: innovation, economy, and ecology. At the criterion level, innovation input (A2), innovation output (A3), economic scale (B1), economic quality (B2), and ecological basis (C1) were the top five projects in terms of barrier degree from 2014 to 2018. In 2019, the economic scale (B1) and ecological basis (C1) were replaced in the top five by ecological pressure (C2) and ecological response (C3), respectively. In 2020, the barrier degree of economic quality (B2) to the coupling coordination development of complex systems reached 45.15, and the barrier degree of ecological response (C3) to the coupling coordination development of complex systems reached 40.42, becoming the main obstacle of Anhui’s IEE system. These results are consistent with those for the system layer.



Finally, we sorted and ranked the obstacle degree results of 35 specific indicators in the indicator layer, and identified the top five major obstacle factors in Anhui Province from 2014 to 2020 (Table 5).



As Table 5 illustrates, from 2014 to 2017, the top four barrier factors remained unchanged: “C13 > A22 > A32 > B24.” The fifth obstacle factor was C31 in 2015, and B31 in the other three years. The top five barrier factors in 2018, 2019, and 2020 were “C13 > A22 > B22 > A32 > B42”, “B22 > A22 > B31 > C14 > C33”, and “B22 > C31 > C33 > C23 > A11”, respectively. We find that the changing trend of the barrier factors in the indicator layer is consistent with the change in the criteria layer and the system layer. During the study period, the obstacle degree of innovation indicators gradually decreased, while the obstacle degree of economic and ecological indicators gradually increased. It is thus clear that the key to realizing the coordinated development of Anhui’s IEE system lies in giving consideration to innovation and focusing on enhancing the sustainable harmony development level of the economic and ecological subsystems.






4. Discussion and Managerial Implications


Apart from the existing literature [30,48,109], this paper gains significant advantages. First, an assessment indicator system of the coupling coordination development of regional IEE systems is established, which enriches the theoretical model of the coupled and coordinated relationship between regional systems. Second, a data-driven dynamic integration model method for the coupling coordination relationship of regional IEE systems is established to calculate and assess the coupling coordination degree of three systems and two systems, which enriches the empirical model of the coupling coordination relationship between regional systems. Third, constructing the obstacle factor diagnosis and identification mechanism that affects its development helps to optimize the path of the coupling coordination development of the three systems.



Promoting the coupling coordination development of regional innovation, regional economy, and regional ecology is the internal requirement for sustainable regional development [110] and has important practical significance for regional eco-civilization construction and innovation driven-development. Combined with the above, we identify three managerial implications. First, realizing the good coordination development of regional innovation, the regional economy, and the regional ecosystem is key to promoting high-quality regional development. Objective quantitative comprehensive assessment of the coupling coordination development of the three systems in the specific region will help reveal the region’s spatial and temporal evolution law. Second, from a systems theory and synergy theory perspective, it becomes essential to correctly understand the coordination development relationship of regional innovation, regional economy, and regional ecology, identify the obstacles blocking coordinated development, and formulate a systematic and complete countermeasure system with a comprehensive top-level design and rigorous and detailed supporting measures. Third, the three subsystems of regional innovation, regional economy, and regional ecology are interdependent and interactive. To realize the sustainable and coordinated development of the economy and ecological environment, support and guidance should be provided for innovation; innovation will be the only way to maintain a green economic growth pattern.




5. Conclusions


Realizing high-level coupling coordination development of the regional IEE system is a very urgent request for achieving regional high-quality, sustainable healthy development. Therefore, calculating, assessing, diagnosing, and improving its development level are urgent tasks. Accordingly, this study proposes a data-driven comprehensive assessment mechanism for the coupling coordination development of the regional IEE system.



This study builds a data-driven multimodel decision approach to calculate, assess, diagnose, and improve the regional IEE system. Then, the data-driven multimodel decision approach is applied to the case of Anhui. The main conclusions are as follows: (1) The synthetic development level of the Anhui IEE system presents a stable growth trend. The contribution degree order of the three subsystems is as follows: ecological subsystem > economic subsystem > innovation subsystem. (2) The coupling coordination degree of the Anhui IEE system presents a stable growth trend, but the coordination degree has failed to achieve synchronous development with the coupling degree and still lags behind the coupling degree. (3) In the process of the coupling coordination development of the Anhui IEE system, the main obstacle at the system layer has changed from the original innovation subsystem to the current ecology subsystem. The main obstacles in the criteria layer have been the economic quality (B2) and ecological response (C3). The GDP energy intensity (B22), the green coverage rate of urban built-up areas (C31), the comprehensive utilization rate of general industrial solid waste (C33), and industrial solid waste output (C23) are the main obstacles affecting the coordinated development of the Anhui IEE system coupling. This shows that it is necessary to further break down the obstacle factors that hinder the orderly progress and coordinated development of the three subsystems in the future, especially to strengthen the ecological environment governance.



Regarding the innovations this study provides, first, from the systems theory perspective, the coupling coordination mechanism among the three systems is revealed, and the assessment indicator system on the coupling coordination development of regional innovation, regional economy, and regional ecology is established, covering 3 systems, 9 criteria, and 35 basic indicators. Second, based on the viewpoint of coupling coordination theory, a data-driven, three-system coupling coordination model is established to reveal the spatial and temporal evolution law of regional IEE system coupling coordination. Third, from a global perspective, a data-driven obstacle model is established to diagnose the factors impeding the development of the IEE system, and then formulate scientific, objective, and reasonable optimization countermeasures.



This article provides a new method and idea for the study of the coupling and coordinated development of regional IEE systems and provides a decision-making basis for the formulation of government coordination policies and the transformation and upgrading of enterprises. However, the regional IEE system is a complicated and poly-level operating system, involving many factors. In this study, only representative and available data indicators are included in the assessment system. Thus, indicator selection may not be comprehensive, and some deficiencies exist. Therefore, in future research, more data would be collected to calculate and assess the IEE system more objectively and provide additional support for regional synergy development.
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Figure 1. Method flow chart. 
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Figure 2. Classification types of the coordination degree. 
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Figure 3. Administrative area map of the study area. 
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Figure 4. Development level and synthetic developmental level of each subsystem in Anhui. 
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Figure 5. Spatial and temporal evolution of IEE coordination in Anhui Province. 
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Figure 6. Change trends of the obstacle degrees of the system and criterion layers. 
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Table 1. Indicator system for the coordination development of the regional IEE system.
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System Layer

	
Criteria Layer

	
Indicator Layer

	
Direction






	
A. Innovation subsystem

	
A1 Innovation environment

	
A11 Number of legal entities in cultural and related industries above designated size/unit

	
+




	
A12 Number of public library institutions/unit

	
+




	
A13 Public library collections per unit population/piece

	
+




	
A14 Local financial expenditure on education/109 RMB

	
+




	
A2 Innovation input

	
A21 Internal expenditure of R&D funds/million RMB

	
+




	
A22 Number of college students per 10,000 population/person

	
+




	
A23 Full-time equivalent of R&D personnel/person year

	
+




	
A24 R&D personnel input/person

	
+




	
A3 Innovation output

	
A31 Technology market turnover/million RMB

	
+




	
A32 Number of registered scientific and technological achievements at or above the provincial or ministerial level/piece

	
+




	
A33 Invention patent authorization/piece

	
+




	
A34 Patent application authorization/piece

	
+




	
B. Economic subsystem

	
B1 Economic scale

	
B11 GDP/10 9 RMB

	
+




	
B12 Total retail sales of consumer goods/109 RMB

	
+




	
B13 Total import and export trade/million USD

	
+




	
B14 Total investment in fixed assets/million RMB

	
+




	
B2 Economic quality

	
B21 Per capita GDP/RMB

	
+




	
B22 GDP energy intensity/tons of standard coal/million RMB

	
−




	
B23 Urban per capita disposable income/RMB

	
+




	
B24 Whole-society productivity/RMB/person

	
+




	
B3 Economic structure

	
B31 Proportion of employees in the tertiary industry/%

	
+




	
B32 Proportion of added value of the tertiary industry in GDP/%

	
+




	
B33 Urbanization rate/%

	
+




	
C. Ecological subsystem

	
C1 Ecological basis

	
C11 Percentage of forest cover/%

	
+




	
C12 Urban per capita park green area/m2

	
+




	
C13 Area of nature reserve/million hectares

	
+




	
C14 Per capita water resources/m3/person

	
+




	
C2 Ecological pressure

	
C21 Industrial wastewater emissions/million tons

	
−




	
C22 Industrial sulfur dioxide emissions/million tons

	
−




	
C23 Industrial solid waste output/million tons

	
−




	
C24 Application amount of agricultural chemical fertilizer (converted amount)/million tons

	
−




	
C3 Ecological response

	
C31 Green coverage rate of urban built-up area/%

	
+




	
C32 Centralized sewage treatment rate/%

	
+




	
C33 Comprehensive utilization rate of general industrial solid waste/%

	
+




	
C34 Harmless treatment rate of urban domestic garbage/%

	
+
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Table 2. The indicator system weight for the coordinated development of the regional IEE system.
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System Layer

	
Criteria Layer

	
Weight

	
Indicator Layer

	
Weight






	
A. Innovation subsystem

	
A1 Innovation environment

	
0.194

	
A11 Number of legal entities in cultural and related industries above designated size/unit

	
0.037




	
A12 Number of public library institutions/unit

	
0.035




	
A13 Public library collections per unit population/piece

	
0.069




	
A14 Local financial expenditure on education/109 RMB

	
0.053




	
A2 Innovation input

	
0.444

	
A21 Internal expenditure of R&D funds/million RMB

	
0.076




	
A22 Number of college students per 10,000 population/person

	
0.178




	
A23 Full-time equivalent of R&D personnel/person year

	
0.103




	
A24 R&D personnel input/person

	
0.088




	
A3 Innovation output

	
0.362

	
A31 Technology market turnover/million RMB

	
0.105




	
A32 Number of registered scientific and technological achievements at or above the provincial or ministerial level/piece

	
0.154




	
A33 Invention patent authorization/piece

	
0.039




	
A34 Patent application authorization/piece

	
0.064




	
B. Economic subsystem

	
B1 Economic scale

	
0.357

	
B11 GDP/109 RMB

	
0.091




	
B12 Total retail sales of consumer goods/109 RMB

	
0.105




	
B13 Total import and export trade/million USD

	
0.098




	
B14 Total investment in fixed assets/million RMB

	
0.063




	
B2 Economic quality

	
0.402

	
B21 Per capita GDP/RMB

	
0.091




	
B22 GDP energy intensity/tons of standard coal/million RMB

	
0.111




	
B23 Urban per capita disposable income/RMB

	
0.077




	
B24 Whole-society productivity/RMB/person

	
0.123




	
B3 Economic structure

	
0.242

	
B31 Proportion of employees in the tertiary industry/%

	
0.115




	
B32 Proportion of added value of the tertiary industry in GDP/%

	
0.054




	
B33 Urbanization rate/%

	
0.073




	
C. Ecological subsystem

	
C1 Ecological basis

	
0.409

	
C11 Percentage of forest cover/%

	
0.000




	
C12 Urban per capita park green area/m2

	
0.084




	
C13 Area of nature reserve/million hectares

	
0.250




	
C14 Per capita water resources/m3/person

	
0.075




	
C2 Ecological pressure

	
0.345

	
C21 Industrial wastewater emissions/million tons

	
0.086




	
C22 Industrial sulfur dioxide emissions/million tons

	
0.086




	
C23 Industrial solid waste output/million tons

	
0.067




	
C24 Application amount of agricultural chemical fertilizer (converted amount)/million tons

	
0.106




	
C3 Ecological response

	
0.246

	
C31 Green coverage rate of urban built-up area/%

	
0.108




	
C32 Centralized sewage treatment rate/%

	
0.070




	
C33 Comprehensive utilization rate of general industrial solid waste/%

	
0.068




	
C34 Harmless treatment rate of urban domestic garbage/%

	
0.000
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Table 3. Anhui Province IEE coupling and coordination degree calculation results.
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Year

	
ABC

	
AB

	
AC

	
BC




	
Y

	
C

	
D

	
Y

	
C

	
D

	
Y

	
C

	
D

	
Y

	
C

	
D






	
2014

	
0.096

	
0.650

	
0.249

	
0.073

	
0.565

	
0.203

	
0.077

	
0.552

	
0.206

	
0.137

	
1.000

	
0.371




	
2015

	
0.181

	
0.982

	
0.421

	
0.169

	
0.979

	
0.407

	
0.169

	
0.979

	
0.407

	
0.204

	
1.000

	
0.451




	
2016

	
0.278

	
0.949

	
0.514

	
0.219

	
0.984

	
0.464

	
0.288

	
0.927

	
0.517

	
0.327

	
0.977

	
0.565




	
2017

	
0.379

	
0.956

	
0.602

	
0.312

	
0.976

	
0.552

	
0.378

	
0.935

	
0.595

	
0.446

	
0.989

	
0.664




	
2018

	
0.483

	
0.991

	
0.692

	
0.447

	
0.994

	
0.667

	
0.478

	
0.987

	
0.686

	
0.525

	
0.998

	
0.724




	
2019

	
0.686

	
1.000

	
0.828

	
0.674

	
1.000

	
0.821

	
0.697

	
1.000

	
0.835

	
0.687

	
0.999

	
0.828




	
2020

	
0.925

	
0.998

	
0.961

	
0.947

	
0.999

	
0.973

	
0.939

	
0.998

	
0.968

	
0.888

	
1.000

	
0.942
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Table 4. Computed results of the obstacle degree of regional IEE in Anhui Province.
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	Year
	2014
	2015
	2016
	2017
	2018
	2019
	2020





	A1
	7.07
	5.81
	5.21
	4.30
	3.84
	4.25
	1.08



	A2
	16.22
	16.22
	18.49
	19.52
	21.76
	17.62
	0.00



	A3
	13.10
	13.16
	14.15
	16.71
	13.08
	11.65
	0.00



	B1
	12.51
	12.63
	13.23
	11.56
	9.94
	5.41
	0.00



	B2
	10.61
	11.63
	13.14
	14.21
	15.32
	20.05
	45.15



	B3
	8.82
	8.15
	7.93
	7.52
	7.36
	10.25
	0.46



	C1
	13.96
	14.15
	12.78
	16.57
	18.78
	8.28
	0.00



	C2
	9.94
	11.36
	7.63
	6.28
	7.38
	12.21
	12.88



	C3
	7.77
	6.90
	7.43
	3.33
	2.55
	10.30
	40.42



	A
	36.39
	35.19
	37.85
	40.53
	38.68
	33.51
	1.08



	B
	31.94
	32.40
	34.30
	33.29
	32.61
	35.70
	45.62



	C
	31.66
	32.41
	27.85
	26.17
	28.71
	30.79
	53.31
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Table 5. Main obstacles to coordinated IEE development in Anhui Province.
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Year

	
Indicator Rankings




	
1

	
2

	
3

	
4

	
5




	
Factor

	
Obstacle Degree

	
Factor

	
Obstacle Degree

	
Factor

	
Obstacle Degree

	
Factor

	
Obstacle Degree

	
Factor

	
Obstacle Degree






	
2014

	
C13

	
9.13

	
A22

	
6.48

	
A32

	
5.50

	
B24

	
4.49

	
B31

	
4.19




	
2015

	
C13

	
9.70

	
A22

	
6.15

	
A32

	
6.08

	
B24

	
4.50

	
C31

	
4.34




	
2016

	
C13

	
10.71

	
A22

	
7.85

	
A32

	
6.95

	
B24

	
5.08

	
B31

	
4.52




	
2017

	
C13

	
12.45

	
A22

	
9.32

	
A32

	
8.16

	
B24

	
5.30

	
B31

	
4.68




	
2018

	
C13

	
15.21

	
A22

	
11.33

	
B22

	
6.34

	
A32

	
5.92

	
B24

	
5.63




	
2019

	
B22

	
11.64

	
A22

	
10.36

	
B31

	
8.13

	
C14

	
7.86

	
C33

	
7.19




	
2020

	
B22

	
45.15

	
C31

	
21.18

	
C33

	
19.25

	
C23

	
12.88

	
A11

	
1.08
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