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Abstract


In the context of the new developmental philosophy, this study aimed to address the bottleneck of regional sustainable development; it constructs a three-system evaluation indicator system for Industrial Structure Optimization (ISO), Ecological Environment Management (EEM), and Socio-economic Development (SED), based on panel data from 20 cities in the Western Taiwan Straits Economic Zone between 2011 and 2023. To reveal how the synergistic development of the three subsystems in different domains can achieve sustainable development through their interactions and to analyze the dynamic patterns of the three subsystems, this study employed the panel vector autoregression (PVAR) model to examine the interactions between subsystems. Additionally, drawing on the framework of evolutionary economics, the study quantified the temporal evolution and spatial characteristics of the coupling coordination level among the three subsystems based on the results of the degree of coupling coordination model. The results indicate the following: (1) ISO shows a significant upward trend, EEM slightly declines, and SED experiences minor fluctuations before accelerating. (2) ISO, EEM, and SED exhibited self-reinforcing effects. (3) The degree of coupling, coordination, and coupling coordination all exhibit a trend of “fluctuating and increasing initially, followed by steady growth”. The spatial patterns of the degree of coupling, coordination, and coupling coordination have shifted from “decentralized” to “centralized”, with clear signs of synergistic development. (4) The difference in the degree of coupling coordination along the north–south direction remained the primary factor contributing to inter-regional disparities. Regions with the higher degrees of coupling coordination were concentrated in the southeastern coastal areas, while those with the lower degrees of coupling coordination appeared in the northeastern mountainous areas and southwestern coastal areas. (5) The spatial connection in the strength of the degree of coupling coordination has gradually increased, with notable intra-provincial connections and weakened inter-city connections across the province. The study’s results provided decision-making references for the construction of a sustainable development community.
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1. Introduction


As China enters a stage of high-quality development, the new development philosophy based on innovation, coordination, greenness, openness, and sharing has become the core driver of systemic economic and social transformation [1]. In this context, the synergy between industrial construction and ecological environment construction is a core principle in the era of high-quality development. Adhering to the concept of “lucid waters and lush mountains are invaluable assets” while promoting green, sustainable development is both a practical requirement of the new development philosophy and an essential step toward achieving modernization and harmonious coexistence between humans and nature [2].



Since the reform and opening-up, China has achieved significant progress in terms of industrialization, with rising industrial added value, an increasingly complete industrial system, and the formation of competitive industrial clusters [3]. However, the traditional industrialization model has led to a profound crisis—China’s carbon emissions from the industrial sector rose from 71% in 1990 to 83% in 2018, highlighting the issues of “high carbon emissions, high energy consumption, and high pollution” inherent to the industrial structure [4]. The conflict between the urgent demand for the expansion of China’s industrial scale and the environmental carrying capacity reaching the ecological threshold has intensified [5]. Therefore, how to optimize industrial structure while promoting the sustainable governance of the ecological environment, while also balancing Socio-economic Development, has become a pressing scientific issue that needs to be addressed.



Economic zones can overcome the rigid constraints of administrative boundaries, effectively capture the cross-field and cross-regional flows of the “industrial chain and ecological chain”, and build a spatial correlation network to facilitate industrial gradient transfer and institutional synergy innovation [6]. The Western Taiwan Straits Economic Zone is a representative example of industrialization along China’s southeastern coast; its industrial layout shows a gradient, with technology-intensive industries in the coastal areas and resource-dependent industries in the mountainous regions [7]. The intensity of industrial development in the coastal areas has exceeded the ecological threshold, while the mountainous regions face the imbalanced scenario of “resource surplus–economic lag”; these regions also face imbalances between ecological carrying capacity and various socio-economic processes [8]. In this context, selecting the Western Taiwan Straits Economic Zone as the research object and analyzing how the “industrial chain” and “ecological chain” can be synergistically optimized aims to address the urgent need for promoting regional sustainable development. Therefore, this study innovatively combines a multidimensional perspective on Industrial Structure Optimization (ISO), Ecological Environment Management (EEM), and Socio-economic Development (SED). It systematically examines the coupling and coordination mechanisms of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone, with the aim of providing scientific evidence for the formulation of dynamic and differentiated regional policies and achieving sustainable and high-quality regional development.




2. Literature Review


The report of the 20th National Congress of the CPC emphasizes that Chinese modernization focuses on harmony between humanity and nature [9]. Many scholars have focused their research on the coordinated relationship between industry, the ecological environment, and socio-economic systems. Regarding the coupling of industrial structure and the ecological environment, Li et al. suggested that industrial ecological agglomeration is crucial in the stage of deepening the synergistic development of high-quality economic growth and ecological protection, they also noted that industrial ecological agglomeration is influenced by the exogenous, interacting effects of industrial structure and social security level [10]. Through case studies, Gu et al. deeply explored technological transformation and upgrading in the “unfolding” of industrial civilization, the introduction of technology in the “construction” of ecological civilization, and technology transfer, technological competition, and system adjustments in the “concurrent” development of industrial and ecological civilizations [11]. Niu et al. constructed a theoretical framework for the complex symbiotic system of industrial development and ecological environment based on the “driving-pressure-state-impact-response (DPSIR)” causal relationship model and the Lotka-Volterra ecological model. They made a breakthrough by establishing a symbiotic safety early warning mechanism and demonstrated the feasibility and effectiveness of this early warning mechanism for the ecological-economic corridor of the Three Gorges of the Yangtze River in China [12].



Regarding the coupling of industrial structure and socio-economic systems, Fan et al. found that while the interaction between industrial land expansion and economic growth in the central Yunnan city cluster is primarily characterized by inefficient expansion, a long-term equilibrium exists between the two [13]. Liu et al. applied the Tapio decoupling elasticity coefficient model, and found that the decoupling relationship between industrial three-waste emissions and GDP growth per capita in six central provinces has gradually evolved towards absolute decoupling. However, there is still volatility and regional heterogeneity [14]. Xie et al. also employed the Tapio model to explore the decoupling relationship between industrial carbon emissions and economic growth in Jinan. They found that the decoupling state faces instability and industry variability [15]. Liu et al. innovatively introduced the concept of rank matching degree, designed to comprehensively measure the alignment between industrial water use efficiency and economic development at the city level in China [16]. Miao et al. revealed the coupling coordination characteristics and spatial correlation between industrial water resource efficiency and economic development [17]. Some scholars have analyzed the coordinated development of the industrial economy and the environment from a comprehensive perspective, focusing on topics such as environmental pollution levels [18] and ecological protection [19,20].



Regarding the coupling of the ecological environment and socio-economic systems, Huang et al. emphasized the need to balance high-level ecological protection with high-quality development, striving to promote their benign interaction for sustainable development [21]. Yu et al. examined the coupling coordination between ecological civilization construction and tourist-economic development from a green development perspective [22]. Ju et al. found that Tibet’s environmental carrying capacity is near its threshold, with a lagging SED and other pressing issues. There is an urgent need to leverage the strength of government, enterprises, and society to explore the formation of a unique “eco-modernization and green development” model through the connection of transmission mechanisms [23].



Overall, existing studies have empirically analyzed the coupling coordination relationship and coupling evolutionary trend between ecological environment and socio-economic dimensions at various research scales, such as provincial [24], municipal [25], and county levels [26], and across different application fields, including agriculture [27] and tourism [28]. Furthermore, studies on spatio-temporal evolution [29], obstacle factor identification [30], influencing factor analysis [31], goal optimization [32], and development prediction [33], based on the coupling coordination between the ecological environment and socio-economic factors, have recently become more refined. Some scholars have focused on the decoupling relationship between industrial and economic indicators [34,35], indicating that research on the coupling coordination between the systems of industry, the ecological environment, and socio-economic dimensions is gradually being enriched.



In contrast to micro- and macro-scale studies focused on a single research object, applying a research scale based on the economic zone can transcend provincial boundaries, accurately identify blocking nodes in coupling coordination, and offer a profound understanding of the spatial spillover effect from “point to surface”. In the context of the developing “city cluster and economic zone” strategy [36], economic zone research serves two functions—namely, correlation deconstruction and heterogeneity analysis—providing theoretical support for integrated governance. Research on the coupling coordination of “city cluster and economic zone” primarily focuses on regions such as the Yangtze River Economic Belt [37], the Hexi Corridor Economic Belt [38], the Huaihe River Ecological Economic Belt [39], the Yellow River Basin [40], the Bohai Rim Area [41], the Guangxi Beibu Gulf Economic Zone [42], and the Northeast Comprehensive Economic Zone [43]. The Western Taiwan Straits Economic Zone, as a strategic area of the “the 21st-Century Maritime Silk Road Core Area”, has been the subject of research that primarily focuses on the configuration of driving factors and causal combinations in the context of the tourism economic network [44], the coupling between urban vitality and urban sprawl [45], the evaluation of land use effectiveness [46], and the structure and influencing factors of urban consumption networks [47].



In summary, existing research has mainly focused on the interaction of the “ecological environment–economic society” [21] and “industry–socio-economic” [14] dualistic systems. Scholars have often treated the industrial system as a general component of the ecological system, without fully recognizing the pivotal role of ISO factors, such as industrial scale expansion, green production, and resource-efficient utilization, as core conduits within the coupling system. Additionally, current research on the coupling of the three systems has been centered on specific industrial sectors, evaluating the coupling coordination of the industrial, ecological, and economic systems from a cross-sectional perspective [48]. This static viewpoint fails to reveal the dynamic evolution within the ISO, EEM, and SED subsystems and the complex mechanisms of their inter-systemic synergy and coupling. Specifically, there is a lack of an analytical framework based on classical evolutionary theory and adequate causal testing for the dynamic coupling process between subsystems. Most regional studies focus on areas like the Yangtze River Delta, the Yellow River Basin, and the Bohai Rim Area, while the Western Taiwan Straits Economic Zone, a key region for promoting cross-strait integration, presented a unique research background formed by its “gradient industrial layout”, “imbalanced ecological carrying capacity”, providing a typical scenario for evolutionary analysis. To thoroughly explore the dynamic synergistic evolution mechanism of the three subsystems in this context, there was an urgent need to embed evolutionary economics theory into the coupling coordination framework for systematic analysis.




3. Mechanisms and Research Frameworks


3.1. Interactive Relationships and Coupling Mechanisms


Based on the “Goal–Resource” analytical framework and Synergetics [49], the coupling mechanisms connecting ISO, EEM, and SED represent a goal coordination network formed by the three subsystems through “goal synergy” and “resource integration”, illustrating various goal-oriented and resource integration patterns of factor reallocation (Figure 1). ISO referred to the process of achieving industrial structure optimization and industrial sustainable development through technological innovation and advances in production methods. ISO was an industrial high-quality transformation process guided by resource conservation, lightweight resource consumption, and improvement in resource utilization efficiency, with technological breakthroughs serving as the key focus [50]. EEM involves promoting sustainable development principles while fully considering the ecological environment’s carrying capacity. At its core lies comprehensive, multi-dimensional ecological protection and restoration, emphasizing a dynamic “response–governance” system and aiming to enhance the resilience and restorative capacity of the ecological environment [51]. SED involves not only economic growth and structural transformation, but also the effective improvement of people’s well-being [51]. Innovation is also the key driving force behind SED [52].



The interactions between ISO, EEM, and SED subsystems relied on the multi-dimensional interconnection of cleaner production theory, socio-technical systems (STS) theory, and socio-ecological systems (SES) framework, forming a “industry–ecology–society” ternary interaction model. The cleaner production theory, rooted in the concept of sustainable development, emphasized improving resource utilization efficiency and environmental conditions by changing industrial production methods [53]. ISO based on the dual paths of improving resource utilization efficiency and controlling pollution emissions, guided technology to concentrate in high-energy-consuming areas, thereby reducing environmental burdens. Meanwhile, EEM through environmental carrying capacity constraints, pressured the industrial structure to deeply adjust towards a low-carbon, circular economy [54].



Eric Lansdown Trist pioneered STS theory in the 1950s, exploring the dialectical relationship between technological change and social needs. He emphasized that the social system cannot exist independently of the technological system, providing a theoretical foundation for the study of social–technical interaction [55]. ISO leveraged technological means to continuously enhance the level of industrial intelligence and improve public service efficiency. SED, in turn, provided capital accumulation, market demand, and policy support for ISO, driving the industrial structure towards a resource-intensive direction through consumption upgrading [56].



The SES framework, proposed by Ostrom in 2009 and published in the journal Science, provides theoretical guidance for addressing ecosystem governance issues that have long challenged the academic community [57]. According to Ostrom, ecosystem governance research should not focus solely on the natural attributes of system resources, as both human and natural factors are equally important, and resource use is characterized by sustainability, diversity, competitiveness, and equity [57]. Based on the SES framework, EEM released ecological service values through carbon sink accumulation, biodiversity protection, and other approaches, reducing public health costs and effectively improving people’s well-being [58,59]. SED, in turn, guided green investments towards strategic emerging industries and restored the ecological environment through ecological compensation mechanisms [60].



Through the deep integration of cleaner production theory, STS theory, and SES framework, the subsystems of ISO, EEM, and SED formed a deeply nested goal network of “high-quality industrial transformation—environmental restoration—improvement of people’s well-being”. At the same time, the three subsystems, guided by the goal of sustainable development, relied on the reorganization and reconfiguration of technological, capital, and institutional resources to achieve efficient resource flow between systems. The synergy effect manifested under the paradigm of “goal synergy and resource integration”: industrial quality enhancement and efficiency improvements provided technical support for environmental management, while effective ecological management reduced the ecological constraint costs on economic growth. ISO was an intrinsic requirement of SED, while SED provided capital accumulation, market demand, and policy support for ISO. SED, through institutional innovation and resource allocation optimization, balanced the dynamic needs of ISO and environmental sustainability governance. Therefore, ISO, EEM, and SED realized dynamic interaction and coupling development under the framework of “goal synergy and resource integration”.



Based on this, the following research hypotheses are proposed:



H1a: 

ISO has a significant positive impact on EEM.





H1b: 

EEM has a significant positive impact on ISO.





H2a: 

ISO has a significant positive impact on SED.





H2b: 

SED has a significant positive impact on ISO.





H3a: 

EEM has a significant positive impact on SED.





H3b: 

SED has a significant positive impact on EEM.






3.2. Research Frameworks


This study aimed to investigate the spatio-temporal dynamic evolution characteristics of the coupling coordination between ISO, EEM, and SED in the Western Taiwan Straits Economic Zone. This coupling relies on the synergistic effects of “goal synergy and resource integration”, and exhibits complex characteristics such as strong path dependence, multi-factor interaction, and systemic reconstruction. These features stood in stark contrast to the static equilibrium analysis paradigm of traditional neoclassical economics [61], transcending the explanatory boundaries of neoclassical economics. Evolutionary economics theory deconstructs the system’s evolutionary trajectory from a dynamic process perspective, focusing on the study of “change”, it effectively portrays the systematic reconstruction of multiple subsystems in synergistic evolution [62]. Evolutionary economics originated from Thorstein B Veblen’s book Why is Economics Not an Evolutionary Science. In 1982, Nelson and Winter further explained in An Evolutionary Theory of Economic Change that economic change is a dynamic process where “genetic continuity, mutation dynamics, and environmental selection pressures” interact [62]. At the same time, evolutionary economics viewed the world as complex, formed through the intersection, cyclical feedback, and nonlinear interactions of multiple paths such as technological innovation, structural changes, and institutional regulations within a specific spatio-temporal context. It emphasized driving evolution by stimulating the creativity of organizations and actors [63].



Existing research based on traditional degree of coupling coordination model has mainly focused on aspects such as spatio-temporal evolution characteristics and influencing factors [64,65]. However, these studies are often loosely connected, lacking a core theory that organically links them, and have not yet formed a systematic and holistic understanding of the spatio-temporal evolution process of coupling coordination. Therefore, this study introduced the evolutionary economics mechanism based on “variation-genetics-selection”, which provided logically coherent and dynamically consistent theoretical support for the “temporal evolution—spatial differentiation—spatial connection” analysis framework. It systematically explained the complete spatio-temporal dynamic chain (Figure 2).



Specifically, evolutionary economics theory, with its unique dynamic mechanism of “variation-genetics-selection” and its theoretical core of “institution-organization-technology” multidimensional integration [62], provided a systematic theoretical foundation for analyzing the spatio-temporal dynamic evolution trajectory of ISO, EEM, and SED coupling system. In terms of analyzing dynamic mechanisms, the sequential evolution characteristics of ISO, EEM, and SED coupling coordination corresponded to the variation mechanism, where technological innovation or institutional reform creatively altered existing development paths. Spatial differentiation arose from the genetics mechanism, where path dependency was influenced by different geographical locations, natural resource endowments, and political systems. Spatial connection mapped the selection mechanism, where environmental forces, such as market power, policy interventions, and environmental regulations, drove inter-regional interactions and clarified the direction of coupling coordination. In terms of achieving multidimensional integration, ISO relied on technological upgrades and organizational changes, EEM depended on institutional regulation and governance model innovations, and SED was inseparable from the creation of institutional environments and the cultivation of people’s well-being.



As evolutionary economics gradually matured, the emerging field of evolutionary economic geography, based on evolutionary economics, gradually developed. Research on evolutionary economic geography mainly focused on economic phenomena such as population agglomeration, industrial clustering [66], and industrial gradient transfer [67]. This study innovatively established a deep correspondence between the “variation-genetics-selection” mechanism and spatial attributes, particularly applying the genetics mechanism to explain spatial differentiation in non-economic attributes. It emphasized that spatial path dependence and lock-in effects were the fundamental causes of regional imbalances. The systematic embedding of evolutionary economics into the “temporal evolution—spatial differentiation—spatial connection” geographical attributes research framework was an attempt at theoretical advancement. It effectively enriched the theoretical toolbox of evolutionary economics in explaining the dynamic evolution of complex spatial systems.



Existing research has attempted to use evolutionary economics to analyze the co-evolution of digital government and new quality productivity within the “technology-institution-ecology” framework. However, its focus has primarily been on the “government governance—economic development” interaction within the socio-economic system [68]. In contrast to the above-mentioned homogenous system synergy, this study expanded the multidimensional integration analysis perspective of evolutionary economics to the “ISO-EEM-SED” heterogeneous systems. It revealed the nonlinear feedback of technology, institutions, and organizational dynamics in cross-system transmission, providing a theoretical tool that could be referenced for regional sustainable development.



In light of this, the expected contributions of this study are as follows: (1) Using the “goal synergy” and “resource integration” framework and Synergetics, we systematically constructed a three-system evaluation index for ISO, EEM, and SED. (2) Innovatively incorporating the “variation–genetics–selection” mechanism from evolutionary economics into the study of “temporal evolution, spatial differentiation, and spatial connection”, this research framework offers support based in classical economic theory for analyzing the spatio-temporal complexity of multi-system synergy. (3) Focusing on the complex characteristics of the Western Taiwan Straits Economic Zone, including “industrial layout gradient, ecological carrying capacity imbalance, and socio-economic process differentiation”, a PVAR model was used to analyze the interactive relationships between ISO, EEM, and SED. Degree of coupling coordination model was applied to quantify the synergy between ISO, EEM, and SED. Kernel density estimation was employed to capture temporal evolution patterns, while trend surface analysis and cold–hot spots analysis were used to reveal spatial differentiation. The gravity model was then applied to examine spatial connection.





4. Materials and Methods


4.1. Overview of the Research Area


The Western Taiwan Straits Economic Zone spans Fujian, the southern part of Zhejiang, the eastern part of Guangdong, and part of Jiangxi (Figure 3), with a total area of approximately 270,000 km2, covering 20 cities [69] (Table 1). Since its formal inclusion in the national development plan in 2009, the Western Taiwan Straits Economic Zone has gradually become an important economic growth hub in China’s southeast coastal areas and a key gateway for international outreach and cross-strait cooperation [69]. The Western Taiwan Straits Economic Zone combined both advanced manufacturing capabilities of emerging industries in coastal areas with the rich ecological resource endowments of mountainous areas. However, the high energy consumption of traditional manufacturing industries led to an overloaded the ecological carrying capacity, making ISO an urgent necessity [70]. Given the unique features of the “industrial layout gradient [7], ecological carrying capacity imbalance, and socio-economic process differentiation [8]”, the Western Taiwan Straits Economic Zone has emerged as a critical area for analyzing the dynamic coupling mechanisms between ISO, EEM, and SED.




4.2. Construction of the Indicator System


4.2.1. Criteria for Selecting the Indicator System


Based on the studies of Fan et al. [18] and Miao [71], and considering the principles of data availability, indicator typicality, and system relevance, 12 secondary indicators and 27 tertiary indicators were selected to construct a coupling coordination evaluation index system for ISO, EEM, and SED (Table 2).



(1) ISO (X). The key to ISO lies in advancing industrial production technology and improving resource efficiency [72]. The expansion of industrial scale accelerated the process of ISO and drove high-quality industrial transformation [73]. Therefore, two indicators were selected: the number of industrial enterprises above the per capita scale and the total industrial output value above the per capita scale. “The 14th Five-Year Plan for Energy Conservation and Emission Reduction” pointed out that the industrial wastewater recycling transformation should be carried out, promoting the coordinated reduction of volatile organic compounds and nitrogen oxides, and strengthening the control of fine particulate matter [74]. However, due to incomplete monitoring data on volatile organic compounds, four indicators were selected: industrial wastewater emissions, sulfur dioxide emissions, smoke and dust emissions, and nitrogen oxide emissions. Additionally, the resource utilization situation was focused through two indicators: the comprehensive utilization rate of general industrial solid waste and industrial electricity consumption [75].



(2) EEM (Y). EEM aims to achieve sustainable development, focusing on optimizing environmental quality, enhancing governance capacity, and increasing governance input [76]. To represent the stock of natural capital, three indicators were selected: water resources per capita, forest coverage rate, and park green space area. The centralized treatment rate of sewage treatment plants and the non-hazardous treatment rate of domestic waste were used to characterize the governance capacity of the ecological environment. To reveal the human resource reserves in basic industries such as water conservancy and geology, two indicators were selected: the proportions of employees in water conservancy and environmental protection and the proportions of employees in the geological exploration industry.



(3) SED (Z). SED encompasses both economic growth and the improvement of social services and social security coverage [77]. To reflect the regional economic scale and reveal the process of economic structure optimization, five indicators were selected: Gross Domestic Product (GDP) per capita, total investment in fixed assets per capita, total retail sales of consumer goods per capita, the added value of the tertiary industry, and urbanization rate. At present, basic public services such as education and healthcare are key indicators for evaluating social services [78]. The improvement of social services and social security directly impacts the quality of life. Therefore, the accessibility of public social services and the status of social security are represented through indicators such as the total collection of books in public libraries per thousand people, the number of hospitals per thousand people, the number of full-time teachers in higher education institutions per thousand people, the proportion of participants in the basic endowment insurance for urban employees, and the proportion of participants in the basic medical insurance for urban areas. Meanwhile, technological innovation is an advanced means to stimulate industrial upgrading and promote economic development. To represent technological innovation input and output, two indicators were used: the number of patents authorized per capita and the proportion represented by science and education in fiscal expenditure compared to total financial expenditure [79].




4.2.2. Multicollinearity Test


To examine whether there is linear correlation between the indicators within each subsystem, the tolerance (TOL) and Variance Inflation Factor (VIF) were used as part of the multicollinearity analysis method to test multicollinearity among the indicators. Severe multicollinearity can lead to unstable analysis results. Generally, the following rules apply:   0 < V I F < 10  , no multicollinearity;   10 ≤ V I F < 100  , moderate multicollinearity;   V I F ≥ 100  , severe multicollinearity [80]. This study used SPSS 26 software for Multicollinearity Test. According to Table 2, the VIF value of “added value of the tertiary industry” in SED subsystem was 15.496, indicating moderate multicollinearity. The VIF values of the other indicators were all less than 10, suggesting no multicollinearity and confirming the reliability and validity of the selected indicators.



Although “added value of the tertiary industry” has multicollinearity risks, this indicator directly measures the qualitative transformation of the industrial structure from “industry-driven” to “service-driven”, and it serves as the core proxy variable for the “demand-side driving supply-side upgrading” in STS theory. Excluding this indicator would disrupt the explanatory chain of STS theory; therefore, this indicator was retained.





4.3. Methods


4.3.1. Entropy Method


ISO, EEM, and SED are complex, multidimensional concepts that require systematic evaluation of the three subsystems. When using subjective weighting methods such as the Analytic Hierarchy Process (AHP), it is necessary to rely on the decision-maker’s scoring to determine the weights. However, decision-makers face limited rationality and are prone to introducing personal preferences, which can lead to significant bias in the results [81]. In contrast, the entropy method is an objective approach to determining indicator weights, assigning weights based on information entropy, thereby capturing the relative variation in the evaluated indicators [82]. This method had been widely applied in the evaluation of sustainable development. For instance, Zhang et al. used the entropy method to compute the comprehensive indices of four subsystems: carbon reduction, pollution mitigation, ecological greening, and economic growth [83]. Similarly, Ye et al. employed the entropy method to assess the level of marine ecological resilience in China’s coastal provinces [84]. Scholars who calculated the coupling coordination level of various subsystems based on the results derived from the entropy method, consistently confirming the method’s universality and robustness within multidimensional indicator systems. Given that this study required the construction of indicator systems for three subsystems, which involved a large number of indicators and complex panel datasets, the entropy method was considered more appropriate, as it was particularly well suited for studies involving multidimensional evaluations based on long-term panel data series [82]. Consequently, this study uses the entropy method to evaluate the ISO, EEM, and SED in 20 cities within the Western Taiwan Straits Economic Zone from 2011 to 2023. The calculation steps are as follows.



In the first step, a standardization method was applied to convert the raw data into dimensionless and comparable relative values. This process eliminated the dimensional differences among various indicators and laid the foundation for subsequent information entropy calculations and objective weighting.


    X   i j t   =           x   i j t   − m i n     x   i j t       m a x     x   i j t     − m i n     x   i j t        ,    t   he   jth   indicator   is   positive          m a x     x   i j t     −   x   i j t     m a x     x   i j t     − m i n     x   i j t        ,    t   he   jth   indicator   is   negative         



(1)







In the second step, the weights for the indicators are calculated.


          y   i j t   =      X   i j t       ∑  t = 1   13      ∑  i = 1   20      X   i j t                  e   j   = −    1   l n i t       ∑  t = 1   13        ∑  i = 1   20       y   i j t       l n   y   i j t   , 0 ≤   e   j   ≤ 1         d   j   = 1 −   e   j           w   j   =      d   j       ∑   j = 1   27     d   j             



(2)







Here, i denotes city (i = 1, …, 20); j denotes indicator (j = 1, …, 27); t denotes year (t = 1, …, 13);     X   i j t     denotes the raw value of the jth indicator for city i in year t; and     w   j     denotes the weight of each indicator.




4.3.2. Panel Vector Autoregression Model


Holtz-Eakin et al. proposed the concept of the panel vector autoregression model [85]. The PVAR model, while considering both individual effects and time effects, was able to reflect the dynamic influence mechanism of the “ISO-EEM-SED” ternary relationship [86].


          y   i , t   =   α   0   +    ∑  j = 1   p       α   i , j       y   i , t − j   +   γ   i   +   θ   t   +   ε   i , t           y   i , t   =       I S O   i , t   ;   E E M   i , t   ;   S E D   i , t       T          



(3)




where i represented city (i = 1, …, 20), and t represented year (t = 1, …, 13). p indicated the lag order.     α   0     was the intercept term, and     α   i , j     was a   3 × 3   coefficient matrix.     γ   i     represented the individual fixed effects, and     θ   t     represented the time fixed effects.     ε   i , t     denoted the random disturbance term, which followed a normal distribution.




4.3.3. Degree of Coupling Coordination Model


The degree of coupling coordination model was used to study the interaction between multiple systems and to assess the degree of coordinated development among these systems [87]. This study used the degree of coupling coordination model to explore the interactions among the three subsystems: ISO, EEM, and SED. The degree of coupling coordination model includes three indicators:


         C =       X Y Z       X + Y + Z     3         3 3          T = α X + β Y + γ Z       D =  C × T         



(4)




where   X   represents the comprehensive score of ISO,   Y   represents the comprehensive score of EEM, and   Z   represents the comprehensive score of SED.   C   denotes the degree of coupling between ISO, EEM, and SED. It reflected the strength of interdependence among the subsystems and measured the tightness of resource factor flows and technological spillovers.   T   represents the degree of coordination among the three subsystems, indicating the balance in their levels of development and emphasizing the degree of compatibility in the evolutionary states of each subsystem.   α  ,   β  , and   γ   refers pending weights.   D   represents the degree of coupling coordination among the three subsystems, providing a comprehensive assessment of the collaborative level between the intensity of interactions and the quality of development among the subsystems. The value of   D   ranges from 0 to 1, with a higher (lower) value of   D   indicating a stronger (weaker) degree of coupling coordination between the subsystems.



According to the “Notice on Issuing Several Policies to Promote Stable Growth of the Industrial Economy” issued by the National Development and Reform Commission, the policy orientation of “coordinating industrial growth, environmental constraints, and social benefits” was proposed. ISO (X), EEM (Y), and SED (Z) were included as equally important strategic dimensions [88]. Based on this, this study followed the principle of balanced development and set   α = β = γ =    1   3     . Similarly, the equal-weight setting model has been widely applied in the regional coordinated development evaluation of multidimensional subsystems [65,89].



Based on regional conditions, the degree of coupling of the three subsystems was divided into four levels (Table 3), while the degree of coordination was divided into five levels (Table 4) [90,91].



Based on the division of coupling coordination levels by Fu et al. [92], this study categorizes the degree of coupling coordination of the three subsystems into ten levels, as shown in Table 5.




4.3.4. Kernel Density Estimation


Based on the coupling coordination results, this study aimed to reveal the dynamic distribution characteristics, trace the evolutionary process of regional coupling coordination levels, and observe the changing trends in development gaps among cities. The Dagum Gini coefficient had been an effective tool for analyzing the spatial differentiation characteristics of the degree of coupling coordination [93]. However, it focused on depicting spatial differentiation patterns that were static or at a single point in time, making it difficult to capture their dynamic evolution characteristics over time. In contrast, kernel density estimation proved to be more effective in analyzing the dynamic evolution process of differences in the degree of coupling coordination among cities [64]. Kernel Density Estimation is a non-parametric method used to estimate the probability density function of a random variable. It described the dynamic evolution process of the degree of coupling coordination over time by examining the distribution position, kurtosis, polarization patterns, and other characteristics of the density curve [64]. Let     x   1   ,   x   2   , . . . ,   x   n     be random variables with independent distributions, and the probability density estimation formula for the degree of coupling coordination be as follows:


  f   x   =    1   n h      ∑   n   K        x   i   −   x  ¯    h       



(5)




where n represents the number of observations, h represents the bandwidth,     x   i     denotes the individual observations,     x  ¯    denotes the mean of the individual observations, and   K   ·     represents the Gaussian kernel function.



When the bandwidth was set too small, it resulted in overfitting; conversely, when bandwidth was set too large, it caused underfitting [94]. To select the optimal bandwidth, Silverman proposed an empirical rule based on the assumption that the data followed a normal distribution [95]. This rule was optimal under the criterion of minimizing the mean squared error (MSE). Assuming that   f   x     followed a normal distribution   N   0 ,   σ   2      , the formula for calculating the optimal bandwidth was as follows:


          h  ^  = 1.06   σ  ^    n   −    1   5              σ  ^  = m i n { S ,    Q   1.34    }        



(6)




where   S   represents the sample standard deviation, and   Q   denotes the interquartile range, which is the difference between the 75th and 25th percentiles of the sample.




4.3.5. Trend Surface Analysis


Trend surface analysis utilizes spatial data to simulate the spatial distribution and evolutionary trend of geographic elements [96]. This study established the trend function of degree of coupling coordination, analyzed its spatial differentiation characteristics using the trend surface tool in ArcGIS 10.8, and explored the evolutionary trend of degree of coupling coordination from a macroscopic perspective.




4.3.6. Cold–Hot Spots Analysis


Cold and hot spots analysis is a spatial clustering method used to identify the distribution pattern of high and low attribute values. It utilizes the     G   i   *     coefficient, first proposed by Getis and Ord, to measure the spatial clustering of attribute values [97]. In this study, the hot spot analysis tool (Getis-Ord     G   i   *    ) in ArcGIS 10.8 is used to identify cold–hot spots in the spatial pattern of degree of coupling coordination, as shown in the following formula:


    G   i   *     d   =      ∑  j   n      W   i j       d     X   j       ∑  j   n      X   j         



(7)






  Z     G   i   *     =      G   i   *   − E     G   i   *        V a r     G   i   *          



(8)




where     W   i j     d     is the spatial weight matrix and     X   j     is the degree of coupling coordination.




4.3.7. Gravity Model


Compared to the traditional VAR model, which focused on temporal dynamic correlations, the gravity model emphasized the influence of distance relationships among research subjects on regional development [98]. It analyzed the strength of spatial connections, thereby better aligning with the goal of revealing the regional spatial network structure. Therefore, this study uses the gravity model to analyze the spatial connection characteristics of the degree of coupling coordination. The formula of the gravity model is:


    R   c k   = g      D   c     D   k       L   c k   b       



(9)




where     R   c k     represents the strength of the coupling coordination spatial link between city c and city k; g is the gravitational constant (set to 1);     D   c     and     D   k     denote the degree of coupling coordination between city c and city k;     L   c k     represents the distance between the centroids of city c and city k; b is the distance index (set to 2).





4.4. Data Sources


In March 2011, the State Council of the People’s Republic of China officially approved the Development Plan for the Western Taiwan Straits Economic Zone [69]. In April 2011, the National Development and Reform Commission released the full text of the plan. Based on this, panel data from 20 cities in the Western Taiwan Straits Economic Zone for the period 2011–2023 were selected [69]. The data were sourced from the China Urban Statistical Yearbook, China Environmental Statistical Yearbook, China Marine Statistical Yearbook, Guangdong Industrial Statistical Yearbook, Zhejiang Natural Resources and Environment Statistical Yearbook, provincial and statistical yearbooks and National Economic and Social Development Statistical Bulletins of each province and city over the years. Partial missing values were filled using regionally independent linear interpolation method, aiming to avoid issues arising from cross-regional data mixing.





5. Results


5.1. ISO, EEM, and SED Subsystem Comprehensive Score


5.1.1. Robustness Test and Error Range Estimation


To assess the robustness of the indicator weights obtained by the entropy method, this study employed the Bootstrap method (a statistical inference technique) to perform resampling with replacement based on the original data. The core principle of the Bootstrap method was to substitute the unknown population distribution with the known empirical distribution, deriving new parameter estimates through sampling from the existing data, thereby enabling statistical inference about the characteristics of the overall population [99]. By repeated sampling, the Bootstrap method encompassed all possible combinations of the sample data, resulting in more stable outcomes than those based on the original data. This study utilized Matlab R2023b software to set the number of resamples at 1000 and calculated the 99% confidence interval for the weights of each indicator (Table 6). The results demonstrated that the original weights of all indicators fell within their respective 99% confidence intervals, indicating that the weight estimates possessed very high reliability; the confidence intervals were generally narrow, suggesting low volatility of the weight estimates under repeated resampling; moreover, the mean weights after Bootstrap resampling closely approximated the original weights, further confirming the robustness of the weight calculations based on the entropy method.




5.1.2. Comprehensive Score


Based on the entropy method, the comprehensive scores of the subsystems for ISO, EEM, and SED from 2011 to 2023 were calculated (Figure 4). The comprehensive score for ISO is the highest, displaying a significant upward trend. It experienced the fastest growth rate of 4.747% in 2012–2013 and a slight decline in 2017–2018, followed by another upward trend, indicating the continued progress in the ISO of the Western Taiwan Straits Economic Zone. The comprehensive score for EEM experienced a slight overall decline, with a continuous decrease from 2012 to 2016 at an average annual rate of 11.244%. This decline was likely attributable to the industrial expansion of high energy-consuming and heavily polluting industries and the rapid urbanization in the Western Taiwan Straits Economic Zone during that period. The industrial structure was probably still dominated by traditional manufacturing and resource-based industries, with a relatively low proportion of high-tech industries. Moreover, the environmental management system was relatively weak, environmental infrastructure construction lagged behind, and the enforcement of environmental supervision mechanisms was insufficient. This period marked a concentrated period of conflict among economic development, industrial expansion, and the lack of effective EEM. However, it showed steady improvement from 2016 to 2023, increasing from 0.107 to 0.142. This subsystem is expected to continue its upward trend in the future. In 2012, the comprehensive score for SED exceeded that for EEM. SED exhibited a high growth rate after small fluctuations from 2011 to 2017, increasing from 0.160 to 0.265 in 2017–2023, which closely mirrors China’s economic growth since the reform and opening-up in 1978 [100]. Overall, the SED subsystem has shown the fastest growth rate, followed by ISO. Although the growth rate of EEM is slower, there is still significant potential for improvement. At present, the Western Taiwan Straits Economic Zone is prioritizing SED, with ISO as its primary objective. However, addressing the growing conflict between EEM and SED will be critical in the future.



Figure 5 presented the comprehensive scores of the subsystems at the city level. The results showed that, significant imbalances exist in ISO, EEM, and SED. The mean comprehensive score for ISO from 2011 to 2023 is 0.467. The top three cities in the rankings are Sanming, Xiamen, and Yingtan. The ISO process in Fujian Province is progressing rapidly. In contrast, Ganzhou, Meizhou, and Shangrao rank at the bottom. This indicates that factors such as economic development, policy support, resource allocation, and local government execution significantly impact ISO in each city. The comprehensive score for EEM is low, with a mean value of 0.128. Xiamen, Fuzhou, and Shantou rank in the top three, while Ningde, Chaozhou, and Jieyang occupy the bottom positions. The mean comprehensive score for SED is 0.185. Fuzhou, Wenzhou, and Xiamen rank in the top three, with scores of 0.431, 0.411, and 0.376, respectively. Only five cities exceeded the mean comprehensive score for SED, indicating a severe imbalance in SED, with a pattern of “high in coastal areas and low in mountainous areas”.





5.2. Interaction Among ISO, EEM, and SED


5.2.1. Stationarity Test


To avoid the problem of spurious regression, this study conducted LLC, IPS, HT, ADF, and PP unit root tests on the three subsystem variables (ISO, EEM, SED) using STATA 17.0 software (Table 7). The panel data for ISO, EEM, and SED all exhibited non-stationary characteristics. To ensure the reliability of the model estimation, all variables underwent first-order differencing and were subjected to unit root tests again. The results after first-order differencing indicated that D.ISO, D.EEM, and D.SED all passed the stationarity tests, thus meeting the fundamental prerequisites for constructing the PVAR model.




5.2.2. Optimal Lag Order


This study determined the optimal lag order based on the minimum values of the AIC, BIC, and HQIC. As shown in Table 8, when the PVAR model lag order was set to 2, the values of BIC and HQIC reached their minimum. Therefore, this study selected a lag order of 2 as the optimal lag order for the PVAR model.




5.2.3. Impulse Response Analysis


To further elucidate the dynamic interactions among ISO, EEM, and SED, the impulse response results were used to describe the dynamic shocks and transmission paths among these three variables. This study set the impulse response horizon to 10 periods [101] with a lag order of 2. In Figure 6, the horizontal axis represented the impulse response horizon (in years), and the vertical axis denoted the standardized impulse response value. Each graph contained three lines from top to bottom: the upper bound, the estimated response, and the lower bound.



(1) When ISO, EEM, and SED were subjected to their respective shocks, the responses reached a positive maximum peak within the current period, exhibited a negative response in the first period, recovered to a positive response in the second period, after which the amplitude of the positive and negative fluctuations gradually diminished, converging near zero after the sixth period. They exhibited short-term policy dividends but immediately revealed transitional bottlenecks in the first period, subsequently experiencing oscillations around zero under adaptive policy adjustments before converging to a steady state.



(2) When shocks were imposed by EEM on ISO, SED on ISO, and SED on EEM, the response values reached a positive maximum peak within the current period, indicating the existence of positive transmission effects. A negative maximum peak occurred in the first period, followed by a significant positive response in the second period. Thereafter, the responses gradually decayed and converged near zero after the fifth period. The immediate positive peak in the current period revealed the underlying reasons for the similar trends: environmental management constrained high-pollution enterprises, while livelihood demands stimulated industrial transformation. However, industrial enterprises subsequently faced challenges such as reduced R&D intensity due to ecological regulations and decreased industrial investment resulting from expanded social welfare. At the same time, economic development pressures compelled concessions in ecological protection, revealing a short-term resource competition among the subsystems. Subsequently, as the market adaptively recovered, the impact gradually reverted to a positive direction and approached a steady state.



(3) When shocks were imposed by ISO on EEM, ISO on SED, and EEM on SED, the response values were zero in the current period, declined in the first period, gradually reached their positive peaks in the second to third periods, and then maintained relatively stable fluctuations, with minimal long-term effects. The impact of ISO on EEM indicated that the diffusion of green industrial technologies required undergoing an industrial capacity renewal cycle, exhibiting a certain lag effect. The impacts of ISO on SED and EEM on SED suggested that the promotion of high-quality employment through industrial upgrading involved a buffering period, and that the facilitation of livelihood benefits transformation through ecological management depended on gradual adjustment.





5.3. Spatio-Temporal Analysis of the Coupling Coordination of ISO, EEM, and SED


5.3.1. Characterization of Temporal Evolution


Next, this study presented the results of the degree of coupling, degree of coordination, and degree of coupling coordination calculated based on the degree of coupling coordination model (Figure 7). The trends in the degree of coupling, degree of coordination, and degree of coupling coordination from 2011 to 2023 are similar, following a pattern of “fluctuating and increasing initially, followed by steady growth”. After 2012, the degree of coupling stabilizes in the (0.8, 1.0] range, indicating a high-level coupling stage. Overall, the coupling development among the three subsystems—ISO, EEM, and SED—of the Western Taiwan Straits Economic Zone progresses from a friction stage to a high-level coupling stage, suggesting a high degree of interdependence among the three subsystems. The degree of coordination, overall much lower than the degree of coupling, dropped to 0.227 in 2013, and then steadily increased from 2015 to 2023, remaining in the medium–low-level coordination stage. The growth rate of the degree of coordination is higher than the degree of coupling, with a significant upward trend, indicating a continuous strengthening of interaction among the three subsystems. The degree of coupling coordination transitions from near disorder to barely coordinated, achieving leapfrog development.



This study compared the degrees of coupling coordination of four cities—Xiamen and Fuzhou, which rank at the top, and Meizhou and Yingtan, which rank at the bottom. The study aimed to analyze the changes in the degree of coupling coordination in these cities at depth. The degree of coupling coordination of the Western Taiwan Straits Economic Zone increased from 0.436 in 2011 to 0.546 in 2023. The period from 2011 to 2023 can be divided into two phases, as follows: 2011–2020, which represents the near-disorder stage, and 2021–2023, which represents the barely coordinated stage. The degree of coupling coordination in Fuzhou steadily increases in the overall period, progressing from barely coordinated to intermediate coordination. The degree of coupling coordination in Xiamen shows significant fluctuations. Although it achieves good coordination in 2022–2023, its growth rate slows, suggesting that the coupling coordination among the three subsystems is nearing saturation. The degree of coupling coordination in Meizhou slightly increases in the period, while the degree of coupling coordination in Yingtan soars from 0.284 to 0.624, surpassing the average degree of coupling coordination of the Western Taiwan Straits Economic Zone in 2021. This indicates strong potential for coordinated development. This “leap” was likely driven by the precise empowerment of national strategies, fundamentally characterized by institutional innovation fostering systemic restructuring. In 2019, National Development and Reform Commission issued the “Notice on Launching Pilot Zones for National Urban-Rural Integrated Development”, with Yingtan being the only city selected from Jiangxi Province. The pilot focused on establishing integrated development mechanisms for urban-rural infrastructure and creating systems to equalize basic public services between urban and rural areas. Yingtan coordinated and planned infrastructure, integrated scattered plots to construct industrial parks, reduced the cost of land for enterprises, and promoted green and intensive industrial production. Yingtan implemented the decentralization of public service resources and relied on inclusive policies in healthcare and education to attract population return and employment. Yingtan achieved coordinated restructuring of land, industry, and population factors, thereby accelerating the coupling among ISO, EEM, and SED.



In 2021, the Ministry of Industry and Information Technology of China issued the “Guidance on Strengthening Industry Integration and Cooperation to Promote Green Industrial Development”. The “Guidance” outlines the overall direction for optimizing the industrial structure and adjusting the energy structure. The release of the “Guidance” may facilitate industrial process reengineering, prioritize the development of strategic emerging industries, and encourage the conditional transfer of high-energy-consuming industries. It also aims to emphasize ecological, economic, and social benefits while fostering positive interactions between ISO, EEM, and SED.



Based on the kernel density estimation method, this study uses the Matlab R2023b software to plot a three-dimensional kernel density map of the degree of coupling coordination from 2011 to 2023 (Figure 8), aiming to further investigate the dynamic evolution of the degrees of coupling coordination in ISO, EEM, and SED over time. The centers of the kernel density curves for the degree of coupling coordination from 2011 to 2023 consistently shift to the right each year, indicating a sustained increase in the level of coupling coordination development, which aligns with the previous conclusion. The right-trailing phenomenon of the kernel density curves weakens over time, indicating that fewer cities remain in the quality coordination stage, and the differences in the level of coupling coordination development between cities are narrowing. From the perspective of polarization trends, the height of the main peak generally exhibited a fluctuating upward trajectory. In 2020, the kernel density curve displayed a slight bimodal pattern, with “Peak 1” as the primary peak and “Peak 2” as the secondary peak, indicating that cities were transitioning toward “agglomeration and synchronous development”.




5.3.2. Characterization of Spatial Differentiation


To reveal the spatial characteristics and evolutionary patterns of the degree of coupling, degree of coordination, and degree of coupling coordination in the Western Taiwan Straits Economic Zone, spatial distribution maps of the 20 cities are created for the years 2011, 2015, 2019, and 2023 (Figure 9, Figure 10 and Figure 11). Figure 9 shows that the degree of coupling of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone gradually increases, while spatial differentiation decreases. Between 2011 and 2023, the degree of coupling of the Western Taiwan Straits Economic Zone increased from 0.789 to 0.846. Based on the coupling level presented in Table 3, only Yingtan was in the antagonistic stage in 2011, while the other cities were between the friction stage and the high-level coupling stage. Eight cities were in the high-level coupling stage, primarily along the coastal areas, while most cities remained in the friction stage. In 2015, the degree of coupling of all cities increased significantly, with 14 cities reaching the high-level coupling stage. Between 2019 and 2023, the overall degree of coupling increased steadily, although the degree of coupling of coastal cities slightly declined.



The degree of coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone was generally low, with all values below 0.8. Figure 10 illustrates that the spatial pattern shifted from “mosaic” to “agglomeration”, showing clear signs of synergistic development. In 2011, low-level and medium-low-level areas were widely distributed in the mountainous areas. By 2015, the level of coordination development slightly decreased. In 2019, the level of coordination development steadily increased, with the study area gradually transitioning from medium-low-level to medium-level. In 2023, medium-level areas became dominant, and were widely distributed amongst mountainous areas, while medium–high-level areas were concentrated along the coastal areas, shifting from a “point-like” distribution to a “chain-like” pattern. In comparison, the spatial patterns of the degree of coupling and coordination exhibit consistent changes, both displaying characteristics of “decreasing divergence and increasing agglomeration”.



Based on the coupling coordination level in Table 5, the majority of cities in the Western Taiwan Straits Economic Zone in 2011 were transitioning from mild disorder to barely coordinated, with only Shangrao classified as being in the stage of severe disorder. By 2015, the overall coupling coordination level slightly decreased. However, cities such as Shangrao, Chaozhou, and Yingtan, which had lagged behind, entered the mild disorder stage, and Fuzhou advanced from barely coordination to elementary coordination. In 2019, most cities in the Western Taiwan Straits Economic Zone entered the stage of evolution from near disorder to elementary coordination. Quanzhou and Wenzhou advanced to elementary coordination, while Xiamen and Fuzhou upgraded to intermediate coordination. Yingtan, Shangrao, and Quzhou in Jiangxi Province transitioned from mild disorder to near disorder. In 2023, the degree of coupling coordination of various cities significantly improved. Xiamen became the first city to enter the good coordination stage, while mountainous cities such as Shangrao, Quzhou, Fuzhou (Jiangxi), Ganzhou, Sanming, and Longyan achieved leapfrog development, upgrading from near disorder to barely coordinated (Figure 11).



From spatial distribution of the degree of coupling coordination, the Western Taiwan Straits Economic Zone exhibited a spatial differentiation pattern of coastal areas surpassing mountainous areas, although inter-regional disparities showed a convergence trend. The core driver of the “coastal areas > mountainous areas” spatial pattern was likely the uneven allocation of policy resources. In 2009, “Several Opinions of the State Council on Supporting Fujian Province to Accelerate the Construction of the Western Taiwan Straits Economic Zone” explicitly emphasized the need to “strengthen coastal energy infrastructure construction, fully utilize superior port conditions, actively leverage both international and domestic resources, enhance energy security, and optimize energy structure. Coupled with the construction of coastal coal transport ports, reasonably plan the of large coastal coal-fired power plants”. This indicates that policy-driven infrastructure investments triggered spatial differentiation between coastal and mountainous areas. Coastal areas leverage advanced manufacturing systems, efficient resource recycling, and mature industrial upgrading paths, alongside stricter pollution control standards, systematic ecological restoration measures, and extensive environmental regulations. These factors enable the effective coupling coordination of ISO, EEM, and SED. Furthermore, infrastructure development and international cooperation in coastal areas have enhanced resources and technical support for technology optimization, providing these areas with a greater advantage for sustainable development. Mountainous areas had a relatively weak economic foundation and lacked sufficient policy support, leading to a strong dependence on traditional high-pollution and high-energy-consumption industries, with delays in industrial restructuring, technological upgrading, and infrastructure modernization. The growing conflict between economic development and ecological sustainability presents increasing challenges in optimizing industrial structure and managing ecological environment.



To reveal the evolutionary characteristics of the degree of coupling coordination in the spatial distribution of the Western Taiwan Straits Economic Zone, this study uses the trend surface tool in ArcGIS 10.8 for spatial visualization (Figure 12). The X-axis represents the east–west direction, the Y-axis represents the north–south direction, and the Z-axis represents the level of degree of coupling coordination, the green lines represent the development trend along the east–west direction, while the blue lines represent the development trend along the north–south direction. Overall, from 2011 to 2023, the coupling coordination development among cities in the Western Taiwan Straits Economic Zone follows the pattern of “high in the east and low in the west, high in the north and low in the south”. In the east–west direction, the degree of coupling coordination evolves from an “inverted U-shape” to a “one-letter shape”, and then back to an “inverted U-shape”, with increasing curvature and decreasing slope. This indicates a convergence in the development pace between the east and west. The development trend of coupling coordination in the north–south direction gradually evolves from an “inverted U-shape” to a “one-letter shape” pattern. This trend reflects that the central area of the Western Taiwan Straits Economic Zone experiences relatively slow coupling coordination development, while the coastal and mountainous areas at the north and south ends are in a high-speed development stage. The slope in the north–south direction is steeper than in the east–west direction, indicating that although inter-regional differences in the coupling coordination development of the Western Taiwan Straits Economic Zone have decreased, the north–south direction remains the primary source of these differences.



To identify aggregation areas and significant high-value and low-value areas in the spatial distribution of the degree of coupling coordination in the Western Taiwan Straits Economic Zone, this study used the hot spot analysis tool and Getis-Ord     G   i   *     statistic in ArcGIS 10.8 to examine the spatial distribution of cold spots and hot spots related to ISO, EEM, and SED.



As shown in Figure 13, the legend’s confidence levels indicate the probability that spatial clustering was not produced by random chance. 99% confidence level signified that the probability of this clustering pattern occurring randomly was less than 1%, representing a spatial clustering reliability greater than 99%. 95% confidence level signified that the probability of this clustering pattern occurring randomly was less than 5%, and 90% confidence level signified that the probability of this clustering pattern occurring randomly was less than 10%. Hot and cold spots were determined through Z-score tests:     Z     greater than 1.65 corresponded to a 90% confidence level, representing weakly significant spatial clustering;     Z     greater than 1.96 corresponded to a 95% confidence level, representing significant spatial clustering;     Z     greater than 2.58 corresponded to a 99% confidence level, representing highly significant spatial clustering.



Figure 13 shows that hot spots are concentrated in the southeastern coastal areas, while cold spots are found in the northeastern mountainous areas and southwestern coastal areas of the Western Taiwan Straits Economic Zone. In 2011, four cities were located in both the hot spots and cold spots, situated in the southeastern coastal areas and the northeastern mountainous areas, respectively. This is likely due to the higher level of urbanization in the southeastern coastal areas, where cities have led in developing green industries and effective environmental management, such as green manufacturing and clean energy, improving the region’s degree of coupling coordination. In contrast, the northeastern mountainous areas rely more on traditional industries, with later industrialization, limited capital investment and insufficient technological support, resulting in a lower degree of coupling coordination.



From 2015 to 2023, the number of cities in the hot spot zone decreased significantly, with Quanzhou and Putian consistently remaining in the hot spot zone. Meanwhile, the spatial distribution of cities in the cold spot zone shifted from the northeastern mountainous areas to the southwestern coastal areas. This may be due to the pressure of environmental management in the southeastern coastal areas during the optimization of the industrial structure, coupled with the bottleneck in the deep transformation of industries, which have together weakened the coupling and coordination development of ISO, EEM, and SED in the region. In 2012, the Jiangxi Provincial Government issued “the 12th Five-Year Plan for Jiangxi Electric Power Development”, which outlined urgent power structure adjustments and a growing demand for power. The plan aimed to establish a safe, stable, economic, and clean modern energy system, promoting the development of green energy and other emerging industries [102]. This plan may have indirectly contributed to the disappearance of cold spots in the northeastern mountainous areas between 2015 and 2023. Despite the southwestern coastal areas’ advantages in opening up to the outside world, they face bottlenecks such as underdeveloped industries, weak resource and environmental carrying capacity, and immature technologies. These challenges have hindered ISO, causing the region to gradually become a new cold spot zone.




5.3.3. Characterization of Spatial Connection


To analyze the spatial connection strength of coupling coordination among cities, this study calculated the spatial connection strength of the degrees of coupling coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023, based on the gravity model described in the methods section. The spatial connection network structure was then drawn using ArcGIS 10.8 (Figure 14). Overall, the spatial connection strength of coupling coordination in the Western Taiwan Straits Economic Zone gradually improves in this period. The spatial connection among cities follows a “multi-points force, multiple-lines progress” trend, with a clear intra-provincial connection strength and a significant reduction in inter-provincial city exchanges.



In 2011, the top three city pairings in terms of spatial connection strength were Xiamen–Quanzhou, Xiamen–Zhangzhou, and Jieyang–Shantou, highlighting the strong spatial connection strength in southern Fujian. Xiamen, as the core, drives the synergistic development of the Xiamen–Zhangzhou–Quanzhou city cluster. Cities in Guangdong Province exhibit the second-highest intensity of spatial connection strength. In 2015, the top city pairings were Xiamen–Quanzhou and Xiamen–Zhangzhou, followed by Fuzhou–Putian. Between 2019 and 2023, the top three city pairings in terms of spatial connection strength were Xiamen–Quanzhou, Fuzhou–Putian, and Xiamen–Zhangzhou, followed by Shangrao–Yingtan. Over time, the spatial connection strength between Xiamen and Quanzhou increased from 0.641 in 2011 to 1.042 in 2023, becoming a key driver of the steady rise in coupling coordination in the Western Taiwan Straits Economic Zone. As the core of the Western Taiwan Straits Economic Zone, Fujian Province has seen strong inter-city connection strength. As the ISO deepens, strong synergies have developed between the industrial structures of Xiamen, Quanzhou, Fuzhou, Putian, and Zhangzhou. Fujian Province actively promotes pollution reduction and carbon synergy. Cities like Xiamen and Fuzhou, as pioneers in ISO, are effectively driving industrial optimization and energy transition in surrounding areas. The spatial connection strength between Shangrao and Yingtan has significantly increased, making them a new force in the coupling coordination development of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone. In contrast, the spatial connection strength between Lishui and Wenzhou in Zhejiang Province has remained stable at the fourth tier, with weaker spatial connection to cities in other provinces due to its geographical location.






6. Discussions


6.1. Key Findings of the Study


(1) This study systematically constructs a three-dimensional evaluation index system for ISO, EEM, and SED, and presents the results regarding the comprehensive scores. The study finds that ISO has the highest overall comprehensive score, showing a significant upward trend from 2011 to 2023. The overall comprehensive score of EEM declined, with a continuous decrease from 2012 to 2016, followed by a steady increase from 2016 to 2023. The comprehensive score of SED surpassed that of EEM in 2012, showing a high growth rate after small fluctuations from 2011 to 2017. At the city level, significant imbalances in ISO, EEM, and SED are evident, with a “high in coastal areas and low in mountainous areas” distribution pattern. This spatial distribution pattern aligned with previous research findings on the distribution of urban vitality changes in the Western Taiwan Straits Economic Zone [45], further confirming the generality of regional developmental gradient differences, especially the inherent advantages of coastal areas in factor agglomeration and policy benefits.



Overall, in terms of absolute level, the comprehensive scores rank as ISO > SED > EEM. In terms of growth rate, all subsystems show a positive upward trend, with SED leading, followed by ISO and EEM. Therefore, ISO, EEM, and SED exhibit a non-synchronous development pattern. This demonstrates the first-mover advantage of ISO, the strong policy response in SED, and the path-dependent inertia of EEM [103].



(2) This study employed the PVAR model to analyze the dynamic interactions among ISO, EEM, and SED. When ISO, EEM, and SED were subjected to their respective shocks, the responses reached a positive maximum peak within the current period, after which the amplitude of the positive and negative fluctuations gradually diminished. This indicated that the subsystem possessed a strong self-reinforcing initial effect, but its persistence was limited, aligning with common patterns observed in system shock responses [104].



When shocks were imposed by EEM on ISO, SED on ISO, and SED on EEM, the response values reached a positive maximum peak within the current period, demonstrating the existence of positive transmission effects following shocks. This strongly supported the positive transmission mechanisms whereby EEM promoted industrial transformation [54], SED drove industrial transformation [56], and SED provided the material foundation for environmental management [60], all of which were significantly present in the Western Taiwan Straits Economic Zone in the short term.



When shocks were imposed by ISO on EEM, ISO on SED, and EEM on SED, the response values were zero in the current period, declined in the first period, gradually reached their positive peaks in the second to third periods, and then maintained relatively stable fluctuations. This suggested that in the short term, industrial structure optimization and upgrading might exert certain suppressive effects on EEM and SED due to costs associated with technological renewal and capacity adjustment [105], indicating that the positive effects of ISO exhibited a delay [106].



(3) This study applies a degree of coupling coordination model to quantify the degree of coupling, degree of coordination, and degree of coupling coordination of ISO, EEM, and SED. It also uses kernel density estimation to capture the temporal evolution of the degree of coupling coordination. The results of the degree of coupling coordination model show that the trends of degree of coupling, degree of coordination, and degree of coupling coordination from 2011 to 2023 are similar, following a pattern of “fluctuating and increasing initially, followed by steady growth”. The degree of coupling is shifting from the friction stage to the high-level coupling stage, indicating a high level of interdependence between the three subsystems [107]. The degree of coordination, which is much lower than the degree of coupling, has remained at a medium–low level. The degree of coupling coordination, positioned between the degree of coupling and the degree of coordination, has transitioned from near disorder to barely coordinated, achieving leapfrog development. Regarding the dynamic evolution patterns, the study found that the differences in the level of coupling coordination development between cities narrowed, with cities transitioning from “differentiated development” to “cluster synchronous development”. This finding aligned with the results of many related studies both domestically and internationally [108], highlighting that regional coordinated development strategies and integration policies had begun to demonstrate positive effects in promoting internal equilibrium [109].



(4) This study employs trend surface analysis and cold–hot spots analysis to reveal spatial differentiation characteristics, and uses a gravity model to analyze spatial connection. Regarding spatial differentiation characteristics, the study found that the spatial patterns of degree of coupling, degree of coordination, and degree of coupling coordination have shifted from “mosaic” to “agglomeration”, exhibiting clear characteristics of synergistic development and a trend of “decreasing differentiation and aggregation development”. In contrast, the degree of coupling in the coastal areas of the Western Taiwan Straits Economic Zone was slightly lower in 2023. The medium–high levels of the degree of coordination were concentrated in the coastal areas, transitioning from a “point-like” to a “chain-type” distribution. The east–west direction of degree of coupling coordination will converge. The north–south direction remains the primary axis of inter-regional differences. Hot spots in the degree of coupling coordination are concentrated in the southeastern coastal areas, while cold spots are located in the northeastern mountainous areas and southwestern coastal areas. In 2023, Xiamen became the first city to reach the good coordination stage. Meanwhile, the mountainous cities of Shangrao, Quzhou, Fuzhou (Jiangxi), Ganzhou, Sanming, and Longyan achieved leapfrog development, upgrading from near disorder to barely coordinated. Regarding spatial connection characteristics, the study found that the intensity of spatial connection strength in the Western Taiwan Straits Economic Zone gradually increased. The spatial connection strength among cities followed a trend of “multi-points force, multiple-lines progress”, with clear intra-provincial connection strength and significantly weakened inter-provincial city connection strength. Specifically, the spatial connection strength among cities in the southeastern region of Fujian Province was stronger, with Xiamen at the core driving the synergistic development of the Xiamen–Zhangzhou–Quanzhou city cluster, highlighting the engine role of the central city in promoting regional coordination [110]. The spatial connection strength of cities in Guangdong Province ranks second, while the spatial connection strength of Shangrao–Yingtan in Jiangxi Province has seen a significant increase, becoming a new force in coupling coordination development. The spatial connection strength between cities in Zhejiang Province and those in other provinces remains weaker.




6.2. Policy Recommendations


The study of the coupling coordination of ISO, EEM, and SED is crucial for the sustainable development of the Western Taiwan Straits Economic Zone. Based on this, the following suggestions are made:



(1) Addressing asynchronous development patterns by creating a dynamic and balanced promotion mechanism. Given the non-equilibrium patterns of ISO, EEM, and SED with differing growth rates, it is crucial to establish an ecological compensation mechanism to promote synergy. Referencing China’s first inter-provincial watershed ecological protection compensation mechanism, the “Xin’anjiang Model” [111], explore establishing an inter-city ecological protection compensation fund pool within the Western Taiwan Straits Economic Zone to implement compensated transfer payments that coordinated ecological protection with economic development. Efforts should be made to vigorously develop green finance, broaden financing channels, and innovate new development models oriented toward green technology research and ecological environment governance, while strengthening industrial integration. The carbon sink product trading mechanism should be optimized, and the establishment of a mutual recognition and purchase mechanism for Chinese Certified Emission Reduction (CCER) credits among cities within the Western Taiwan Straits Economic Zone should be explored. In mountainous areas, ecological demonstration bases should be created by leveraging abundant natural resources, with the establishment of clean production technology promotion centers. Emphasis should be placed on supporting key industries, such as the bamboo industry, in the development, demonstration, and large-scale application of pollution reduction and carbon reduction technologies to address technological shortcomings in mountainous areas and increase the added value of ecological resources. Meanwhile, the ecological protection compensation fund pool would provide sustainable financial support for both technology application and ecological protection. Enterprises in developed coastal cities should be encouraged to build industrial informatization management systems, with the government providing targeted subsidies to establish industrial information interconnection platforms. This would promote precise allocation and efficient management of natural resources, driving the diffusion of advanced technologies, management experience, and data elements to mountainous areas. Through the combined measures of “ecological value compensation, mountainous areas technological empowerment, and coastal areas technology diffusion”, this approach aims to alleviate the contradiction between “coastal technology polarization and mountainous ecological accumulation”.



(2) Strengthen coordinated governance and promote multidimensional linkage and upgrading. Faced with the structural characteristic of “high coupling–low coordination”, it is necessary to enhance the system’s synergy through a combination of institutional innovation and market-based policy tools. A Western Taiwan Straits Economic Zone Green Development Joint Governance Center should be established to design a joint carbon emissions control mechanism for inter-provincial adjacent areas and to allow cross-provincial trading of forestry carbon sinks. A three-dimensional transitional green subsidy fund should be set up, accompanied by the establishment of a three-dimensional evaluation mechanism encompassing industry, ecological environment, and socio-economic dimensions. This mechanism should require multiple verification processes addressing industrial chain resilience, ecological carrying capacity thresholds, and social feasibility. For instance, core quantitative indicators such as carbon emission intensity, ecological restoration rate, and local employment absorption rate should be used, with the quantitative results linked to enterprises’ eligibility for subsidy applications.



(3) Optimize the regional synergy network and build a green development community. To address weak inter-provincial connection strength, efficient resource allocation should be promoted through spatial system reconstruction. The influence of Xiamen and Fuzhou should be strengthened to drive neighboring cities in developing green corridors and establishing green intellectual corridors. The governance model of inter-provincial regions (Quzhou, Nanping, Shangrao) should be innovated by establishing an ecological and economic cooperation alliance, promoting the mutual recognition of regional environmental standards, and building a complementary industrial chain network. The Pearl River Delta–Western Taiwan Straits–Yangtze River Delta pathway should link regional factor flows, focusing on cultivating inter-provincial green industry clusters, such as lithium-ion and photovoltaic industries, in hub nodes like Shantou and Wenzhou. This will break administrative barriers, promote market-oriented transformation in factor flows, foster regional green industry communities, and establish a green development pattern of regional synergy.




6.3. Research Limitations and Future Directions


This study has the following limitations: (1) The research data in this study were sourced from publicly available datasets such as statistical yearbooks and National Economic and Social Development Statistical Bulletins of each province and city over the years. However, issues such as missing specific indicators, inconsistent statistical calibers among cities, and data update lags existed. These limitations somewhat affected the completeness and accuracy of the ISO, EEM, and SED indicator measurements and may have impacted the precision of the degree of coupling coordination assessment results. (2) This study focuses on the Western Taiwan Straits Economic Zone, while there is a lack of analysis on the coupling coordination of ISO, EEM, and SED in regions with different development models, such as the Pearl River Delta and Yangtze River Delta. Significant differences exist among regions in terms of resource endowments, development stages, and policy environments. Future research could analyze the commonalities and differences in coupling coordination pathways from a cross-regional comparative perspective, thereby enhancing the regional applicability of the theoretical framework and research findings. (3) This study focuses on the meso-level (city scale), and its conclusions provided limited guidance for precise policy making at the micro-level (county scale). Findings at the meso-level could not fully capture the substantial development heterogeneity and specific governance bottlenecks within county units. Future research could develop a multi-dimensional framework encompassing macro, meso, and micro scales, incorporating field surveys, interviews, and case studies to refine the research scale and enhance the precision and feasibility of policy implementation.





7. Conclusions


Based on the “goal synergy” and “resource integration” framework and Synergetics, this study systematically constructed a three-system evaluation index for ISO, EEM, and SED.



The “variation–genetics–selection” mechanism from evolutionary economics was innovatively incorporated into the study of “temporal evolution–spatial differentiation–spatial connection”, revealing the development dynamics of the multi-system coupling coordination of the Western Taiwan Straits Economic Zone. The main conclusions of this study are as follows: (1) A comprehensive score evaluation—From 2011 to 2023, the comprehensive score of ISO in the Western Taiwan Straits Economic Zone showed a significant upward trend. The EEM score decreased, while the SED score exhibited high growth after small fluctuations. (2) PVAR Model—ISO, EEM, and SED exhibited self-reinforcing effects; EEM’s impact on ISO, SED’s impact on ISO, and SED’s impact on EEM exhibited immediate positive transmission effects, while the transmission effects of ISO on EEM, ISO on SED, and EEM on SED displayed lagged responses. (3) The degree of coupling coordination—From 2011 to 2023, the degree of coupling, degree of coordination, and degree of coupling coordination all followed the trend of “fluctuating and increasing initially, followed by steady growth”. The degree of coupling is still progressing towards the high-level coupling stage, while the degree of coordination still remains at a medium–low level. Overall, the degree of coupling coordination is entering a barely coordinated stage, while aiming to achieve significant progress. (4) Spatial differentiation—From 2011 to 2023, the spatial patterns of the degree of coupling, degree of coordination, and degree of coupling coordination in the Western Taiwan Straits Economic Zone shifted from “decentralized” to “centralized”, with significant strengthening of the cooperation and coordination between regions. The north–south disparity in the degree in terms of coupling coordination remains the primary factor driving inter-regional differences. Regions with higher coupling coordination are concentrated in the southeastern coastal areas, while those with lower coupling coordination are located in the northeastern mountainous areas and southwestern coastal areas. (5) Spatial connection—From 2011 to 2023, the spatial connection strength in the Western Taiwan Straits Economic Zone gradually increased. The spatial connection among cities followed the trend of “multi-points force, multiple-lines progress”, with intra-provincial linkages strengthening, while inter-provincial exchanges significantly weakened.
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Figure 1. Coupling mechanisms of ISO, EEM, and SED. Created by the author. 
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Figure 2. Research frameworks. Created by the author. 
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Figure 3. Research area. Created by the author. 
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Figure 4. ISO, EEM, and SED subsystem comprehensive scores in the Western Taiwan Straits Economic Zone from 2011 to 2023. 
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Figure 5. ISO, EEM, and SED subsystem comprehensive scores of cities in the Western Taiwan Straits Economic Zone from 2011 to 2023. 
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Figure 6. Impulse response result. 
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Figure 7. Coupling coordination between ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. 
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Figure 8. Kernel density estimates of degree of coupling coordination from 2011 to 2023. Created by the author. 
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Figure 9. Spatial distribution of degree of coupling of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Figure 10. Spatial distribution of degree of coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Figure 11. Spatial distribution of degree of coupling coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Figure 12. Trend surface analysis of degree of coupling coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Figure 13. Cold and hot spots in the distribution of the degree of coupling coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Figure 14. Network structure of spatial connection in the degree of coupling coordination of ISO, EEM, and SED in the Western Taiwan Straits Economic Zone from 2011 to 2023. Created by the author. 
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Table 1. Research target.






Table 1. Research target.





	Provinces
	City
	Number





	Zhejiang Province
	Wenzhou, Quzhou, Lishui
	3



	Fujian Province
	Fuzhou, Xiamen, Putian, Sanming, Quanzhou,

Zhangzhou, Nanping, Longyan, Ningde
	9



	Jiangxi Province
	Yingtan, Ganzhou, Fuzhou, Shangrao
	4



	Guangdong Province
	Shantou, Meizhou, Chaozhou, Jieyang
	4










 





Table 2. ISO–EEM–SED coupling coordination evaluation indicator system.
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Primary Indicators

	
Secondary Indicators

	
Tertiary

Indicators

	
Criteria for Selection

	
Unit (of Measure)

	
Causality

	
Notation

	
Weights

	
TOL

	
VIF






	
ISO

(X)

	
Industries’

industrial

scale

	
Number of industrial enterprises above per capita scale

	
Quantifying industrial cluster degree

	
Pcs/people

	
Forward

	
X1

	
0.245

	
0.551

	
1.816




	
Total industrial output value above per capita scale

	
Quantifying the scale effect

	
CNY 10,000/people

	
Forward

	
X2

	
0.416

	
0.662

	
1.510




	
Industries pollution

emission

	
Industrial wastewater emissions

	
Reflecting the urgent need for industrial wastewater recycling transformation

	
Ton

	
Negative direction

	
X3

	
0.030

	
0.949

	
1.054




	
Industrial sulfur dioxide emissions

	
Suppressing acid rain and major precursors of PM2.5

	
Ton

	
Negative direction

	
X4

	
0.049

	
0.214

	
4.670




	
Industrial smoke and dust emissions

	
Constraining particulate matter health risks

	
Ton

	
Negative direction

	
X5

	
0.048

	
0.396

	
2.527




	
Industrial nitrogen oxide emissions

	
Reducing ozone pollution

	
Ton

	
Negative direction

	
X6

	
0.045

	
0.221

	
4.534




	
Industries

resource

efficiency

	
Comprehensive utilization rate of general industrial solid waste

	
Reflecting the degree of industrial resource intensification

	
%

	
Forward

	
X7

	
0.087

	
0.900

	
1.111




	
Industrial electricity consumption

	
Controlling energy consumption intensity

	
Million kWh

	
Negative direction

	
X8

	
0.080

	
0.555

	
1.802




	
EEM

(Y)

	
Ecological environment

	
Total water resources per capita

	
Ensuring the supply of basic ecological resources

	
Cubic meters/people

	
Forward

	
Y1

	
0.474

	
0.882

	
1.133




	
Forest coverage

	
Enhancing forest carbon sinks capacity

	
%

	
Forward

	
Y2

	
0.028

	
0.481

	
2.079




	
Park green space area

	
Improving urban ecological resilience

	
Hectares

	
Forward

	
Y3

	
0.213

	
0.395

	
2.532




	
Governance capacity

	
Centralized treatment rate of sewage treatment plants

	
Characterizing the governance capability of water pollution

	
%

	
Forward

	
Y4

	
0.011

	
0.502

	
1.990




	
Non-hazardous treatment rate of domestic waste

	
Characterizing the treatment capacity of domestic waste

	
%

	
Forward

	
Y5

	
0.007

	
0.534

	
1.874




	
Governance

inputs

	
Proportion of employees in water conservancy and environmental protection

	
Supporting human resources for water conservancy governance

	
%

	
Forward

	
Y6

	
0.092

	
0.782

	
1.279




	
Proportion of employees in the geological exploration industry

	
Supporting human resources for geological exploration

	
%

	
Forward

	
Y7

	
0.176

	
0.766

	
1.306




	
SED

(Z)

	
Economy

scale

	
Gross Domestic Product (GDP) per capita

	
Measuring regional economic scale foundation

	
CNY/people

	
Forward

	
Z1

	
0.057

	
0.142

	
7.066




	
Total investment in fixed assets per capita

	
Measuring investment volume

	
CNY 10,000/people

	
Forward

	
Z2

	
0.056

	
0.334

	
2.996




	
Total retail sales of consumer goods per capita

	
Reflecting consumption upgrading trends

	
CNY 10,000/people

	
Forward

	
Z3

	
0.055

	
0.169

	
5.915




	
Economic structure

	
Added value of the tertiary industry

	
Reflecting the advanced process of industrial structure

	
CNY 10,000

	
Forward

	
Z4

	
0.098

	
0.065

	
15.496




	
Social development

	
Urbanization rate

	
Driving spatial agglomeration of innovation elements

	
%

	
Forward

	
Z5

	
0.032

	
0.250

	
3.997




	
Social

services

	
Total collection of books in public libraries per thousand people

	
Building an inclusive cultural service system

	
Thousand copies/thousand people

	
Forward

	
Z6

	
0.097

	
0.326

	
3.067




	
Number of hospitals per thousand people

	
Ensuring accessibility to basic medical and health services

	
Pcs/ten thousand people

	
Forward

	
Z7

	
0.085

	
0.545

	
1.835




	
Number of full-time teachers in higher education institutions per thousand people

	
Ensuring teacher resource reserves

	
People/ten thousand people

	
Forward

	
Z8

	
0.164

	
0.255

	
3.918




	
Social

security

	
Proportion of participants in basic endowment insurance for urban employees

	
Clarifying social security coverage

	
%

	
Forward

	
Z9

	
0.087

	
0.166

	
6.035




	
Proportion of participants in the basic medical insurance for urban areas

	
Clarifying medical security coverage

	
%

	
Forward

	
Z10

	
0.117

	
0.632

	
1.582




	
Innovation in science and education

	
Number of patents authorized per capita

	
Catalyzing the transformation of innovative achievements

	
Pcs/people

	
Forward

	
Z11

	
0.142

	
0.173

	
5.774




	
Proportion of science and education in fiscal expenditure

	
Clarifying innovation input

	
%

	
Forward

	
Z12

	
0.011

	
0.739

	
1.353











 





Table 3. Coupling level.






Table 3. Coupling level.





	Degree of Coupling (C)
	Coupling Level





	(0.0, 0.3]
	Low-level coupling stage



	(0.3, 0.5]
	Antagonistic stage



	(0.5, 0.8]
	Friction stage



	(0.8, 1.0]
	High-level coupling stage










 





Table 4. Coordination level.






Table 4. Coordination level.





	Degree of Coordination (T)
	Coordination Level





	(0.0, 0.2]
	Low-level coordination stage



	(0.2, 0.4]
	Medium-low-level coordination stage



	(0.4, 0.6]
	Medium-level coordination stage



	(0.6, 0.8]
	Medium-high-level coordination stage



	(0.8, 1.0]
	High-level coordination stage










 





Table 5. Coupling coordination level.






Table 5. Coupling coordination level.





	Degree of Coupling

Coordination (D)
	Coupling Coordination Level
	Degree of Coupling

Coordination (D)
	Coupling Coordination Level





	(0.0, 0.1]
	Extreme disorder
	(0.5, 0.6]
	Barely coordinated



	(0.1, 0.2]
	Severe disorder
	(0.6, 0.7]
	Elementary coordination



	(0.2, 0.3]
	Moderate disorder
	(0.7, 0.8]
	Intermediate coordination



	(0.3, 0.4]
	Mild disorder
	(0.8, 0.9]
	Good coordination



	(0.4, 0.5]
	Near disorder
	(0.9, 1.0]
	Quality coordination










 





Table 6. Robustness Test Result.
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Subsystem

	
Symbol

	
Original Weight

	
Confidence Interval Width

	
Mean Weight After Resampling

	
Lower Confidence Limit

	
Upper Confidence Limit






	
ISO (X)

	
X1

	
0.245

	
0.102

	
0.243

	
0.191

	
0.294




	
X2

	
0.416

	
0.120

	
0.427

	
0.361

	
0.481




	
X3

	
0.030

	
0.066

	
0.030

	
0.002

	
0.068




	
X4

	
0.049

	
0.072

	
0.048

	
0.024

	
0.096




	
X5

	
0.048

	
0.051

	
0.046

	
0.027

	
0.078




	
X6

	
0.045

	
0.055

	
0.044

	
0.022

	
0.077




	
X7

	
0.087

	
0.116

	
0.085

	
0.025

	
0.141




	
X8

	
0.080

	
0.078

	
0.077

	
0.043

	
0.121




	
EEM (Y)

	
Y1

	
0.474

	
0.164

	
0.545

	
0.442

	
0.606




	
Y2

	
0.028

	
0.021

	
0.022

	
0.012

	
0.033




	
Y3

	
0.213

	
0.084

	
0.181

	
0.146

	
0.230




	
Y4

	
0.011

	
0.013

	
0.009

	
0.003

	
0.017




	
Y5

	
0.007

	
0.010

	
0.005

	
0.002

	
0.012




	
Y6

	
0.092

	
0.054

	
0.080

	
0.058

	
0.112




	
Y7

	
0.176

	
0.105

	
0.158

	
0.107

	
0.213




	
SED (Z)

	
Z1

	
0.057

	
0.022

	
0.054

	
0.042

	
0.065




	
Z2

	
0.056

	
0.031

	
0.055

	
0.041

	
0.072




	
Z3

	
0.055

	
0.019

	
0.052

	
0.043

	
0.062




	
Z4

	
0.098

	
0.034

	
0.097

	
0.078

	
0.112




	
Z5

	
0.032

	
0.017

	
0.030

	
0.023

	
0.039




	
Z6

	
0.097

	
0.036

	
0.099

	
0.082

	
0.118




	
Z7

	
0.085

	
0.043

	
0.082

	
0.059

	
0.102




	
Z8

	
0.164

	
0.054

	
0.173

	
0.147

	
0.200




	
Z9

	
0.087

	
0.037

	
0.087

	
0.068

	
0.105




	
Z10

	
0.117

	
0.048

	
0.117

	
0.094

	
0.142




	
Z11

	
0.142

	
0.043

	
0.144

	
0.120

	
0.164




	
Z12

	
0.011

	
0.009

	
0.010

	
0.006

	
0.015











 





Table 7. Stationarity test result.






Table 7. Stationarity test result.





	
Variable

	
P




	
LLC

	
IPS

	
HT

	
ADF

	
PP




	
Inverse χ2(40)

	
Inverse Normal

	
Inverse Logit t(99)

	
Modified Inv. χ2

	
Inverse χ2(40)

	
Inverse Normal

	
Inverse Logit t(99)

	
Modified Inv. χ2






	
ISO

	
0.000

	
0.118

	
0.000

	
0.011

	
0.766

	
0.550

	
0.004

	
0.015

	
0.682

	
0.326

	
0.008




	
EEM

	
0.037

	
0.000

	
0.147

	
0.000

	
0.011

	
0.002

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
SED

	
0.030

	
0.000

	
0.000

	
0.045

	
0.274

	
0.143

	
0.034

	
0.000

	
0.000

	
0.000

	
0.000




	
D.ISO

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
D.EEM

	
0.000

	
0.000

	
0.028

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000




	
D.SED

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000

	
0.000











 





Table 8. Selection of optimal lag order.






Table 8. Selection of optimal lag order.





	Lag Order
	PVAR (1)
	PVAR (2)
	PVAR (3)
	PVAR (4)
	PVAR (5)





	AIC
	−13.7784
	−14.3528
	−13.8395
	−13.3409
	−14.6461 *



	BIC
	−12.6405
	−12.9692 *
	−12.1674
	−11.3238
	−12.207



	HQIC
	−13.3179
	−13.7918 *
	−13.1605
	−12.5212
	−13.6556







* indicates the optimal lag order selected according to the AIC, BIC, and HQIC information criteria.
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