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The ecological protection and high-quality development of the provinces along the Yellow River Basin have become a major national strategy in China. However, the synergistic development of the environment and industry within the basin still faces numerous challenges. Research studies on the synergistic evolution of industry with the environment are important to guide future development of the provinces. This paper combines panel data from eight provinces in the Yellow River Basin from 2011 to 2020, utilizes the Entropy Weight TOPSIS method to evaluate the growth index of subsystems, and then employs the L-V model to measure the interaction force and synergistic degree of the environmental and industrial subsystems in the provinces along the Yellow River Basin. Finally, it simulates the synergistic evolution paths of each province under different scenarios. The study shows that: 1. From 2011 to 2020, the synergy effects in the upper and middle reaches of the Yellow River Basin exhibited an upward trend, while the synergy effects in the lower reaches demonstrated a downward trend. In the upper reaches, the shift was from mild non-synergy to mild synergy, in the middle reaches from mild non-synergy to strong synergy, and in the lower reaches from strong synergy to strong non-synergy. 2. The development model in the upper and middle reaches transitioned from a weakly beneficial relationship between industry and the environment to a mutually beneficial symbiotic model. In contrast, the lower reaches shifted from a mutually beneficial symbiotic model to a state of weak industrial benefits and strong environmental harm, ultimately reaching a state where both industry and the environment mutually harmed each other. 3. According to the forecast of industrial and environmental synergy for the next 30 years, Qinghai, Inner Mongolia, Ningxia, and Shanxi provinces would benefit the most from adopting a mutually beneficial symbiotic model. However, as the development of a symbiotic model requires more external support and incurs higher costs, it is essential for each province to select its development model based on its own economic conditions. Based on this, this paper provides a theoretical basis for the development of the environment and industry in the provinces along the Yellow River Basin.
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1 INTRODUCTION
Green development has garnered significant attention from major global organizations since its inception and has emerged as a prevailing trend through proactive implementation by various countries. In 2012, the World Bank underscored that green development necessitates environmentally sustainable and socially inclusive economic growth to facilitate the coordinated development of socio-economic and ecological environments (Cui et al., 2021) (Cui et al., 2021). The successful convening of the United Nations Climate Conference in 2021 further propelled the global “dual carbon” strategy, accentuating the critical role of green industries as a key driver of economic growth in this century. Consequently, nations worldwide have increasingly prioritized the advancement of green industries. The European Union reaffirmed its commitment to a green development agenda, emphasizing the reduction of fossil fuel consumption, the expansion of renewable energy generation, and the promotion of low-carbon energy solutions. Similarly, the United Kingdom announced a green industrial revolution plan, pledging £12 billion in national funding to enhance offshore wind capacity (Long et al., 2021) (Long et al., 2021). In this context, the joint development of environment and industrial sectors has become an urgent issue necessitating attention, sparking extensive scholarly discussion (Murphy and Gouldson, 2020; Asgharnejad et al., 2021) (Murphy and Gouldson, 2020; Asgharnejad et al., 2021). In recent years, the Chinese government has clearly stated its commitment to building an ecological civilization, emphasizing the ecological transformation of industries to achieve harmony between industry and the environment. However, China continues to confront numerous challenges in environmentand industrial development as conflicts arise between industrial layout and environment sustainability. Therefore, investigating the synergistic development of the environment and industry is of paramount importance for advancing China’s green development agenda.
In 2019, President Xi emphasized at the symposium on environment and high-quality development in the Yellow River Basin that these efforts have become a major national strategy (Sun et al., 2022). The Yellow River Basin is vital for both ecological security and socio-economic development. First, it acts as an important ecological barrier for China, housing several national parks and ecological function areas, and possesses abundant natural resources. Second, it is a key economic zone featuring significant agricultural production areas such as the Hetao Irrigation District that contribute over one-third of the nation’s grain and meat supply (Song, 2021). Additionally, the basin is rich in energy and raw materials, including coal, oil, natural gas, and non-ferrous metals. Third, the Yellow River Basin is a critical area for combating poverty. Its economic and social development lags behind that of the southeastern coastal regions, resulting in a higher concentration of impoverished populations. Therefore, promoting high-quality development in the Yellow River Basin and addressing issues such as housing and employment that affect local residents is an essential task for the provinces in the region. Despite progress, the Yellow River Basin faces significant challenges in environment and industrial development. These include a frag environment and a bottleneck in industrial transformation (Wei et al., 2020) (Wei et al., 2022). The conflict between resource development and environment has intensified as industrial production scales often exceed the environment’s carrying capacity (Feng et al., 2021) (Feng et al., 2021). Additionally, the prevailing industrial development model does not align with environment standards. Leading industries are heavily reliant on resource endowment, and this dependence, combined with large-scale inefficient resource exploitation, has severely damaged the environment (Gong et al., 2021) (Gong et al., 2022). Persistent issues such as water scarcity, conflicts between industrial layout and environmental, and ecosystem degradation have blurred the boundaries between the environment subsystem and the industrial development subsystem in the Yellow River Basin. Therefore, there is an urgent need for synergy between environment and industrial development in the region.
Given the gap between stated goals and actual conditions, a critical question emerges: What is the path for the coordinated development of the environment and industry in the Yellow River Basin? Their development is inherently evolutionary and exists within a complex synergistic system. The relationship between these two areas is not simply a division of labor; it involves dynamic interactions. Synergistic evolution emphasizes mutual enhancement and conflict mitigation between subsystems. In contrast, sustainable development focuses on the long-term viability and health of the entire system. Clarifying these differences will help readers better understand the unique contributions of your study within the context of sustainable development. Examining these interactions from a synergistic evolution perspective can offer deeper insights into the relationship between industrial and environmental development in the Yellow River Basin.
This study is grounded in synergistic theory and constructs a composite system for environmental and industrial development in the Yellow River Basin. It clarifies the mechanisms of synergistic evolution under both internal and external interactions. The entropy weight-TOPSIS method is utilized to evaluate the levels of industrial development, environmental, and environmental capacity. Additionally, the L-V model is employed to calculate the natural growth rates and interaction forces of industrial and environmental development, while also analyzing their synergistic effects. Furthermore, this study predicts the trends of synergistic development between the environment and industry in the provinces of the Yellow River Basin over the next 30 years under various development models.
2 LITERATURE REVIEW
The theory of synergy emerged as a distinct discipline in the 1960s, when German physicist Haken (1977) (Haken, 1977) abstracted and generalized it from a set of laser theories. Haken’s seminal works, “Synergetics” (1977) and “Advanced Synergetics” (1983), laid the foundational theoretical framework for the field. The core focus of synergetics is to investigate how open systems can form ordered structures or exhibit unique organizational properties through synergistic interactions while exchanging matter and energy with their external environment. Building upon Haken’s framework, subsequent scholars have further refined and expanded the definition of synergistic development. For instance, Mattessich (1992) (Mattessich, 1992) described synergy as “a mutually beneficial and positive relational pattern established by two or more organizations to achieve common goals.”
In the field of economic management, many experts and scholars have also given the definition of synergistic evolution from different perspectives: Fox (1993) (Fox, 1993) believes that synergistic evolution is a way for one party to change the adaptive choices of the other party, which in turn affects the average adaptability of both parties; Malerba (2006) (Malerba et al., 2007) argues that synergistic evolution is the study of changes in interactions and adaptations between two or more subjects that coexist, emphasizing that synergistic evolution must have a continuous interactive causal relationship; Faber and Frenken (2009) (Faber and Frenken, 2009) argue that synergistic evolution also applies to policy making, and that subjects and environments are subject to co-evolutionary thinking.
In the realm of empirical research on synergistic evolution, current scholars focus on analyzing the composition and interconnections of subsystems within the synergistic system. They simulate the evolutionary processes of these systems using the analytical framework of the Haken model, incorporating established theories from physics, chemistry, sociology, and other disciplines (Weiss et al., 1995; Bressloff, 1995; Kelso, 2021) (Weiss et al., 1995; Bressloff, 1995; Kelso, 2021). Quantitative analyses of synergistic development often employ mathematical modeling techniques. A review of the literature reveals that scholars utilize various methodologies, including the chemical reaction approach to particle concentration (McGraw et al., 2024) (McGraw et al., 2024), social network analysis to assess associations among social entities (Gonzalez et al., 2014) (Gonzalez et al., 2014), evolutionary analyses of inter-species competition (Cooper et al., 2021) (Cooper et al., 2021), and synergistic modeling of composite systems. Ecological mathematical methods, particularly the Logistic model, are commonly applied (Sun et al., 2022) (Sun and Shuai, 2022). However, this model is primarily suited for predicting outcomes of biological competition experiments under controlled laboratory conditions, making it challenging to forecast interspecific competitive relationships in natural environments. Consequently, numerous improved models have emerged, such as the Hallam model (Hallam et al., 1983) (Hallam et al., 1983), the Smith model (Jaffe, 2017) (Jaffé, 2017), and the Lotka-Volterra model (Liu et al., 2022) (Liu and Zhao, 2022). The Lotka-Volterra interspecific competition model (LVM), which extends the Logistic model, is widely utilized in ecological studies. Originally designed to describe interactions among biological populations, the L-V model is also well-suited for investigating the synergistic development of the environment and industry. For instance, industrial growth relies on natural resources, while environmental health is affected by industrial activities. This model effectively illustrates both competition and cooperation between environmental resources and industrial development. By adjusting model parameters, researchers can analyze the impact of various industrial activities on the environment and the reciprocal effects of environmental measures on industry. Compared with other models, the L-V model captures the dynamic interactions between the environment and industry, making it particularly suitable for describing the feedback mechanisms within complex ecological and economic systems. Therefore, this paper employs the L-V model to study the synergistic evolution of the environment and industry.
Currently, research on the synergistic development of the environment and industry is limited, with even fewer studies addressing their synergistic evolution. Most existing research focuses on the interactions between these two domains (Cole M. A., 2000; Gokmenoglu Ketc, 2015; Kyriakopoulou E. and Xepapadeas A., 2013) (Cole, 2000; Gokmenoglu et al., 2015; Kyriakopoulou and Xepapadeas, 2013). Regarding the impact of industry on the environment, scholars suggest that optimizing industrial chain structures and refining the division of labor can enhance the sustainability of regional economic development and improve environmental (Sauer et al., 2022; Bergendahl, 2018) (Sauer et al., 2022; Bergendahl et al., 2018). For instance, Cherniwchan J (2012) (Cherniwchan, 2012) demonstrated through a simple two-sector economic environmental model that changes in industrial structure, particularly industrialization, significantly influence sulfur emissions during the study period. Leeuw et al. (2001) (de Leeuw et al., 2001), using European cities as examples, empirically found that industrial agglomeration contributes to air pollution. In contrast, literature on the impact of the environment on industry primarily focuses on environmental regulation. Scholars argue that environmental factors stimulate industrial innovation and drive changes and upgrades in industrial structure (Sakr et al., 2011; Park et al., 2016) (Sakr et al., 2011; Park et al., 2016). For instance, Feng et al. (2022) (Feng et al., 2022) found that carbon trading policies can promote technological innovation, which in turn enhances regional industrial structures.
In summary, the existing literature on the synergistic development of the environment and industry is relatively limited. Few studies have thoroughly elaborated on the mechanisms of synergistic evolution or explored the deeper connotations of synergistic development between these two domains. Most research has primarily focused on the interaction between industry and the environment with few scholars conducting quantitative systematic measurements and analyses grounded in the concept of synergistic evolution. Additionally, existing studies often examine broader contexts, such as all of China or specific regions, while the Yellow River Basin remains underexplored. Given that the Yellow River Basin is a crucial watershed ecosystem and resource base in China, research on its synergistic development holds significant importance for advancing the industrial-environmental synergy in the country.
This article aims to expand the application of the L-V model by constructing a synergistic evolution model that incorporates variable industrial growth rates and environmental capacity coefficients. It empirically tests the dynamic processes of synergistic evolution between the environment and industry, offering a unique perspective on the complex evolution of these two systems. Furthermore, the study summarizes the symbiotic and differential changes observed in environmental and industrial evolution. Through simulation, we predict the future trajectories of industrial and environmental evolution in the Yellow River Basin under different scenarios, thereby providing a synergistic development model to facilitate positive interactions between the environment and industry.
3 STUDY AREA
The Yellow River Basin serves as a critical ecological security barrier in China. It encompasses 12 national key ecological function areas and nearly 100 water-related protected zones. Significant ecological barriers, including the Tibetan Plateau, the Loess Plateau-Chuan-Yunnan ecological barrier, and the Northern Sand Control Belt, are located within or traverse the Yellow River Basin (Wang and Gao, 2018) (Wang and Gao, 2018). As a vital ecological corridor linking the Qinghai-Tibet Plateau, the Loess Plateau, and the North China Plain, the basin plays a crucial role in maintaining ecological security for the North China Plain and the Yellow and Huaihai Plains. Moreover, the Yellow River Basin is China’s primary grain-producing region and serves as an important production base for grains, cotton, oil, and livestock products. It is also a key energy production area and a significant economic zone in the country (Wang et al., 2021) (Wang et al., 2021). In 2019, the total agricultural output value of the nine provinces and regions within the basin exceeded 2.15 trillion yuan, accounting for 33% of the nation’s total agricultural output for that year. The upper reaches are rich in hydropower resources, the middle reaches contain substantial coal deposits, and the lower reaches are endowed with oil and natural gas resources, collectively earning the basin the designation of China’s “energy basin.” Additionally, the Yellow River Basin holds an important strategic position for national unity and stability (Jiang et al., 2021) (Jiang et al.).
4 RESEARCH METHODOLOGY AND DATA SOURCES
4.1 Research methodology
4.1.1 Entropy weight TOPSIS method
The entropy weight method is used to objectively determine the weights of evaluation indices based on the amount of information provided by each index. The smaller the entropy value, the larger the weight assigned. The TOPSIS method approximates the ideal solution by calculating the relative closeness through the positive and negative ideal solutions and their distances, and ranks the options based on the magnitude of the values. Compared to other evaluation methods, the advantage of the entropy weight-TOPSIS method lies in its full consideration of the importance of each attribute, avoiding the influence of subjectivity and uncertainty, thereby improving decision-making accuracy and reliability. Additionally, it can handle attributes with negative values, making it applicable in a broader range of scenarios. Referring to the studies by Korkmaz (2008) (Korkmaz, 2008) and Biswas et al. (2019) (Biswas and Sarkar, 2019), this paper adopts the entropy weight-TOPSIS method for comprehensive evaluation, with the specific steps detailed in Equations 1–11.
1. Standardization of indicator data:
Positive indicators:
[image: image]
Inverse indicators:
[image: image]

2. Solve for the proportion of each indicator in each sample, i.e., the variability of the indicator:
[image: image]

3. Calculate the information entropy of each indicator:
[image: image]

4. Determine the weights of each indicator:
[image: image]

5. Construct the weighted normalization matrix of evaluation indices:
[image: image]

6. Determine the positive ideal solution ( [image: image]) and the negative ideal solution ( [image: image]) using the TOPSIS method as follows:
[image: image]
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denotes the most preferred solution value and the least preferred solution value obtained by the jth indicator at the ith object.
7. Calculate the distance of the evaluation index from the positive and negative ideal solutions:
[image: image]
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8. Calculate the relative closeness:
[image: image]
The relative closeness indicates the difference between the evaluated object and the ideal state, and its value is between 0 and 1.
4.1.2 Lotka-Volterra evolutionary model
The Lotka-Volterra model was first proposed by Lotka, an ecologist, and Volterra, a mathematician (Chiang, 2012) (Chiang, 2012), to model the relationship between populations in the biological world. Later, the Lotka-Volterra model was applied to social and economic systems, following the same logistic pattern. When two populations interact with each other, and taking into account the role of environmental influences, the growth equation for the symbiotic evolution of the two populations is Equation 12:
[image: image]
The population densities of the two populations in year t are [image: image] and [image: image], The natural growth rates of the two populations themselves were [image: image] and [image: image], The maximum environmental capacity that can be allowed for the two populations in the natural resource environment are [image: image] and [image: image], [image: image] representing the interaction coefficient between the populations.
In this paper, we construct the L-V model of environment-industry with the Equation 13:
[image: image]
Where: [image: image], [image: image] and [image: image] denotes the industrial subsystem development index, environmental subsystem development index and environmental capacity index, respectively; [image: image] denotes the industrial subsystem growth rate; [image: image] denotes the environmental subsystem growth rate; [image: image] denotes the competition coefficient of environmental pressure on industry; [image: image] denotes the competition coefficient of industrial pressure on environment the specific computation methods as seen in Equations 14–19.
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From (14) and (15), we get:
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By solving the above L-V model, we can obtain α and β. From α and β, we can find the index: the industry is impacted by environmental forces [image: image] [[image: image] = -α] and the index:the environment is influenced by industrial forces [image: image] [[image: image] = -β] respectively (The division of synergy levels is shown in Table 1) to construct a comprehensive index of the synergy between industry and environment in the Yellow River Basin, i.e., the synergy index S(t) is Equation 20.
[image: image]
TABLE 1 | Synergy level division table.
[image: Table 1]4.2 Indicator system and data sources
4.2.1 Indicator system construction
To calculate the basic indices, such as F(t), E(t), and C in the L-V model, it is essential to construct an index system for measuring the levels of industrial development, environmental, and environmental capacity within the industrial-environment composite system, as outlined in Table 2.
TABLE 2 | Environment and industry composite system index system.
[image: Table 2]The rationale for selecting each element in this index system is as follows. when developing the indicator system for the environmental subsystem, two key dimensions must be considered: environmental pressure and environmental governance. Environmental pressure indicators include total wastewater discharge, which reflects the extent of industrial pollution in water bodies; industrial SO2 emissions, which indicate the levels of major air pollutants and their direct impact on air quality; industrial particulate matter emissions, which significantly affect human health and highlight the severity of air pollution; total industrial solid waste generation, which demonstrates the effects of solid waste on land and the ecological environment; water consumption per unit of GDP, which assesses the efficiency of industrial water usage; and energy consumption per unit of GDP, which reflects energy use efficiency and the sustainability of the economic structure. Environmental governance indicators include the comprehensive utilization rate of industrial solid waste, which measures the effectiveness of resource recovery and indicates the success of environmental management; the concentration rate of urban sewage treatment plants, which evaluates sewage treatment capacity and reflects the operational efficiency of treatment facilities; the harmless treatment rate of municipal solid waste, which ensures proper waste disposal to mitigate environmental burdens; investment in industrial pollution control, which reflects the execution and funding of governance policies; investment in urban environmental infrastructure, which affects the capacity and effectiveness of environmental governance; and investment in ecological construction and protection, which demonstrates the commitment to ecological preservation and aids in assessing long-term environmental management efforts.
The indicator system for the industrial subsystem focuses on three main areas: industrial structure, competition, and agglomeration. Indicators of industrial structure include the industrialization rate, which reflects the proportion of industry within the economy and the level of industrial development; industrial structure advancement, which assesses the transition to high-tech industries; and industrial structure rationalization, which analyzes the distribution of various industries to ensure effective resource allocation and coordinated development. For industrial competition, indicators such as R&D expenditure from large industrial enterprises reflect the emphasis on research and development and its direct impact on technological innovation. Other indicators include technical market transaction volume, which indicates the level of technology transfers and market activity; the number of new product development projects, demonstrating innovation capacity and market adaptability; the number of valid invention patents, representing innovative capabilities and technological barriers; R&D expenditure as a proportion of GDP, indicating national emphasis on innovation; R&D expenditure intensity, which assesses the depth of corporate investment in R&D; and the number of high-tech enterprises, revealing potential for industry competitiveness. Agglomeration indicators include the HHI index, which measures market concentration to gauge competition levels, and the industrial location quotient, which evaluates the rationality of industrial spatial distribution and agglomeration effects.
Environmental capacity is primarily determined by total water resources, which support both life and production and influence sustainable development; afforested area, which offers carbon sequestration benefits and helps mitigate climate change; green coverage in built-up areas, reflecting urban environmental quality and improving microclimates and air quality; and per capita urban park green space, which enhances residents’ quality of life and mental wellbeing. A comprehensive analysis of environmental capacity allows for the assessment of resource sustainability, providing scientific support for industrial development and environment, thereby promoting harmonious economic and environmental development.
4.2.2 Data source and processing
The Yellow River Basin traverses nine provinces and regions: Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi, Henan, and Shandong. This study analyzes provincial data; however, since only Aba and Ganzi prefectures in Sichuan belong to the Yellow River Basin, their overall provincial impact is relatively minor. Therefore, to ensure the representativeness and validity of the research, the focus is primarily on the other eight provinces, which play a more significant role in the basin’s industrial development and ecological governance. This approach allows for a more accurate reflection of the synergies between the environment and industry within the Yellow River Basin.
This paper analyzes data from a 10-year period, specifically from 2011 to 2020. In the environmental subsystem, the indicators include total water resources, area of human-made forests, greening coverage rate of built-up areas, per capita green space in urban parks, completed investments in industrial pollution control, investments in urban environmental infrastructure, and investments in ecological construction and protection. For the industrial subsystem, data on R&D expenditure from large-scale industrial enterprises, technology market turnover, number of new product development projects from these enterprises, effective number of invention patents, R&D expenditure as a proportion of GDP, R&D expenditure intensity, and full-time equivalent R&D personnel are utilized. These data are sourced from the China Statistical Yearbook and local statistical yearbooks. Additionally, total wastewater discharge, industrial SO2 emissions, industrial particulate matter emissions, and total industrial solid waste generation are obtained from the China Environmental Statistical Yearbook. The comprehensive utilization rate of industrial solid waste, centralized treatment rate of urban sewage treatment plants, and harmless treatment rate of municipal solid waste are derived from the China Energy Statistical Yearbook. The number of high-tech enterprises is sourced from the China High-Tech Industry Statistical Yearbook, while the number of national science and technology business incubators is obtained from the Torch Center of the Ministry of Science and Technology of China.
5 RESULTS AND ANALYSIS
5.1 The results of measuring the composite system index of industry and environment in the yellow river basin
Based on the entropy weight-TOPSIS method, the results of measuring environment index E (t), industrial development level index F (t), and environmental capacity C (t) are shown in Table 3.
TABLE 3 | Measurements of the basic indices of industry and environment in the Yellow River Basin from 2011 to 2020.
[image: Table 3]5.2 Results of natural growth rate and interaction of environmental system and industrial system
In this paper, we utilize Matlab and apply the Nelder-Mead Simlex method to solve the natural growth rate r1(t) of the environmental subsystem and r2(t) of the industrial subsystem by repeating the iterative calculations continuously, gradually approaching the optimal point (Table 4), and then bring in r1(t) and r2(t) and solve the interaction forces α and β (Table 5). Finally, we calculate the degree of synergy of each province in 2011–2020 through Equation 20 (Table 6).
TABLE 4 | Growth rate of subsystem development in the Yellow River Basin in the state of synergistic industrial and environmental development 2011–2020.
[image: Table 4]TABLE 5 | Interaction forces between industry and environmental systems in the Yellow River Basin from 2011 to 2020.
[image: Table 5]TABLE 6 | Synergy between industry and environmental systems in the Yellow River Basin from 2011 to 2020.
[image: Table 6]In Qinghai Province, the average natural growth rate of the environmental subsystem is 1.0725, while the industrial subsystem exhibits an average growth rate of 1.1459. In Gansu Province, these rates are 0.7237 for the environment and 1.0551 for industry. Inner Mongolia shows an environmental growth rate of 0.9447 and an industrial growth rate of 0.8793. For Ningxia, the average natural growth rates are 0.7638 for the environment and 1.2049 for industry; in Shaanxi, they are 0.8297 and 1.2049, respectively. In Shanxi, the rates are 0.8801 for the environmental subsystem and 0.8659 for industry; in Henan, they are 0.8654 and 0.9337; and in Shandong, they are 0.8953 for the environment and 0.9846 for industry. The average annual growth rate of the environmental subsystem in the upper reaches of the Yellow River Basin is 0.87555, while the industrial subsystem grows at an average annual rate of 1.071225. In the middle reaches, the environmental subsystem averages 0.8549 while the industrial subsystem grows at 1.0354. In the lower reaches, the growth rates are 0.88035 for the environmental subsystem and 0.95915 for the industrial subsystem.
According to Table 5, the average force of the industry subsystem on the environment subsystem during the study period in the Yellow River Basin was 0.115, and the average force of the environment on the industry subsystem was −0.053.
From Figure 1, we can see that the force of the industrial system on the environmental system shows an increasing and then decreasing trend, and the force of the environmental system on the industrial system shows a decreasing and then increasing trend.
[image: Figure 1]FIGURE 1 | Interaction forces between subsystems, 2011–2020.
5.3 Analysis of measurement results
In terms of the time dimension, the four provinces in the upper reaches of the Yellow River Basin, except for Qinghai Province, show an overall upward trend (Figure 2). Combined with Table 6, it can be seen that the synergy between industry and environment in Qinghai Province has been in a synergistic state during the period of 2011–2020, and the change in the synergy degree is not significant from year to year. The synergy between industry and environment in Gansu Province is in an incremental state, and before 2016, it is in a highly non-synergistic state, and from 2016–2018, there is a great increase in the synergy, and it reaches a high synergy in 2018 and maintains. This is because that Gansu Province has been vigorously developing eco-industries since 2016 and has achieved certain results. Although the overall trend of industry-environment synergy in Inner Mongolia is on the rise, the increase is small, and by 2020, its synergy is at the lowest in the upstream provinces. It shifts from being highly non-synergistic to mildly synergistic, showing the largest increase between 2013 and 2014. The reason may be related to the fisheries ecological reform implemented in Inner Mongolia in 2013.
[image: Figure 2]FIGURE 2 | 2011–2020 Synergy of the upper Yellow River Basin provinces.
From Figure 3, we can see the two provinces located in the middle reaches of the Yellow River. In Shaanxi Province, industry and environment remained non-synergistic until 2020 and showed high non-synergy until 2017. This is mainly due to its role as a major coal and energy producer in China. The province’s industry relies heavily on heavy industries, with an unbalanced industrial structure, low competitiveness, and weak industrial agglomeration effects. Starting from 2015, Shaanxi Province created a characteristic industrial system and built industrial parks, so its synergy started to increase from 2016. Shanxi province was in a non-synergistic state until 2017, and from 2017, its industry and environment were in a synergistic state and reached a high level of synergy. As a typical coal province, Shanxi Province has been making great efforts to reform its industrial structure and has made great efforts to promote photovoltaic and wind power in energy consumption to reduce the consumption of traditional energy sources, and has achieved greater success.
[image: Figure 3]FIGURE 3 | 2011–2020 Synergy in the middle reaches of the Yellow River Basin provinces.
From Figure 4, we can see both provinces in the lower reaches of the Yellow River exhibit a decreasing trend in industry-environment synergy. In Henan Province, synergy decreased from high to high non-synergy between 2011 and 2020, and the largest drop occurred between 2014 and 2015. The main reasons are the weak foundation of primary industry and slow development, weak technological innovation ability of secondary industry, low industrial aggregation, resulting in insufficient development momentum, and low level of development of high-tech industry. The synergy between industry and environment in Shandong Province decreases from mild synergy in 2014 to mild non-synergy in 2020.
[image: Figure 4]FIGURE 4 | 2011–2020 Yellow River Basin downstream provinces synergy.
Combining Table 7; Figure 5 reveals a notable trend in the overall synergy within the Yellow River Basin. In the upper reaches, synergy has increased from −0.635 to 0.870, while the middle reaches have experienced an even more significant increase, from −1.06 to 0.947. Conversely, the lower reaches show a decline in synergy, dropping from 0.362 to −1.062. Since 2014, the environment’s impact on industry in the upper reaches has been positive, and both environmental and industrial forces have exhibited an upward trend. According to Table 1, the industrial development pattern was characterized by weak benefits alongside strong environmental harm, while from 2018 to 2020, a reciprocal symbiosis emerged between industry and the environment. In the middle reaches, the period from 2015 to 2016 was marked by weak favoring of industry and strong harm to the environment, shifting to reciprocal symbiosis from 2017 to 2020. In the lower reaches, a reciprocal symbiosis existed from 2011 to 2014; however, from 2014 to 2017, the industry was weakly benefited while the environment suffered strong harm. Lastly, from 2018 to 2020, the relationship shifted to one of mutual harm.
TABLE 7 | Interaction forces and synergy between upstream, midstream and downstream of industrial and environmental systems in the Yellow River Basin from 2011 to 2020.
[image: Table 7][image: Figure 5]FIGURE 5 | 2011–2020 Synergy between the upper, middle and lower reaches of the Yellow River Basin.
5.4 Simulation of synergistic evolutionary paths between industry and environment
To further investigate the influence of various interactions between industry and the environment in the Yellow River Basin on the evolution of these two systems during the process of synergistic evolution, this paper employs MATLAB software to simulate the interaction coefficients a21 and a12 between the environmental and industrial subsystems. This approach aims to elucidate the patterns of synergistic evolution across eight provinces. The parameters for both systems in 2020 are used as initial values, and a time span of 30 years is considered for the simulation. By adjusting the interaction coefficients a12 and a21, we simulate three distinct modes: the symbiotic mode, the environment-priority development mode, and the industry-priority development mode. The specific models employed are categorized in Table 8.
1. The mutual benefit symbiosis model posits that both systems can derive synergistic energy from one another during their development processes, enabling simultaneous growth of the environment and industry. While this mutual benefit facilitates development, the external environment imposes certain constraints on the system. After thorough consideration, the symbiotic model assigns a12 = 0.3 and a21 = 0.3, as illustrated in Figure 6.
TABLE 8 | Industrial and environmental development patterns in the Yellow River Basin.
[image: Table 8][image: Figure 6]FIGURE 6 | Development of industry and environment in symbiosis mode in the Yellow River Basin provinces, 2020–2050.
Under the reciprocal symbiosis model, Qinghai Province is projected to reach its optimum in 2030, featuring an industrial development index of 0.57 and an environment index of 0.52. Similarly, Gansu Province is expected to achieve its optimum by 2027, having an industrial development index of 0.99 and an environment index of 0.89, indicating that industrial development in both provinces will surpass environment efforts. Inner Mongolia is anticipated to reach its optimum in 2025, achieving an environment index of 0.79 and an industrial development index of 0.73. Ningxia is also expected to reach its optimum around 2025, having an environmental development index nearing one and an industrial development index of approximately 0.95. Shaanxi Province will attain its optimum in 2025, showing an industrial development index of 0.90 and an environmental development index of 1.15. Similarly, Shanxi Province is projected to reach its optimum in 2025, featuring an industrial development index of 0.95 and an environmental development index of 1.20. Both Henan and Shandong Provinces are expected to achieve their optimum by 2025, having an industrial development index of 0.90 and an environmental development index of 1.15. Shandong’s industrial development index is projected to be around 0.62, while its environmental development index is estimated at approximately 0.80.
2. Industry priority development mode focuses on enhancing industrial competitiveness and strengthening industrial clusters. During this process, a modern industrial system is established, and an industrial ecological development pattern takes shape. However, it also places a burden on the environment and leads to high resource consumption. Therefore, the value a12 = 0.5 and a21 = −0.1 is assigned. The specific situation in each province is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Industry and environment in the Yellow River Basin provinces in the industrial priority development model, 2020–2050.
Under the priority development mode of industry, both industry and environment in Qinghai Province show increasing development, and reach the optimal state around 2030, when the industrial development index is 0.6 and the environmental development index is 0.35. Gansu Province reaches the optimal state around 2025, when the industrial development index is 1.1 and the environmental development index is about 0.7. Inner Mongolia will reach the optimal state in 2025 with an industrial development index of 0.8 and an environmental development index of 0.5. Ningxia will reach the optimal state in 2025 with an industrial development index of 0.9 and an environmental development index of 0.3.
Shaanxi Province will reach the optimal state around 2025 with an industrial development index of 0.47 and an environmental development index of 0.05. Shanxi Province will reach the optimal state by 2025 with an industrial development index of 0.75 and an environmental development index of 0.25.
Henan Province will reach the optimal state around 2025 with an industrial development index of 0.7 and an environmental development index of 0.25. Shandong Province will reach the optimal state around 2025 with an industrial development index of 0.75 and an environmental development index of about 0.2.
3. Environmental priority development model focuses on addressing environmental pollution and improving environmental quality during the development process. It prioritizes protecting the environment, enhancing ecological conditions, and reducing resource consumption, even if it means sacrificing some industrial development. Therefore, we take a12 = −0.1, a21 = 0.5. The specific situation in each province is shown in Figure 8.
[image: Figure 8]FIGURE 8 | Development of industry and environment in the Yellow River Basin provinces in the environmental priority model, 2020–2050.
Under the environment-priority development model, Qinghai Province shows a decline in industrial growth alongside an increase in environmental metrics, having an industrial development index of 0.35 and an environmental development index of 0.60. Gansu Province is projected to reach its optimal state around 2025, displaying upward trends in both industrial and environmental indices, with values of 1.1 and approximately 0.70, respectively. In Inner Mongolia, environmental development is rising while industrial growth remains stable, showing no significant fluctuations. It is expected to reach optimal conditions by 2025, having an industrial development index of 0.80 and an environmental development index of 0.50.
In Ningxia, industrial development is increasing while environmental development is decreasing, and the optimal state is anticipated around 2025 with an industrial development index of 0.30 and an environmental development index of about 0.90. Shaanxi Province is expected to see a decline in both industrial development and environment, reaching its optimal state around 2025 with an industrial development index of 0.15 and an environmental development index of 0.45. Shanxi Province will achieve its optimal state before 2025, marked by increasing environmental metrics and declining industrial indices, with values of 0.25 for industrial development and 0.75 for environmental development.
In Henan Province, environmental indicators are declining while industrial metrics remain relatively unchanged with optimal conditions projected for around 2025; the industrial development index is expected to be approximately 0.25, and the environmental development index is 0.70. In Shandong Province, the optimal state is anticipated around 2025 with an environmental development index of 0.75 and an industrial development index of about 0.20.
In the three development models within the Yellow River Basin, each province exhibits distinct trends and characteristics. In the mutually beneficial model, Qinghai and Gansu are expected to have industrial development indices higher than their environment indices, indicating a priority on industrial growth, while Inner Mongolia and Ningxia show relatively strong levels of environment. In the industrial priority model, Qinghai and Gansu demonstrate significant industrial growth, but environment remains insufficient; Inner Mongolia and Ningxia have lower environmental indices, while Shaanxi and Shanxi face more prominent environmental issues. In the environmental priority model, Qinghai’s industrial development is expected to decline with an improvement in environment indices, while Gansu and Inner Mongolia show positive trends in environment. Ningxia, however, faces a reverse change between industry and environment, and although Henan and Shandong see improvements in environment indices, their industrial development remains sluggish. Overall, the expected performances of the provinces under different models reflect their trade-offs and balances in industrial and environmental development, providing important insights for future policy-making.
6 CONCLUSION
This paper draws on synergy theory to elucidate the mechanisms of synergistic evolution resulting from both internal and external interactions, constructing a composite system of environment and industrial development in the Yellow River Basin. Utilizing the entropy weight TOPSIS method, the study evaluates the levels of industrial development, environment, and environmental capacity. By measuring the natural growth rates and interaction forces of industrial and environmental development through the L-V model, the research calculates their synergy and predicts the developmental trends of provinces within the Yellow River Basin over the next 30 years. Empirical findings indicate the following:
1. From 2011 to 2020, synergy in the upper and middle reaches exhibited an upward trend, while synergy in the lower reaches declined. The upper reaches transitioned from mild non-synergy to mild synergy, the midstream progressed from mild non-synergy to high synergy, and the downstream shifted from high synergy to high non-synergy.
2. Throughout the study period, development models in the upper and middle reaches evolved from mutual harm to weak benefits for industry, accompanied by strong harm to the environment, ultimately reaching a mutually beneficial state. Conversely, the downstream model transitioned from mutual benefit to weak benefits for industry and strong harm to the environment, resulting in mutual damage.
3. In the mutually beneficial model, the industrial development indices for Qinghai and Gansu surpass their environment indices, indicating a prioritization of industrial growth, while Inner Mongolia and Ningxia maintain a balanced approach to environment. In the industrial priority model, Qinghai and Gansu display significant industrial growth but insufficient environment, whereas Inner Mongolia and Ningxia exhibit lower environmental indices with Shaanxi and Shanxi facing notable environmental challenges. In the environmental priority model, Qinghai experiences industrial decline alongside environmental improvement, Gansu and Inner Mongolia see enhancements in environment, Ningxia experiences contrasting changes between industry and environment, and both Henan and Shandong show improved environment indices but stagnant industrial development.
The innovations of this paper are as follows: 1. By constructing a co-evolution model with variable population growth rates and environmental carrying capacity, the applicability of the Lotka-Volterra (L-V) model is expanded, providing a unique perspective for revealing the complex evolutionary processes between the two systems. 2. Through simulation modeling, this paper predicts the evolutionary trajectories of industry and environment in the Yellow River Basin under different scenarios, offering a reference model for achieving positive interactions between the environment and industry. 3. This study focuses on the Yellow River Basin, a region of significant strategic importance, providing valuable insights for the green development of the environment and industry in other parts of China. However, this study has its limitations: 1. It does not consider external factors that may influence the relationship between industry and the environment, such as market fluctuations, economic conditions, and governance costs. 2. We observed that some literature studies the impact of agriculture on the environment from the perspective of the water-food-energy nexus, concluding that significant differences exist at different production stages. Water, food, and energy are interrelated and interdependent resources (Tafazzoli and Jamshidi, 2024) (Tafazzoli and Jamshidi, 2024). Agricultural production requires water and energy, and the supply of water often depends on the use of energy. By studying the relationships among these elements, we can better understand their effects on the environment and industry. Therefore, future research could consider incorporating the concept of the water-food-energy nexus into the L-V model to study the environmental impacts of production processes in different industries, which would aid in developing more effective policies.
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synergistic synergistic synergistic synergistic synergistic
Inner -1174 Highly non- | ~1.390 Highly non- | ~1.355 Highly non- | 0,545 Mildly non- | ~0317 Mildly non-
Mongolia synergistic synergistic synergistic synergistic synergistic
Ningsia | -1369 Highly non- | ~1.389 Highly non- | ~1.350 Highly non- | 1020 Highly non- | ~1.129 Highly non-
synergistic synergistic synergistic synergistic synergistic
Shaanxi | ~1.381 Highly non- | ~1.073 Highly non- | ~1.399 Highly non- | ~1.384 Highly non- | ~1387 Highly non-
synergistic synergistic synergistic synergistic synergistic
Shanxi ~1480 Highly non- | ~1.401 Highly non- | ~1.379 Highly non- | ~1.359 Highly non- | ~1.147 Highly non-
synergistic synergistic synergistic synergistic synergistic
Henan 1414 Highly 1219 Mild synergy | 0767 Mildly non- | 0200 Highly non- | ~1.108 Highly non-
synergistic synergistic synergistic synergistic
Shandong | 0794 Mild synergy | 0.422 Mild synergy | 0.352 Mildly non- | 0414 Mildly non- | 0395 Mildly non-
synergistic synergistic synergistic
16 2017 2018 2019 2020
Synergy Synergy  Synergy Synergy Synergy Synergy  Synergy Synergy  Synergy Synergy
Level Level Level Level Level
Qinghai | 1018 Highly 1301 Highly 0.766 Mild synergy | 1414 Highly 1.406 Highly
synergistic synergistic synergistic synergistic
Gansu 0617 Mildly non- | 0.948 Mild synergy | 1410 Highly 1316 Highly 1403 Highly
synergistic synergistic synergistic synergistic
Inner -0292 Mildly non- | ~0.401 Mildly non- | ~0.164 Mildly non- | ~0.156 Mildly non- | 0.064 Mild synergy
Mongolia synergistic synergistic synergistic synergistic
Ningsia | -0.806 Mildly non- | ~0.412 Mildly non- | 0979 Mild synergy | 0998 Mild synergy | 0.606 Mild synergy
synergistic synergistic
Shaanxi | ~1.329 Highly non- | ~1.002 Highly non- | ~0.400 Mildly non- | 0222 Mildly non- | 0.912 Mild synergy
synergistic synergistic synergistic synergistic
Shanxi ~0364 Mildly non- | 1.245 Highly 1324 Highly 1712 Highly 1778 Highly
synergistic synergistic synergistic synergistic synergistic
Henan -1055 Highly non- | ~1.196 Highly non- | ~1.391 Highly non- | -1414 Highly non- | ~1412 Highly non-
synergistic synergistic synergistic synergistic synergistic
Shandong | ~0.752 Mildly non- | ~0.822 Mildly non- | ~0.458 Mildly non- | 1058 Highly non- | ~0.899 Mildly non-
synergistic synergistic synergistic synergistic synergistic
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Qinghai 0.833 2218 1483 232 1301 0.442 0415 0041 0489 -1.484

Gansu -1204 -0448 -0618 -0411 -0.594 -0.119 -0349 -0.203 -0.187 -0293

Inner Mongolia -0992 ~0.195 0151 0.103 0573 031 0.052 -0.127 0.141 -0225
Ningxia -0245 -0416 0269 -0.485 044 -0261 -0018 -0.868 -0224 -1.597

7 Shaanxi -0.066 0013 -0.187 -0.014 ~0.11 -0.148 0.371 0243 0473 0317
Shanxi -0.074 0.083 -0597 -0.453 0.126 02 0.224 0.124 -0.087 -0.536

7 Henan 0.127 0.127 -0.026 ~0.099 0.049 -0227 0.284 0.003 -0.101 -0.878
Shandong 0.486 -0.093 0325 -0.619 0537 0.385 0.448 0431 046 0.328

Qinghai 1.069 0.02 0585 0236 1145 ~0248 1327 1362 0469 0.587

Gansu 0.06 -0.172 0205 -0.01 0401 0.466 0.376 0.164 0427 0333

Inner Mongolia 0.001 -0.141 ~0.061 ~0.08 ~0.027 ~0.146 -0.182 0.145 ~0.098 0.107

l Ningxia 0.066 ~0.366 -0277 -0.309 -0.013 0.628 -0.001 0241 -0177 0.063
Shaanxi -0.126 -027 0245 0.187 ~0.633 ~0.647 -0472 -036 -0.007 0.078

Shanxi 0.246 -0424 0175 0053 0274 0.124 -0.036 0.137 -0.124 0.026

Henan ~0.045 ~0.806 0244 ~0.184 ~0.361 -0249 ~0.306 ~0.289 0.154 0.137
Shandong 0.083 -0362 0077 -0.459 0.152 -0309 -0.036 -059 0023 -0241
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Total wastewater discharge 10,000t
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1 p>0 1<s(K) <1414 | The two are mutually beneficial and symbiotic

2 p>0 0<s) <1 | Industry suffers from weaknesses and the environment suffers
from strong benefits

3 p<o 0<s) <1 | Industry suffers from strong profit and environment suffers from
weak damage

4 p>0 ~1<s(k) <0 | Industry suffers from strong damage and environment suffers
from weak profit

5 p<o ~1<s(k) <0 | Industry suffers from weak profit environment suffers from strong
harm

6 p<o -1414 < s(k)<-1 | Both damage each other
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