
1

Vol.:(0123456789)

Scientific Reports |        (2023) 13:19089  | https://doi.org/10.1038/s41598-023-46618-7

www.nature.com/scientificreports

Evaluation of industrial ecology 
in the π‑shaped curve area 
of China’s Yellow River based 
on the grey Lotka–Volterra model
Yifang Sun 

Industrial ecology (IE) is the process of constructing industrial‑ecological systems (IES) with the 
realization of the mutual benefits for industrial system (IS) and ecological system (ES). Therefore, 
the IE level depends on the IES development and the relationship between IS and ES. This paper 
calculated the development index of ES and IS to account for IES development and adopted the grey 
Lotka–Volterra to analyze the relationship between IS and ES. Choosing the π‑shaped curve area in 
the Yellow River basin of China as the study area, this paper analyzed its IE level and influence factors 
from 2005 to 2019. Findings include: (1) The development level of IES in the Area presented significant 
spatial differentiation and could be classified into three levels. (2) IS and ES remained in the stage of 
isolated development or mutual restriction. (3) IE was found to be positively correlated with scientific 
innovation, economic development, openness degree, pollution control, and industrial structure while 
negatively correlated with urbanization, resource consumption, and government influence.

Abbreviations
ES  Ecological system
IS  Industrial system
IES  Industrial-ecological system
IE  Industrial ecology
ESI  Ecological system development index
ISI  Industrial system development index
LV  Lotka–Volterra
GLV  Grey Lotka–Volterra

While the industrial revolution has created unprecedented material wealth in human history, it has also posed 
severe challenges to the relationship between humans and nature due to its external  diseconomies1,2. In this con-
text, re-examining and adjusting the relationship between the ecological system (ES) and the economic system 
has become an urgent issue to be solved. The industrial system (IS) is the core of the economic system and the 
link between the ES and the economic system. It profoundly affects the utilization of resources and the output 
of economic activities and determines their impact on the  environment3. How to ensure the rapid development 
of the industrial economy under the sustainable support of environmental carrying capacity has attracted global 
attention. Since the International Conference on Industrial Ecology (IE) was held in Sweden in 2005, the idea 
of IE has been highly valued by many governments and international organizations.

IE was first proposed in 1989 by Frosch and Gallopoulos, arguing that the traditional IS should be trans-
formed into industrial-ecological complex systems through technological innovation, and this transformation 
process is called  IE4. Existing research on IE can be distinguished into micro-scale and macro-scale in terms 
of research subjects. Specifically, micro-scale studies emphasize the economic and ecological enhancement of 
industrial activities through structural and organizational transformations within the  IS5–9. With the realization 
that IES could not exist in isolation from the constraints and influences of the socio-economic environment, the 
connotation of IE gradually extends to the macro-scale, emphasizing the design of IS that develops in symbiosis 
with the ecological system (ES) and ultimately realizing the sustainable region  development10–12. Despite the 
difference in understanding perspectives, both micro and macro studies agree that the core idea of IE is to rec-
ognize the ecological environment and industrial development as an organic whole. IE evaluations can generally 
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be divided into three types. The first one is to use characteristic indices such as life cycle  assessment13, material 
flow  analysis14, eco-efficiency  evaluation15, environmental  accounting16, and emergy  theory17 to characterize the 
IE level. The second one is to evaluate the IE level by constructing a comprehensive index  system18,19. The third 
type is by constructing relationship models between industrial development and the ecological environment to 
characterize the IE  level3,20,21.

The IS is formed by the coexistence and compatible coupling of several industries of the same  attributes22. 
Driven by external inducements and internal motivations, the IS experiences evolution from low level to high 
level, from immature to mature, and from simple to  complex23. IS is the application of system science in the field 
of economics and is also the object of IE. Based on existing  research24–27, this paper defined IE as the process 
of constructing industrial-ecological systems (IES) with the realization of the mutual benefits for IS and ES. 
Therefore, the IE level depends on the development level of the IES and the relationship between IS and ES.

Most of the existing studies on inter-system relationships used coordination degree models, which could 
be divided into static coordination models and dynamic coordination  models28. The static coordination model 
includes the coupling coordination  model29, membership  functions30, deviation coefficient minimization  model31, 
distance coordination  model32, and data envelopment  model33. The static coordination model assumes that the 
smaller the difference between the development level of the system and the ideal level, the more coordinated the 
system is. The shortcomings are that the ideal level is difficult to determine and ignores the interaction between 
the systems. The dynamic coordination model includes the elastic coefficient  method34 and the system evolution 
 method35. It assumes that the closer the evolution speed is between systems, the more coordinated the system is, 
overlooking the development level of the system itself.

The Lotka–Volterra (LV) model, initially proposed by  Lotka36 and  Volterra37, is often used to characterize 
the relationships between biological populations. For example, Lauro et al.38 used the LV model to describe how 
cooperation within a microbial system is impacted by periodic fluctuations in environmental parameters on key 
populations of microorganisms. Szolnoki et al.39 reviewed zero-dimensional rock-paper-scissors models and the 
application of the LV model to study the symbiosis and competition in a structured population. The LV model 
is also applicable in other research fields. For example, Zhang et al.40 discussed the effects of the smart growth 
plan on population, and economy-environment-society based on LV equations, and Xia et al.41 constructed a 
symbiosis evolution model of science communication ecosystem between scientists and social media platforms 
with the help of LV model. The nonlinear least-square method used to estimate the model’s coefficients is based 
on the model’s initial values and could lead to errors  easily42. To solve this problem, Wu et al.43 proposed a grey 
LV (GLV) model with accuracy  verified44–46.

The Goal and Means Tree was used to construct the logic for measuring IE (Fig. 1). According to the defini-
tion given in this paper, the IE level depends on the development level of IES and the relationship between IS 
and ES. This paper used the ES and IS evaluation framework proposed by Sun and  Wang1,47 to account for the 
IES development and adopted the grey Lotka–Volterra to analyze the relationship between IS and ES. To analyze 
the influencing mechanisms of IE, this paper used the Oprobit model to identify IE influencing factors.

Methods and data
Study area and data sources
As one of the most significant growth poles in west China, the π-shaped Curve Area in the Yellow River basin 
is characterized by a single industrial structure and a fragile ecological environment. It is of theoretical and 
practical significance to select this area as the study area of  IE48. The π-shaped Curve Area included part of the 
upper reaches and the whole middle reaches of the Yellow River Basin, forming a “π-shaped” Curve  Area49. 
Based on the naturally formed basin, this paper defined the π-shaped Curve Area based on the naturally formed 
watershed and the existing studies considering urban planning and administrative division integrity. The region 

Figure 1.  The Goal and Means Tree for measuring IE level.
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includes 17 cities in Ningxia, Shaanxi, Inner Mongolia, and Shanxi provinces, including Shizuishan, Wuzhong, 
Yinchuan, Zhongwei, Hohhot, Baotou, Bayannur, Yan’an, Yulin, Ordos, Wuhai, Datong, Linfen, Taiyuan, Xin-
zhou, Shuozhou, and  Lvliang47 (Fig. 2).

This paper studied the IE level in the Curve Area from 2005 to 2015. Data were obtained from the China 
Urban Statistical  Yearbook50, China Urban Construction Statistical  Yearbook51, China Forestry and Grassland 
Statistical  Yearbook52, Shaanxi Statistical  Yearbook53, Shanxi Statistical  Yearbook54, Ningxia Statistical  Yearbook55, 
Inner Mongolia Statistical  Yearbook56, and the statistical yearbooks of 17  cities57.

Theory foundation
The interaction between IS and ES is a kind of functional coupling, a coupling of economic, ecological, and social 
benefits. This paper lists 4 typical interaction patterns here. (Fig. 3).

Figure 2.  The location of the π-shaped Curve Area in the Yellow River basin.

Figure 3.  The relationship between ES and IS.
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Type I: The development of the industrial economy can promote the improvement of the ecological envi-
ronment, and the improvement of the ecological environment can promote the development of the industrial 
economy. When the intensity of industrial activities does not exceed the carrying capacity of the ecological 
environment, the IS development provides technology and funds for environmental protection that promotes 
ES development. At the same time, improving the ecological environment also provides the basis for further IS 
development.

Type II: The IS development accumulates material wealth while increasing people’s ecological needs, thus 
promoting ES development. In the social context of advocating green production and environmental protection, 
high production and emission standards could lead to low profits for some traditional industries. Some enter-
prises that do not meet production standards even go bankrupt and close down, thus inhibiting the development 
of the regional industrial economy.

Type III: When the intensity of industrial activities exceeds the carrying threshold of the ecological environ-
ment, it will put pressure on the ES. If this situation continues, it may cause irreversible effects on the ecological 
environment, weakening the supply capacity for natural capital and limiting IS development. The IS and the ES 
compete with each other, forming a vicious circle.

Type IV: The ES is under pressure from industrial development, but through the transformation of traditional 
industries and the development of low-carbon industries, the industrial development efficiency is improved, 
which promotes the development of IS.

From the perspective of the causal relationship between ES and IS, environmental problems all originate 
from the anti-ecological process of industrial activities. Therefore, IE is to internalize ecological benefits in the 
process of industrial development so as to achieve a symbiosis between IS and ES. It is worth noting that eco-
logical pressure is the inner thrust of the IS to change from the pursuit of quantitative growth to the pursuit of 
quality improvement. Meanwhile, the intensive development approach of the IS can optimize resource allocation, 
alleviate ecological pressure, and ultimately promote ecological improvement. Therefore, Type IV and Type II 
may be the transitional stage during the development from Type III to Type I. The competitive and cooperative 
relationship between the IS and ES is the inherent requirement for realizing regional IE.

The interaction between IS and ES is in line with the design of symbiosis theory. The concept of symbiosis 
was first proposed by German biologists Paracer and  Ahmadjian58, which mainly describes the co-existence 
and synergistic development of different biological species. Symbiosis theory originated from ecology but has 
expanded beyond ecology and gradually into the social sciences and  philosophy59,60. It is more of a methodol-
ogy and epistemology and has become a sub-discipline61. Studies of symbiosis theory in industrial economics 
have mostly focused on the design of eco-industrial  parks62–64, lacking regional-scale evaluations. According to 
 Odum65’s classification of interspecific interactions, type I corresponds to mutually beneficial symbiotic relation-
ships between species. Ty II and Type IV correspond to partially beneficial symbiotic relationships, and Type III 
corresponds to mutually competitive relationships between two species. That is to say, the ES and the IS could 
form symbiotic patterns through positive–negative feedbacks and cause-effects as symbiotic units in the symbi-
otic system. The application of symbiosis theory in IE research can systematically and comprehensively clarify 
the nature and process of the interaction between IS optimization and ES enhancement, which is appropriate 
and reasonable.

Evaluation model
This paper referred to the study of Sun and  Wang1,47 to calculate the IES development level and adopted the grey 
Lotka–Volterra to analyze the relationship between IS and ES, see below:

where I and E denote the industrial system index (ISI) and ecosystem index (ESI), respectively. r1 denotes the 
growth rate of the system i. Ki represents the highest development level of system i, and θ1 and θ2 indicate the 
impact coefficients of ES on IS and IS on ES, respectively; if θi is greater than zero, the impact is the promoting 
effect; otherwise, the inhibiting effect. The function f (θ1, θ2) was constructed to represent the symbiotic coor-
dination between systems. This paper defined the symbiotic coordination degree (C) as follows: 
C = f (θ1, θ2) = θ1+θ2√
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the two systems have some complementarity and could develop into a symbiotic relationship. If 
θ1 + θ2 ≤ 0, C ∈ [−1, 0] , one system’s impact on another system is too strong, and could transform into a com-
petitive relationship. The larger the C, the more mutually beneficial and symbiotic between the systems, while 
the smaller the C, the more mutually detrimental and competitive between the systems. Equation (1) can be 
expressed as follows:

The data could be discretized using the mapping relation between the grey derivative and the even logarithm 
in grey  theory43. dI/dt, dE/dt constitutes a mapping relationship to even logarithms 
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The parameters can be obtained as follows: r1 = a0, r2 = b0,K1 = − a0
a1
,K2 = − b0

b1
, θ1 = − a2

a1
, θ2 = − b2

b1
.

The influence mechanism of IE
With the help of Stata software, this paper used the Oprobit model to conduct an empirical analysis of the impact 
factors of IE. This paper selected the following indicators to study the influence mechanism of IE based on the 
existing  research2,33,49. Specifically, the urbanization rate (URB) and GDP per capita (GDP) were chosen to 
characterize the level of economic development, the interaction of the number of patents granted for inventions 
(PAT) and R&D expenditure (R&D) was used to represent the level of scientific and technological innovation, 
and the total energy consumption (RES) and population density (DEN) were selected to indicate ecological pres-
sure. The total amount of import and export, the ratio of the share of tertiary industry to the share of secondary 
industry, and pollution control investment were used to represent the openness degree (POR), industrial structure 
(STR), and end-of-pipe control intensity (POL), respectively. The proportion of local fiscal expenditure to GDP 
(GOV) was used to represent the government’s regulatory effort. The higher the degree of marketization, the 
more private capital enters the industrial market, and enterprises are more motivated to promote innovation, 
which is conducive to IE. This paper chose the proportion of the number of employees in state-owned economic 
units to the number of employees in the region to represent the marketization level (MRS). Since the possible 
kidnapping behavior of state-owned units to local governments could hinder the effect of environmental regu-
lation to some extent, the interaction of MRS and GOV was chosen to characterize the government’s influence 
under  marketization66. Some variables are logarithmically calculated to reduce the absolute difference between 
the data. The model could be expressed as follows:

Ethical approval
There is no data collected from human subjects.

Results
The IES development level
Based on the evaluation index system proposed in the existing research, the IS development index (ISI) and ES 
development index (ESI) of the 17 cities in the Area from 2005 to 2019 were calculated. The development of IS 
and ES was unbalanced, with a relatively stable spatial distribution and slight inter-annual variation. High ISI 
was mainly distributed in the middle reaches of Inner Mongolia. Constrained by poor location conditions and 
a backward development stage, the ISI level was weak in the upper and lower reaches of the river. Cities with 
high ESI include Yan’an, Taiyuan, Xinzhou, and Datong, while cities with low ESI include Baotou, Hohhot, and 
Linfen (Fig. 4).

The extensive mining and processing mode of energy and mineral resources in the Area has aggravated the 
ecological fragility by changing the geological structure and destroying the surface vegetation. Especially in 
Yulin, Ordos, Lvliang, Shuozhou, Xinzhou, and Linfen, where the energy sector accounts for more than 70% 
of the total industrial  output67. The high value of the ISI index was concentrated in the Hubaoeyu city cluster, 
which may be attributed to China’s National Main Function Zone Plan released in 2011, which listed the cluster 
as a national critical development zone, promoting the upgrading of advantageous industries and the develop-
ment of regional integration. The high values of ESI were mainly concentrated in Yanan, Taiyuan, Xinzhou, and 
Datong. Among them, Yanan has achieved remarkable achievements in ecological construction since the policy 
of returning farmland to the forest was carried out in 1999, and Taiyuan, as a capital city, has rich resources, 
superior development conditions, and relatively stable ecological development. Xinzhou and Datong, as mature 
resource-based cities, are the core areas to safeguard energy and resource security in China at the present stage. 
Overall, the development of ES and IS was not synchronized, and the different synchronization levels could 
signify different IE levels.

The Jenks Method is a data classification technique used to classify data based on the natural groupings 
inherent in the data distribution. ISI and ESI could be divided into three grades using the Jenks method with 
the help of ArcGIS 10.2 software. This paper defined the development level of IES based on the grades of the ISI 
and ESI (Table 1). It can be seen that the IES development in most cities of the Curve remained medium-level.

The relationship between IS and ES
This paper evaluated the IE-ES symbiotic patterns of the 17 cities in the Curve Area from 2005 to 2019 accord-
ing to Formula (3). The development of IS and ES in Bayannur, Baotou, Wuhai, Yinchuan, Shuozhou, Taiyuan, 
and Yan’an promoted each other and were mutually beneficial. The symbiotic relationship in Ordos, Zhongwei, 
Lvliang, and Xinzhou was the IS beneficial model: if the development focus of these cities was on IS, their eco-
logical environment would be slightly impacted; however, if they focused on ES quality improvement, their IS 
would also be driven to high-quality transformation. Therefore, the development of such cities should focus on 
the high-quality transformation of the ecological environment, and drive industrial transformation through 
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symbiotic effects while improving ecological quality. The symbiotic mode of Shizuishan, Datong, and Linfen 
was the ES beneficial model: the IS development in these cities was conducive to optimizing the ecological 
environment while focusing on ES improvement would inhibit IS development. Therefore, the development of 
these cities should focus on the high-quality transformation of the industrial economy, and promote economic 
growth while driving the construction of ecological civilization through symbiosis.

There were still many cities in the Curve Area that had not escaped the mutual competition of IS and ES, and 
the symbiotic pattern of Hohhot, Wuzhong, and Yulin was of this type. In this case, increasing the intensity of 
natural capital utilization would only unilaterally promote IS development and would not form a driving effect on 
ES quality improvement; increasing investment in ecological environment construction would only unilaterally 
help ES quality improvement and would not form a positive feedback effect on the industrial economy. In other 
words, the development of either the industrial economy or the ecological environment alone would result in 
the slow development of another symbiotic unit. The ES quality is an important basis for realizing the shift of the 
symbiotic pattern from mutual competition to partially and mutually beneficial symbiosis, therefore, Hohhot, 
Wuzhong, and Yulin should adhere to the guideline of giving priority to ecology and make further development 
plans after getting rid of the mutual competition model.

On the whole, the IS development and ES promotion in the Curve Area remained in the stage of isolated 
development or mutual restriction during the study period. The situation of industrial development at the 
expense of the ecological environment was common, and the ecological environment failed to effectively support 
the industrial development of the Area.

Figure 4.  The spatiotemporal evolution of ISI and ESI in 2005 and 2019.

Table 1.  Classification of the IES.

Development Level Classification criteria (level 1 is the highest) City

High-level Both the ISI and the ESI are at level 1 Taiyuan

Medium-level Neither the ISI nor the ESI is at level 3 at most one of them is at level 1 Yanan, Xinzhou, Bayannur, Baotou, Ordos, Wuhai, Yinchuan, Lvliang, Linfen, 
Shuozhou, Datong

Low-level At least one of the ISI and the ESI is at level 3 Zhongwei, Wuzhong, Yulin, Shizuishan, Hohhot
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IE level and IE influencing factors
The IE level could be classified based on IES development and IS-ES relation. As shown in Fig. 5, the IE level 
declined from top to bottom and from right to left. The majority of cities in the Area were in the middle levels.

IE level could be ranked. In this paper, values 1–5 were assigned to cities of low-level mutually inhibited com-
petition type, low-level unilaterally inhibited/benefited type, medium-level unilaterally inhibited/ benefited type, 
medium-level mutually beneficial symbiosis type, and high-level mutually beneficial symbiosis type, respectively, 
which characterize the ranking of IE from low to high. The regression results and marginal effects of the impact 
factors were examined using the Oprobit model with the help of Stata (Table 2).

IE was positively correlated with scientific and technological innovation, economic development level, open-
ness degree, pollution control intensity, and industrial structure. For each unit increase in these indicators, there 
was a higher probability that IE would move up to a higher level. Urbanization degree, resource consumption, 
government influence, and IE were negatively correlated. For every unit that the indicators increased, there was 
a higher probability that IE would fall into a lower tier.

Discussion
The Area is not only of great significance to safeguarding China’s ecological security but also one of the critical 
areas for China to achieve the goal of being carbon neutral. However, the conflict between the region’s environ-
mental protection and economic development is prominent. As a medium connecting economic development 
and the ecological environment, industrial activities are essential tools for implementing the strategy of ecological 
protection and high-quality development in the Curve Area. IE, as a powerful development engine under the new 
normal, can inject new energy into the high-quality development of the Curve Area. The premise of releasing 
the positive effect of IE is to identify the regional IE level.

Existing studies on IE emphasize the transformation of traditional industrial systems according to the princi-
ple of "learning from nature", solving the contradiction between development and protection through the closed-
loop cycle of material and energy, so as to achieve the coordinated development of industry and ecology. There-
fore, the corresponding research scales are mostly confined to a single small scale in space and time, focusing 

Figure 5.  IE level of 17 cities in the Curve Area.

Table 2.  The regression results and marginal effects of the impact factors. *Correlation is significant at 10% 
level. **Correlation is significant at 5% level. ***Correlation is significant at 1% level.

Marginal effect

X Coef. Std. Err Z 1 2 3 4 5

PAT*R&D 0.003* 0.002 1.78  − 0.0002  − 0.0001  − 0.0001 0.0003 0.0001

URB  − 0.180** 0.082  − 2.21 0.0132 0.0067 0.0037  − 0.0177  − 0.0059

ln_GDP 4.305** 1.855 2.32  − 0.3163  − 0.1604  − 0.0880 0.4231 0.1416

DEN  − 0.011 0.009  − 1.20 0.0008 0.0004 0.0002  − 0.0011  − 0.0004

ln_RES  − 5.900** 2.718  − 2.17 0.4336 0.2199 0.1207  − 0.5799  − 0.1941

ln_POR 0.749* 0.433 1.73  − 0.0549  − 0.0279  − 0.0153 0.0735 0.0246

Mar*GOV  − 3.069* 1.728  − 1.78 0.2256 0.1144 0.0628  − 0.3017  − 0.1010

ln_POL 4.358** 1.902 2.29  − 0.3203  − 0.1624  − 0.0891 0.4284 0.1434

STR 6.219** 2.593 2.40  − 0.4568  − 0.2316  − 0.1271 0.6110 0.2045
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on the design and construction of eco-industrial parks and the production process of enterprises, ignoring the 
combination and regional expression of different industrial development patterns. Besides, the transformation 
of IS by imitating the material and energy flow of the natural ecosystem is to rely on technology to solve the 
contradiction between development and protection, ignoring the relationship between the industrial organiza-
tion, industrial layout, industrial structure, and ecological environment and splits the organic link between micro 
and macro. The few IE studies conducted from a macro perspective mainly focused on the impact of ecological 
constraints on industrial development and treated the IS as a black box. Resolving the contradictions is not 
about supporting one party by restricting the development of another party but rather regarding environmental 
protection and industrial development as a system and pursuing the harmonious coexistence of the two. Due to 
these limitations, this paper evaluated the IE level according to its definition from a system science perspective: 
IE is the process of constructing IES with the realization of the mutual benefits for IS and ES, and the IE level 
could be obtained in a judgment matrix based on the performance of IES and its subsystems. Examining the 
IE level through the integration of IES quality and IS-ES relation has three significant advantages: First, the IES 
quality and the symbiotic types reflect different dimensions of the IES level, which facilitates managers and the 
public to understand and apply the evaluation results thoroughly. Second, the classification of IES quality and 
symbiotic mode levels can reflect the changes in IE level, which helps to overcome the lag of analysis and achieve 
the purpose of early warning and guidance. Third, the ES quality determines the upper limit of the IE, and the 
IS quality determines the lower limit of the IE. Determining the IE level based on the IES quality and IS-ES 
relations allows scientific measurement and detection of ecological thresholds and development constraints.

Regarding the influencing factors of IE, this study reveals both consistencies and inconsistencies in compari-
son to previous research. Substantial fiscal revenue serves as the foundational support for the development of 
IS and ES. The upgrading of industrial structure is conducive to production capacity improvement and ecologi-
cal optimization, both of which contribute to the evolution of IES. Importantly, industrial upgrading does not 
necessitate abandoning traditional industries or achieving zero pollution. Instead, it emphasizes the synergistic 
combination of economic development and ecological preservation. Furthermore, this study highlighted the role 
of end-of-pipe treatment in promoting IE, which could directly improve environmental quality through pollu-
tion control investments and attract social capital for green industries. The study identified a positive correlation 
between the openness degree and regional IE. The Curve Area has actively engaged in industrial transfers and 
fostered the modern manufacturing and big data industries, making it an attractive investment destination. This 
trend was catalyzed by initiatives like the "One Belt, One Road" and "Western Development."  Si68 contends that 
West China derives advantages from technology spillover via industrial transfers, which facilitate enhancements 
in industrial structure and help alleviate the significant risks linked to escalating innovation expenses. As a result, 
Si posits that in this particular setting, technological innovation may have a detrimental effect on industrial 
development. Technological innovation and technology diffusion can both improve the output and allocation 
efficiency of production factors and improve the energy-saving levels of enterprises. The majority of enterprises 
in the Curve Area lagged behind in terms of production technology, production equipment, and high-end 
product development. Besides, most of the regions receiving industrial transfers typically serve as refugees from 
pollution, inheriting predominantly highly polluting heavy industries. Moreover, the demographic dividend that 
has driven China’s rapid economic growth over the past 30 years is about to  disappear69. That is to say, relying 
solely on technology spillover is insufficient to realize regional IE instead, technological innovation emerges as 
the central driver of IE. This clarifies the observed positive correlation between technological innovation and IE. 
Additionally, FDI often associated with technology transfer and spillover, was also found to promote IE. Notably, 
the impact of openness degree on IE appears to diminish, while the significance of technological innovation 
steadily rises. In the post-pandemic era, IS development should prioritize internal circulation, complemented 
by external circulation, with a proactive focus on enhancing regional technological innovation.

Existing studies generally agree that urbanization has a facilitating effect on the maturation of the IE 
 systems20,70. However, urbanization can also bring ecological pressure and resource consumption. An and  Li71 
believe that urbanization in resource-based cities inhibits innovation activities and thus, to a certain extent, 
IE development. This may explain the negative correlation between urbanization and IE found in this paper. 
Although the contradiction between supply and demand in the labor market, the disappearance of the demo-
graphic dividend, and the transfer of employment in the context of urban–rural integration have led to a weaken-
ing of the influence of population density and urbanization level on the IE level, urban expansion at the expense 
of ecological and environmental quality is still undesirable. Energy consumption is typically seen as having a 
negative relationship with Industrial Ecology (IE), aligning with our research findings. In areas where resource-
based cities are concentrated, the energy and chemical industries stand as the primary sources of carbon emis-
sions and will continue to be essential for economic development in the short term. However, within the context 
of achieving carbon neutrality, the Curve Area must promptly reconfigure its industrial structure and enhance 
energy utilization efficiency. Government influence is typically viewed as a positive force for advancing  IE19, 
which contradicts the findings of this study. Intense competition among administrative officials for promotions 
and the prevalence of a GDP-oriented performance appraisal system form the foundation of local government 
decision-making. Under these institutional arrangements, local governments are highly motivated to prioritize 
political achievements and economic growth. To maintain economic development and secure upward mobil-
ity, local government officials often hesitate to proactively engage in industrial transformation and allocate 
additional funds for enhancing regional public goods and services. Besides, in regions with inadequate levels 
of marketization, the presence of state-owned capital can potentially hinder government initiatives. Notably, 
the marketization level in the four provinces of the Curve Areas falls significantly below the national average 
 level72. However, this does not diminish the significance of government in the IE process. In fact, more effective 
government regulation can reduce obstacles to factor mobility and stimulate greater investment in environmental 
management. Additionally, the government can foster IE by offering financial incentives to enterprises adopting 
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advanced technologies or achieving lower emissions, while imposing penalties on those with higher emissions to 
encourage the adoption of cleaner production methods. Consequently, the transformation of the fiscal function 
and a comprehensive commitment to government regulation are more critical than merely adjusting the scale 
and structure of fiscal expenditure.

This paper introduces a novel research perspective to industrial ecology, yet there are several limitations 
to be acknowledged. Firstly, as a complex composite system, the study of IE needs a large number of data to 
corroborate with the actual situation. However, whether it is an IS or an ES, the construction of its evaluation 
framework can only choose representative indicators. Affected by the availability of data, the appropriate indica-
tors may not be the optimal ones, which may affect the comprehensiveness of the evaluation framework. In the 
future, with the continuous improvement of statistical data, the development of a single industrial system can 
be measured, and more targeted development strategies can be proposed accordingly. Secondly, the evaluation 
models used in this paper, such as the LV model, are based on the simulation and simplification of the real situ-
ation. Some mathematical estimation methods applied in the model can bias the results, therefore, the improve-
ment of these models and calculation methods in the direction of mathematical economics could be promoted. 
Thirdly, the development suggestions proposed in this paper at the macro level may yield different situations 
in practical applications due to regional differences and the complex interplay of development factors, plus this 
paper focused only on the Curve Area without comparisons with other countries or regions. Therefore, further 
reflection is needed regarding the strategies and recommendations derived from the research findings. In the 
future, research can examine IE development cases at both macro and micro levels and compare development 
paths with other countries and regions, so as to further enhance the objectivity and practicality of IE strategies.

Conclusions
This paper defined IE as the process of constructing industrial-ecological systems (IES) with the realization 
of the mutual benefits for IS and ES. Therefore, the IE level depends on the development level of the IES and 
the relationship between IS and ES. Choosing the π-shaped curve area as the study area, this paper referred to 
the existing research to account for IES development level and adopted the grey Lotka–Volterra to analyze the 
relationship between IS and ES. The main findings include: The high levels of ISI were mainly distributed in the 
middle reaches of Inner Mongolia. Cities with high ESI include Yan’an, Taiyuan, Xinzhou, and Datong, while 
cities with low ESI include Baotou, Hohhot, and Linfen. The development level of the IES in most of the cities 
in the Area was at medium-level. There are three types of interaction between IS and ES: mutually beneficial 
symbiosis, partially beneficial symbiosis, and mutual competition. On the whole, the IS development and ES 
promotion in the Curve Area remained in the stage of isolated development or mutual restriction during the 
study period. The situation of industrial development at the expense of the ecological environment was common, 
and the ecological environment failed to effectively support the industrial development of the Area. Based on 
the IES development and ES-IS interaction, the IE level of each city in the Area could be divided into five levels. 
Using the Oprobit model, IE was found to be positively correlated with scientific and technological innovation, 
economic development level, openness degree, pollution control intensity, and industrial structure while nega-
tively correlated with urbanization degree, resource consumption, and government behavior.

Due to the overall fragility of the ES in the Curve Area, existing studies often emphasize environmental pro-
tection and resource conservation, while blindly restricting industrial development. However, China’s industrial 
economic development will not be able to get rid of resource dependence for a long time in the future. For the 
Curve Area, the development goal of IE should not be set on the ecological quality being unaffected, or material 
reduction or material recycling, but on a higher level to pursue the high-quality development of IS and ES, the 
mutually beneficial symbiosis between the two, and sustainable regional development. In this process, the roles 
of government and the market need to be given full play. Especially in the post-epidemic period, the develop-
ment in the Area especially needs the support of national forces. Only by incorporating ecological capital into 
rational choices, restraining, and stimulating through institutional means, and adopting economic signals to 
turn ecological scarcity into economic scarcity, can economic subjects be prompted to make rational decisions 
through profit and loss opportunities, forming the endogenous driving force for IE. In other words, the IE process 
requires the synergy of government, society, and market economy (Supplementary Tables 1, 2 and 3).

Data  availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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