
Heliyon 10 (2024) e24880

Available online 20 January 2024
2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

The role of the environmental subsystem in sustainable urban 
development: Evidence from megacities in China 

Fangli Ruan *, Xuanying Li 
School of Economics and Management, China University of Mining and Technology, 221116, No. 1, Daxue Road, Xuzhou City, Jiangsu Province, 
China   

A R T I C L E  I N F O   

Keywords: 
Environmental subsystem 
Sustainable urban development 
Coordination degree 
Interacting impacts 
Megacities in China 

A B S T R A C T   

Conflicts in urban subsystems have severely hindered the realization of sustainable development, 
among which the most serious is the conflict between the environmental subsystem and urban 
development. Differing from studies considering individual environmental elements, this paper 
innovatively investigates the quantitative relationship between overall environmental perfor
mance and other development dimensions to understand the quantitative role of the environ
mental subsystem in sustainable urban development. Taking the nine megacities in China as an 
example, this paper first develops the performance variables of four urban subsystems, including 
the environment, by entropy method and analyzes the conflict or coordination level between the 
environment and other subsystems through the coupling coordination degree model (CCDM). 
Then, the interaction mechanism is further analyzed by the fully modified ordinary least square 
(FMOLS) and vector error correction model (VECM). This paper tries to provide a new reference 
for management and decision-making by focusing on the whole environmental subsystem rather 
than separate elements, which is of theoretical and practical significance. The main conclusions 
are as follows: (1) The coordination level between the environment and other urban subsystems is 
low; (2) 1 % rise in the economic and resource performance can respectively lead to 0.2014 % and 
0.1388 % declines in the environmental performance; (3) 1 % increase in social performance can 
bring a 0.3738 % rise in environmental performance; (4) Improving environmental and resource 
subsystems’ performance is the priority; (5) Coordinating urban subsystems is the key to long-run 
sustainable development. Despite the case studies on megacities in China, we hope to provide a 
new reference for cities worldwide with concentrated populations, rapid growth, and complex 
development contradictions.   

1. Introduction 

The environment, especially in rapidly developing areas, is critical to sustainable development due to its complex connections with 
other aspects. Urban sustainability, one of the Sustainable Development Goals [1], is a focal challenge recognized worldwide [2]. 
Among all urban development aspects, environmental sustainability is a crucial academic and practical topic since it directly or 
indirectly impacts and is impacted by other development factors [3,4]. However, the conflicts between urban development and the 
environment are increasingly challenging to be solved [5]. On the one hand, rapid urban expansion has a significantly negative impact 

* Corresponding author. 
E-mail addresses: 6420@cumt.edu.cn (F. Ruan), 09224735@cumt.edu.cn (X. Li).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e24880 
Received 17 January 2023; Received in revised form 20 December 2023; Accepted 16 January 2024   

mailto:09224735@cumt.edu.cn
mailto:09224735@cumt.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e24880
https://doi.org/10.1016/j.heliyon.2024.e24880
https://doi.org/10.1016/j.heliyon.2024.e24880
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e24880

2

on environmental sustainability [6], including pollution emissions [7], environmental degradation [8], and ecological problems [9]. 
On the other hand, environmental pollution adversely impacts other aspects of urban development, such as public health [10]. 
Compared with other countries, China is a developing country with an outstandingly rapid speed. There is a typical phenomenon of 
these conflicts in China’s megacities, where the population is accumulated and development-centered [5]. Achieving coordinated 
development in such cities is an accelerating challenge [11]. 

For the critical challenges, scholars have conducted many studies on the urban scale, mainly including the following three aspects. 
The first is to evaluate environmental performance, capacity, and efficiency through indicator systems [4,11–13]. The second is to 
assess sustainability-beneficial management tools, such as environmental building certifications [14], environmental permits [15], 
green infrastructure [16], urban green space [17], government plans and actions [18], environmental regulation [19]. The third is to 
examine the relationships between urban development elements and environmental development, such as the relationship between 
urban development and pollution [7], the delinking of environmental performance and economic development [20], the relationship 
between economic growth and pollution emissions [21], the relationship between ecological footprint and urban development [5], the 
relationship between atmospheric environmental quality and urban industrial structure adjustment [22], and the relationship between 
population density and air pollution [23,24]. 

Those current studies, in general, mainly focus on evaluating overall environmental performance or the interactions of urban 
development with single factors such as CO2 emission and PM2.5 concentration. A significant research gap exists on the overall 
environmental performance interaction mechanism with other urban aspects. More specifically, the questions are needed to explore 
further whether the performance of the environment and other dimensions improves synchronously and how changes in the perfor
mance of other development dimensions will affect that of the environment. Accordingly, this paper investigates the quantized role of 
the overall environmental subsystem in urban development, which is the first attempt to the best of our knowledge. 

To that end, combining the econometric and coupling coordination degree models can provide a powerful tool for examining the 
interacting relationships and conflicts [25]. The fully modified ordinary least square (FMOLS) and vector error correction (VECM) 
models have been widely used in analyzing the interacting relationships [26–29]. The coupling coordination model provides evidence 
of the degree of conflicts or level of coordination [30–33]. 

Overall, this paper aims to examine the role of the environment subsystem in urban development. First, we evaluate the perfor
mance of environmental, economic, social, and resource subsystems in 9 Chinese megacities during 1995–2018. Then, we assess the 
degree of conflicts or coordination between the environment and the other three subsystems through CCDM. Finally, FMOLS and 
VECM are applied to analyze the interacting mechanism. This paper is of theoretical significance since it focuses on the role of the 
overall environmental subsystem but not on single elements. This paper is also of practice significance to provide a reference for 
policymakers in environmental management and promote sustainable development in cities worldwide with concentrated pop
ulations, rapid growth, and complex development contradictions. 

Fig. 1. Research cities and geographic locations.  
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2. Research materials 

2.1. Study area 

The State Council confirmed in 2014 that cities with more than 5 million populations are megacities. Considering data availability, 
we focus on nine megacities in China as the study area (Beijing, Shanghai, Guangzhou, Tianjin, Chongqing, Chengdu, Wuhan, 
Zhengzhou, and Xi’an), and the locations are as shown in Fig. 1. The urban population and GDP in 2019 are introduced in Table 1. 

2.2. Data source 

Comprehensively considering the data availability and previous studies [33–38], this paper develops an indicator system from the 
four subsystems of urban development (Table 2). To prevent the deviation from development scales, we apply the per capita, per unit 
of GDP, per unit area, or proportion level. To eliminate the impact of inflation, we convert all indicators related to RMB to 2000 as the 
base year. The weights are obtained through equations (1)–(5) in section 3.1. Data are collected from the China City Statistical 
Yearbook, City Statistical Yearbook of each city, China Environmental Statistical Yearbook, Statistical Yearbook of related provinces, 
China Statistical Yearbook of Urban and Rural Construction, China Statistical Yearbook of Urban Construction, China Statistical 
Yearbook, China Statistical Yearbook of Science and Technology, and Statistical Bulletin of each city. The data period is 1995–2018. 

3. Methods 

3.1. Entropy method 

Before any analysis, data is standardized with the following two equations to eliminate the effects of different dimensions, 
magnitude, and directions on results [39,40]. Positive indicators can promote the subsystem’s development, and negative indicators 
refer to those that hinder the development. 

Positive indicator: 

X′
ij =

(
Xij − min

{
Xj
})/ (

max
{

Xj
}
− min

{
Xj
})

(1)  

Negative indicator: 

X′
ij =

(
max

{
Xj
}
− Xij

)/ (
max

{
Xj
}
− min

{
Xj
})

(2)  

where Xij and X′
ij are the original and standardized data of the j th indicator in i th year; max{Xj} and min{Xj} represent the maximum 

and minimum value of the j th indicator in all years. 
Then, the entropy method is applied to confirm the subsystems’ performance. It is a method to measure the disorder of a system, 

which has been widely used in evaluation [31,33,41,42]. The specific steps are as follows: 
First, to calculate the weight Yij of the j th indicator in i th year among all years: 

Yij =X′
ij

/
∑m

i=1
X′

ij (3)  

Then, to calculate the information entropy ej of the j th indicator: 

ej = −
1

ln m

∑m

i=1
Yij • ln Yij (4) 

Table 1 
The urban population and GDP of the nine megacities (2019).  

City Population (104) GDP (￥. 108) GDP per capita (￥) GDP growth rate (%) 

Shanghai 2428 38155.3 157279 6 
Beijing 1865 35371.3 164220 6.1 
Chongqing 1541 23605.8 75828 6.3 
Guangzhou 1352 23628.6 178403 6.8 
Tianjin 1303 14104.3 90371 4.8 
Wuhan 935 16223.21 145545 7.4 
Chengdu 817 17013 103386 7.8 
Zhengzhou 670 11590 113139 6.5 
Xi’an 638 9321.19 92256 7.0 

Source: (1) Statistical Yearbook of each city (2020). (2) Urban Statistical Yearbook of the Ministry of Housing and Urban-rural Development (2020). 
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Next, to calculate the weight wj of the j th indicator among all n indicators: 

wj =
(
1 − ej

)
/

∑n

j=1

(
1 − ej

)
(5)  

Finally, to calculate subsystem’s development performance Si in i th year: 

Si =
∑n

j=1
wj • X′

ij (6)  

3.2. Coupling coordinated degree model 

Based on the subsystems’ performance, we assess the degree of conflicts or coordination between the environment and the other 
three subsystems through the coupling coordinated degree model. The specific steps are as follows: 

First, to calculate the overall level of sustainable urban development T: 

Table 2 
Indicator system of urban development in 9 Chinese megacities.  

Subsystem Indicator Direction Weight 

Economy (EC,6) X11: GDP per capita (￥.104) + 0.1671 
X12: The proportion of tertiary industry in GDP (%) + 0.1052 
X13: Fixed asset investment per capita (￥.104) + 0.1384 
X14: Local government revenue per capita (￥.104) + 0.2691 
X15: R&D expenditure per capita (￥.104) + 0.2141 
X16: Urban registered unemployment rate (%) – 0.1062 

Society (S,6) X21: Birth rate (%) + 0.1098 
X22: Death rate (%) – 0.0193 
X23: Number of primary school students per capita + 0.1915 
X24: Number of health technicians per capita + 0.1290 
X25: Number of public books per capita + 0.3105 
X26: Road area per capita (m2) + 0.2399 

Resource (R,5) X31: Land area per capita (km2/104 people) + 0.2759 
X32: Cultivated land per capita (km2/104 people) + 0.2306 
X33: Grain yield per unit of cultivated land (ton/km2) + 0.1932 
X34: Grain yield per capita (ton/104people) + 0.2415 
X35: Energy intensity (tons of standard coal/￥.104) – 0.0589 

Environment (EN,5) X41: Domestic wastewater discharge per capita (ton) – 0.0902 
X42: Industrial wastewater discharge per secondary industrial output (ton/￥.104) – 0.0410 
X43: Domestic SO2 emissions per capita (ton) – 0.0091 
X44: Industrial SO2 emissions per secondary industrial output (ton/￥.104) – 0.0488 
X45: Proportion of environmental protection investment in GDP (%) + 0.8109  

Table 3 
Ranks of the coordinated level of the environment and other three subsystems.  

Major ranks D Sub-ranks Label 

Superior CD (0.7, 1.0] 0.9 < D ≤ 1.0 Quality CD 

0.8 < D ≤ 0.9 Favorable CD 

0.7 < D ≤ 0.8 Intermediate CD 

Barely CD (0.5, 0.7] 0.6 < D ≤ 0.7 Slightly CD 

0.5 < D ≤ 0.6 Barely CD 

Slightly UCD (0.3, 0.5] 0.4 < D ≤ 0.5 On the verge of CD 

0.3 < D ≤ 0.4 Slightly UCD 

Seriously UCD [0.0, 0.3] 0.2 < D ≤ 0.3 Intermediate UCD 

0.1 < D ≤ 0.2 Seriously UCD 

0.0 ≤ D ≤ 0.1 Extremely UCD 

Note: CD represents coordinated development, and UCD denotes uncoordinated development. 
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T = β1 • f (EC) + β2 • g(S) + β3 • p(R) + β4 • q(EN) (7)  

where f(EC), g(S), p(R) and q(EN) are performance levels of economic, social, resource, and environmental subsystems calculated 
through equations (1)–(6). β1, β2, β3 and β4 (β1 + β2 + β3 + β4 = 1; β1 > 0; β2 > 0; β3 > 0; β4 > 0）represents the contributions of the 
four subsystems. Since the four subsystems are equally important in this study and the coupling coordination degree is not significantly 
affected by the parameter β [42], they are equally set to be 0.25. 

Then, to calculate the coupling degree C between subsystems: 

C= 4 •

[
f (EC) • g(S) • p(R) • q(EN)

(f (EC) + g(S) + p(R) + q(EN))
4

]1
4

(8) 

Finally, to calculate the coupling coordination degree D of the urban development: 

D=
̅̅̅̅̅̅̅̅̅̅̅
C • T

√
(9) 

The higher the value of D, the less the conflicting degree of the four subsystems and the higher the coordinated level. Drawing on 
the standards in the previous research [2,43], this paper divides the coordinated level into four ranks and ten sub-ranks, as shown in 
Table 3. 

3.3. Methods to analyze the interacting mechanism 

To test the interacting mechanism of the environmental subsystem with the other three subsystems, we construct the interaction 
model (F): ENt = f(ECt , St , Rt). This paper converts the four performances into natural logarithms to prevent errors related to the 
distribution properties of variable sequences. Thus, each estimated coefficient in the model can be interpreted as an elastic effect. This 
paper applies the panel model since the data includes urban and time-series dimensions. The specific model is as follows: 

F：Ln ENit = α0 + β1 ∗ LnECit + β2 ∗ LnSit + β3 ∗ LnRit + μit (10)  

where α0 represents fixed urban effect, μ refers to white noise, and β is the corresponding matrix of elastic coefficient. 
Before any estimation, the stationary and cointegration tests should be carried out on each performance variable to prevent 

spurious regression [44]. First, this paper applies the most commonly used unit root test techniques, including the Im-Pesaran-Shin 
(IPS) panel test [45], Fisher-augmented Dickey-Fuller (ADF) panel test [46], and Fisher-Phillips-Perron (PP) panel test [47]. IPS as
sumes heterogeneity between sections, and ADF and PP allow heterogeneity between sections [29,48]. Then, the Fisher-type Johansen 
cointegration test is applied in this paper to test the existence of cointegration between performance variables [46]. It is a method that 
can provide more stable results than the traditional Engle-Granger two-step panel cointegration test [29,49]. 

After confirming the stationary and cointegration, this paper utilizes fully modified OLS (FMOLS) to estimate the long-run elastic 
coefficient [50]. It is a technique that considers heterogeneity [28,51] and can generate consistent estimates from inadequate samples 
[29,49]. It can also modify the possible long-run sequence correlation and explain the potential endogeneity of variables [27,28,51, 
52]. The panel model of FMOLS is as follows: 

β̂GFM =N − 1
∑N

i=1
β̂FM,i (11)  

where N is the number of cities, β̂FM,i is the parameter estimates of the i th city. 
The corresponding T statistic is: 

tβ̂GFM
=N − 1/2

∑N

i=1
βFM,i (12) 

This paper then applies the panel Granger causality test based on the Vector Error Correction Model (VECM) to confirm the long- 
term and short-term causalities, which is helpful for decisions on sustainable urban development [29]. It is a vector autoregressive 
model based on cointegration to model nonstationary time series. For model F, the specific VECM estimation equation is as follows: 

⎡
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⎥
⎥
⎥
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(13)  

where △, δ, γ, j, i, t, λ, ECTit− 1 and μ respectively represent corresponding first-order difference, fixed urban effect, short-term causal 
effect coefficient of the explanatory variables, lag length, number of cities, years, long-term adjustment coefficient, lag error 
correction, and random error. 
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4. Results 

4.1. Subsystems’ performance from 1995 to 2018 

The four subsystems’ performance from 1995 to 2018 obtained by the Entropy method is shown in Fig. 2. In general, except for the 
resource subsystem, the performance showed an overall upward trend. Specifically, in terms of the economic subsystem, except for 
Guangzhou, the performance in other cities showed significant growth. Regarding the social subsystem, the performance in Tianjin, 
Beijing, and Chongqing fluctuated wildly and did not increase significantly, while that in other cities also fluctuated but showed 
significant growth. Regarding resource subsystem, the performance in Chongqing, Chengdu, and Guangzhou fluctuated wildly, while 
that in other cities declined slowly. Finally, as for the environmental subsystem, all cities except Chongqing and Chengdu saw an 
increase. 

In addition to the different trends in different subsystems, there were significant differences among different cities. For example, 
Chongqing lagged other cities in the economic and social performance but had relatively high performance in the resource subsystem. 
Shanghai’s economic, social, and environmental subsystems performed relatively well in most years, while the resource subsystem was 
relatively backward. The performance of Wuhan’s economic, social, and resource subsystems was at the middle level among all nine 
megacities, but its environmental performance was relatively low. Guangzhou’s economic and social performance was somewhat 
higher, while the resource and environmental performance were contrary. 

4.2. Coordinated levels between the environment and other subsystems 

Based on the four subsystem’s performance variables, the coordinated level of the urban system is obtained through equations (7)– 
(9), and the results are shown in Fig. 3. In general, the coordination degree of the urban system in the nine megacities was not high; 
most of which was at the ranks of “on the verge of CD”, “barely CD”, and “slightly CD”. Specifically, the coordination level in Shanghai 
was relatively the highest, and it entered the “slightly CD” in 1996, but there was no further improvement. On the contrary, the 
coordination level in Chengdu City and Wuhan City was relatively the lowest, “on the verge of CD” for a long time, and only entered the 
rank of “barely CD” in recent years. Other cities that remained “barely CD” include Guangzhou and Tianjin. Zhengzhou City and Xi’an 
City saw the most significant improvement, from “on the verge of CD” to “barely CD” and then to “slightly CD". 

4.3. Interacting mechanism between the environment and other subsystems 

4.3.1. Results of stationary and cointegration 
Considering the time trend of macroeconomic data, we compare the panel unit root test that contains individual intercept with that 

includes both intercept and trend (Table 4). The results indicate that not all variables are stationary at all significance levels in both 
conditions. In contrast, the four variables are stationary in both states after the first difference. These tests confirm that all series are 
integrated on I (1), allowing us to examine the long-run equilibrium relationship among the interacting subsystems. 

Fig. 2. Subsystems’ performance from 1995 to 2018.  
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Fisher-type Johansen cointegration test applies both max-eigen and trace tests to determine how much the cointegration exists. 
Table 5 shows the test results, indicating at least one cointegration equation among these four performance variables at a 1 % sig
nificance level. Therefore, there is a significant long-run equilibrium relationship among the four variables. 

4.3.2. Results of panel long-term parameter estimation 
The panel long-term parameter estimation results are obtained through the FMOLS technique, as shown in Table 6. The statistic 

values of R2 and adjusted R2 are very high, suggesting the sound-fitting effects of the models. From the results, a 1 % rise in the 
economic and resource performance can respectively lead to 0.2014 % and 0.1388 % declines in the environmental performance. By 
contrast, a 1 % increase in social performance can bring a 0.3738 % rise in environmental performance. 

4.3.3. Results of panel VECM Granger causality test 
Table 7 illustrates the results of the panel VECM Granger causality test in the short and long run among the four performance 

variables. The results show that there only exist unidirectional causalities from economic performance to social performance and from 
social performance to resource performance in the short run. However, in the long run, bidirectional causalities exist between each 
couple of the four variables. To present better, we summarize the Granger causalities in Fig. 4. 

Fig. 3. Coordinated levels of the urban system (1995–2018).  

Table 4 
Results of panel unit root tests for the performance of the four subsystems.  

Variables Leve First difference 

Intercept Intercept and trend Intercept Intercept and trend 

IPS 
ln EC 2.32999 (0.9901) − 5.84123 (0.0000)* − 10.8378 (0.0000)* − 7.86594 (0.0000)* 
ln S 2.32059 (0.9898) − 1.67901 (0.0466)** − 15.2123 (0.0000)* − 12.1361 (0.0000)* 
ln R 0.19796 (0.5785) − 2.24275 (0.0125)** − 17.7846 (0.0000)* − 17.0439 (0.0000)* 
ln EN 3.64529 (0.9999) 1.78922 (0.9632) − 15.3908 (0.0000)* − 13.7067 (0.0000)* 

Fisher-ADP 
ln EC 6.86484 (0.9912) 69.2131 (0.0000)* 128.264 (0.0000)* 97.0992 (0.0000)* 
ln S 13.4739 (0.7627) 37.4470 (0.0046)* 182.194 (0.0000)* 131.270 (0.0000)* 
ln R 27.8576 (0.0643)*** 43.1151 (0.0008)* 288.298 (0.0000)* 374.523 (0.0000)* 
ln EN 18.1890 (0.4433) 16.8623 (0.5326) 183.826 (0.0000)* 153.865 (0.0000)* 

Fisher-PP 
ln EC 40.6604 (0.0017)* 129.323 (0.0000)* 150.264 (0.0000)* 169.341 (0.0000)* 
ln S 40.1602 (0.0020)* 44.8850 (0.0004)* 204.519 (0.0000)* 405.371 (0.0000)* 
ln R 25.2488 (0.0082)* 70.3720 (0.0000)* 268.369 (0.0000)* 647.752 (0.0000)* 
ln EN 44.7460 (0.0005)* 47.2814 (0.0002)* 201.500 (0.0000)* 414.354 (0.0000)* 

Notes: (1) The values in parentheses are probabilities. 
(2) *, ** and *** represent statistical significance at the 1 %, 5 % and 10 % levels, respectively. 

Table 5 
Results of Johansen Fisher panel cointegration test.  

Hypothesized No. of CE(s) Trace Statistic Max-Eigen Statistic 

None 113.3896 (0.0000)* 80.68898 (0.0000)* 
At most 1 32.70063 (0.0906)*** 21.19784 (0.0707)*** 
At most 2 11.50279 (0.4944) 9.315010 (0.4008) 

Notes: (1) The values in parentheses are probabilities. 
(2) * and *** represents statistical significance at the 1 % and 10 % level. 
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5. Discussion 

5.1. Low coordination level between environmental subsystem and other urban development aspects 

The results reveal that the coordination level between the environmental subsystem and other urban development aspects (eco
nomic, social, and resource subsystems) was low in the nine megacities in China during 1995–2018, resulting in nonideal sustainable 
development. One possible reason is that improving these cities’ economic performance and social welfare has always been resource- 
dependent, and not enough attention has been paid to pollution reduction and environmental protection. Previous studies have also 
proposed that developed cities are backward in the ecological environment [30]. In other words, the key to achieving sustainable 
development of these cities lies in decoupling from resources and improving environmental performance. This finding confirms that 
resource conservation and environmental protection are current development priorities [5,40]. 

The results of nonideal coordinated development are also consistent with previous studies that assessed the coordination degree 

Table 6 
Results of the FMOLS estimation.  

Explanatory variables Coefficient Prob. 

ln EC − 0.201379* 0.0000 
ln S 0.373800* 0.0000 
ln R − 0.138786** 0.0172 
R-squared: 0.972378 
Adjusted R-squared: 0.969408  

Table 7 
Results of VECM panel Granger causality test.  

Dependent variables Short-run Long-run 

△ln EN △ln EC △ln S △ln R ECTt-1 

F-stat t-stat 

△ln EN – 0.391733 1.626714 0.172868 − 0.006496* 
△ln EC 1.575424 – 0.770929 0.828498 − 0.002795** 
△ln S 0.490149 4.584461** – 0.195371 − 0.003321*** 
△ln R 0.036266 1.246598 6.221072** – 0.005680* 

Notes: (1) △ represents the first-difference operator. 
(2) *, ** and *** represents statistical significance at the 1 %, 5 % and 10 % levels, respectively. 

Fig. 4. Causality relationships for the four performance variables.Note: —→ represents short-run Granger causality; represents long-run 
Granger causality. 
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between urban subsystems [25,53]. By contrast, the results contradict those focused on environmental elements rather than the overall 
subsystem’s performance. For example, the research that only concentrated on air pollution suggested a high coordination degree 
between air quality and urban development [54]. The difference in these results indirectly proves that it is necessary to consider the 
performance of the overall subsystem, which can bring new references for environmental management and sustainable urban 
development. 

Combined with the weights in the indicator system, it is indicated that increasing environmental protection investment and 
improving the support of land resources and grain yield capacity should be the priorities for sustainable urban development. Previous 
studies support increasing environmental investment [55]. Besides, the government should also adopt effective techniques to manage 
urban land and optimize urban land patterns [6]. 

5.2. Negative effects of economic and resource subsystems on the environmental performance 

The results reveal that environmental performance is negatively affected by the improvement in economic performance. Economic 
development has two opposite effects on the environment. One is the negative impact of environmental pollution caused by economic 
growth. On the other hand, the positive impact of environmental improvement is driven by technological upgrading and increased 
protection investment, such as the positive effects of industrial structure upgrading and optimization [19]. Our results indicate that 
economic development’s adverse impact in these cities is still more significant than the positive effects. In other words, these cities’ 
economic development sacrificed the environment, supported by previous views [32]. Improving the positive role of the economy in 
the future is the focus—for example, increasing investment in environmental protection, which is consistent with the discussion in 
section 5.1 and previous studies [55]. As in section 5.1, the results will differ when only considering environmental elements. For 
example, economic growth can reduce rather than increase PM2.5 concentration [24,56] and industrial pollutants [7]. 

The results also reveal that environmental performance is negatively affected by the improvement in resource performance. It is 
mainly due to the pollution emissions in resource consumption and inefficient use of the resource inputs [57]. One possible way is to 
improve the proportion of renewable energy consumption, which has been proven to reduce pollution emissions [28]. 

Considering that the resource performance shows a downward trend, the low performance of the environmental subsystem is 
mainly caused by the adverse effects of economic development. This finding is consistent with previous studies, which suggested that 
the government should pay attention to the contradiction between the economy and the environment during urban development [38]. 
Enhancing environmental regulation is effective since it can reduce environmental pollutants directly discharged from economic 
production activities [24]. Besides, combining the weights in the indicator system and previous studies, increasing R & D investment is 
an excellent way to eliminate this adverse effect [7], since it can improve the technology level and enhance the treatment capacity of 
pollutants. In addition, optimizing economic structure is also necessary to increase the proportion of tertiary industries and reduce 
resource-based industries with high pollution [30,44,58]. 

5.3. Positive effects of the social subsystem on the environmental performance 

The results reveal that environmental performance is positively affected by the improvement in social performance. It may be 
because improving people’s livelihood and welfare has brought about a lifestyle change that has been proven to influence pollution 
reduction substantially [7]. The increase in road area per capita can reduce road density, the growth of which has been proven to 
increase the emission of air pollutants [44,58]. Implementing high-speed rail significantly improves urban environmental efficiency 
[59]. The positive role of education may be because the awareness of environmental protection has increased with the popularization 
of education, which positively affects environmental performance. Similarly, health awareness and demand enhanced people’s desire 
to protect the environment. 

5.4. Bidirectional Granger causalities between environmental subsystem and other urban development aspects in the long run 

The long-run bidirectional Granger causalities indicate that it is unscientific to focus only on any single aspect of urban devel
opment. In other words, coordinated development among economic, social, resource, and environmental subsystems is essential to 
achieve sustainability. This finding is consistent with previous studies that suggest coordinated development as an inherent 
requirement for sustainability [37]. The empirical research in Wuhan City also proved that focusing only on the economy will result in 
an uncoordinated development [40]. How to promote positive interactions among these four subsystems is the key. For example, a 
sound environmental subsystem is necessary to achieve high economic development [21,32]. Without a healthy environment, urban 
development cannot be sustainable [55]. 

6. Countermeasures 

Based on the above results and discussions, stakeholders can take measures to address the incoordination between the environment 
and other development subsystems: 

The government should further establish and implement policies to reduce the dependence of urban development on resources, 
promote the use of clean energy, and thus reduce pollution emissions. At the same time, continue to increase the expenditure of fiscal 
revenue on environmental protection to improve environmental performance. Besides, enhancing the support of land resources and 
grain yield capacity is also essential for sustainable urban development, which can be achieved by technical management and 
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optimization of land patterns. Reducing the negative impact of economic growth on the environment is also an issue that the gov
ernment still needs to consider in the future, which requires continued optimization of the industrial structure layout and more serious 
environmental regulation. Last but not least, the government still needs to continuously improve social performance, such as public 
infrastructure and education. 

Enterprises should continue to invest in technological research and development to improve resource utilization efficiency and 
reduce resource consumption emissions. Improving the technology level can also benefit the treatment capacity of pollutants. In 
addition, some profits can also be sacrificed to increase the proportion of green renewable energy consumption and thus reduce 
pollution emissions. 

Scholars should enhance the systematic development concept and pay attention to the comprehensive urban system. In addition, 
scholars should also clarify the conflicts between subsystems more broadly and gain insight into the interaction relationships between 
specific elements simultaneously to provide references for policy formulation. 

7. Conclusions and future perspectives 

This paper creatively answers the question of whether the performance of the environment and other dimensions improves syn
chronously and how changes in the performance of other development dimensions will affect that of the environment. Taking China’s 
megacities as an example, this paper analyzes the role of the whole environmental subsystem in sustainable urban development, which 
is of theoretical and practical significance. From 1995 to 2018, the coordination level of the environmental and other urban subsystems 
has no noticeable improvement, which means that the conflicts between the environment and urban development are still severe. 
Improving environmental and resource performance should be the priority in the future. Through further interaction analysis, we 
found that environmental performance is negatively affected by economic and resource subsystems, indicating an environment- 
sacrifice development model. On the other hand, it is positively affected by the social subsystem. Furthermore, coordinating urban 
subsystems is the key to long-run sustainable development. 

However, there are limitations and further possibilities for future research. First, the selected subsystem indicators cannot perfectly 
represent the overall performance due to data availability, which should be continuously improved with the database update. Second, 
considering the critical role of megacities in their region, geospatial factors can be included in future analysis. Last but not least, based 
on our findings, future research can analyze the impact of each element of social livelihood on environmental performance, which is a 
significant research gap. 
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