
TYPE Original Research

PUBLISHED 22 May 2025

DOI 10.3389/frsc.2025.1586642

OPEN ACCESS

EDITED BY

Gabriella Maselli,

University of Salerno, Italy

REVIEWED BY

Paunita Iuliana Boanca,

University of Agricultural Sciences and

Veterinary Medicine of Cluj-Napoca, Romania

Pablo Torres-Lima,

Metropolitan Autonomous University, Mexico

*CORRESPONDENCE

Li Ma

mal848@xauat.edu.cn

RECEIVED 03 March 2025

ACCEPTED 05 May 2025

PUBLISHED 22 May 2025

CITATION

Cheng Z, Ding B and Ma L (2025) Assessing

the synergies of the

water–economy–ecology nexus in

resource-based cities: a case study of Shaanxi,

China. Front. Sustain. Cities 7:1586642.

doi: 10.3389/frsc.2025.1586642

COPYRIGHT

© 2025 Cheng, Ding and Ma. This is an

open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Assessing the synergies of the
water–economy–ecology nexus
in resource-based cities: a case
study of Shaanxi, China

Zhe Cheng, Bowen Ding and Li Ma*

School of Public Administration, Xi’an University of Architecture and Technology, Xi’an, China

Introduction:Understanding the synergies and trade-o� between the economy,

ecological environment, and water resources is crucial to realizing the

transformation and sustainable development of resource-based cities (RBCs).

Methods: In order to identify and evaluate the situation, spatio-temporal

characteristics, and impact factors of the regional water–economy–ecology

(WEE) nexus, this study builds an evaluation indicators system of coupling

coordinated development for the WEE nexus, and employs multiple methods

including spatial analysis and the Tobit model. Panel data from 2010 to 2021 of

six RBCs in Shaanxi, China are the basis for this study.

Results and discussion: The results show that RBCs in Shaanxi have seen

an overall upward trend in the development of their water economies and

environments in recent years. The fundamental issue facing RBCs in Shaanxi is

uneven and inadequate development. The coupling coordination levels of RBCs

have increased, albeit at varying rates, and most are in the primary coordination

stage. The ecological environment, industrial structure, scientific and technical

innovation, economic development, and industrial structure are all beneficial;

the urbanization rate, however, has not met the significance test. This study adds

to the knowledge body regarding the development of RBCs worldwide and aids

scholars and practitioners in understanding the development of RBCs in China.

KEYWORDS

resource-based cities, water–economy–ecology nexus, coupling coordination

development, Tobit model, China

1 Introduction

Cities whose primary economic activities revolve around the extraction, processing,

and utilization of natural resources are classified as resource-based cities, and they have

played a vital role in driving both economic growth and urban development (Hu and

Yang, 2018;Wang et al., 2024). However, RBCs also face challenges such as single industrial

structures, severe environmental pollution, and a low degree of urban governance (Long

et al., 2021). Over-reliance on non-renewable resources causes industrial efficiency to

decrease as natural resource extraction moves to a later stage (Wang, 2022). This leads

to an urban economic downturn, a dramatic reduction in employee pay and employment,

and what is generally referred to as the “resource trap” (Li et al., 2013). RBCs are in urgent

need of transformation and sustainable development. The National Plan for Sustainable

Development of Resource-Based Cities (2013–2020) issued by the Chinese government

identifies 262 RBCs, divides them into four types–including growth, maturity, decline, and

regeneration–and proposes the development direction for each type. A targeted long-term

approach to transformational development must be studied due to the industry, type,
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and spatial variations among RBCs nationwide (Li Q. et al., 2021).

Therefore, it is crucial to evaluate the present and future growth of

RBCs at the regional level.

Shaanxi is a Chinese province rich in mineral resources. By

the end of 2016, 92 different types of mineral reserves had been

discovered in Shaanxi, and their combined potential worth, which

ranked first in the nation, was 46.23 trillion yuan (Figure 1).

Shaanxi has 10 prefecture-level cities, of which six are RBCs,

namely Yan’an, Tongchuan, Weinan, Xianyang, Baoji, and Yulin.

These six cities are also research objects of this study. According

to the national policy, Yan’an, Xianyang, and Yulin belong to the

growth city; Weinan and Baoji are mature cities; and Tongchuan

is a declining city. The majority of the six RBCs in Shaanxi are

coal cities, which are significant energy hubs for China due to

their abundance of coal, oil, and natural gas. However, the six

RBCs lack water resources. Shaanxi is located in western China,

facing a shortage of water resources and the unequal distribution of

water for a long time; 70% of its water resources are concentrated

in southern Shaanxi, and its per capita water resource is only

about half the national average. The rapid growth of energy and

chemical enterprises, along with Shaanxi’s social and economic

development and urbanization, has resulted in a proliferation of

projects with high pollution, high water consumption, and high

energy consumption, leading to further shortage of water resources

and worsening pollution (Yang Y. et al., 2023; Yang Z. et al., 2023).

The ecological environment and water resources have emerged

as significant challenges to the transformation and sustainable

development of RBCs in Shaanxi. Economic development is the

foundation of water and ecology development, and the economy

can provide strong support for improving water and the ecological

environment (Li and Dewan, 2017). On the other hand, economic

activities depend on the support of ecological resources, and

water and ecological development are also the driving forces

of economic growth (Yan et al., 2019). However, the synergies

and trade-offs between water resources, economy, and ecological

environment in RBCs remain unclear. Therefore, exploring the

coupling coordinated development of the WEE nexus is of great

significance for realizing the transformational development of

RBCs in Shaanxi and also has reference value for the sustainable

development of RBCs in other regions and countries.

Specifically, this study aims to answer the following research

questions: How is the development of the WEE nexus in RBCs

in Shaanxi? What kind of spatial and temporal characteristics

does it have? What factors are influenced by it? To address these

problems, this study takes the RBCs in Shaanxi as the typical

case to conduct a quantitative study on the synergies and trade-

offs of the WEE nexus by constructing an evaluation indicator

system, as well as on diverse methods, including the entropy

method, coupling coordination degree model, and the Tobit model.

The contribution of this study is multifold. This study not only

enriches the existing knowledge body of RBCs but also helps

optimize the transformational development policy of RBCs in

Shaanxi and China. In addition, this study helps global scholars

and practitioners to further understand the development of RBCs

in China.

Structurally, this article consists of five sections and is organized

as follows. After this introduction, Section 2 reviews the progress

of the RCB research. Section 3 describes the data it relies on, the

research method it deploys, and the analytical model it adopts for

this study. Section 4 demonstrates and discusses the results. Section

5 concludes and draws out some of the policy implications.

2 Literature review

The transformational development of RBCs is a common

challenge facing the world. RBCs are highly dependent on non-

renewable resources such as minerals, and the depletion of these

resources leads to urban decline and transformation (Takatsuka

et al., 2015). Global climate change exacerbates environmental

pressures (Pani, 2009). For example, urbanization in the Mekong

River region has led to an increased risk of flooding. On the other

hand, RBCs are often caught in the “resource curse”, where over-

reliance on traditional industries creates barriers to innovation and

transformation (Gao et al., 2023).

Globally, a great deal of research has been conducted on

RBCs. Early research examined the connection between resource

availability and economic growth (He et al., 2022; Kuai et al.,

2015; Li Y. et al., 2021). Research on RBCs has shifted its focus to

sustainable development since the turn of the 21st century. Scholars

are committed to seeking the development path and theoretical

model of RBCs with coordinated multi-elements, such as resource

exploitation, regional development, community construction, and

environmental protection (Chen S. et al., 2023; Chen Y. et al., 2023;

He et al., 2021; Song W. et al., 2022; Yan et al., 2019; Yang et al.,

2022). Furthermore, a great deal of research has been conducted

on the cycle of development and its causes, ecology and economy,

transformation and sustainable development, spatial organization,

and resource-based city optimization (Chen S. et al., 2023; Chen Y.

et al., 2023; Li et al., 2023; Ruan et al., 2021; Song Y. et al., 2022;

Wang D. et al., 2021; Wang Q. et al., 2021; Wu et al., 2022; Zhao F.

et al., 2023).

Owing to RBC research being predicated on finding solutions

to key issues in the process of development and transformation, it

places a greater emphasis on the empirical method. A descriptive

study focused on qualitative analysis made up the bulk of the

early work. The entropy method, ecological footprint analysis,

balanced scorecard, and key performance indicators are examples

of empirical research that gradually emerged later on and were

based on quantitative calculations (Guo et al., 2022; Li et al., 2020;

Wang et al., 2020; Wang, 2022; Yang Y. et al., 2023; Yang Z.

et al., 2023; Zhang H. et al., 2022). These studies were primarily

focused on the area of economic development, especially the study

of industrial structure adjustment (Li et al., 2013; Wang et al., 2023;

Xie et al., 2020).

The transformation of resource-based cities is a complex,

multifaceted process that often involves a shift from a single

industry or resource dependency to more diversified economic

structures (Hou et al., 2019). There are also several scholars

who have conducted a lot of research in the development

pathways of RBCs, with potential key measures including

the use of green technologies to build a circular economic

system, the digital economy to empower industrial upgrading,

inclusive urbanization, and collaborative governance by multiple
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FIGURE 1

Location and mineral resources of Shaanxi.

actors (Haustein and Lorson, 2023; Musango et al., 2017; Yusuf

et al., 2024). Typical examples include the Ruhr in Germany,

which has utilized its industrial heritage to develop cultural

tourism while at the same time developing new industries such as

hydrogen energy and forming a “brownfield regeneration” model

(Berkenbosch et al., 2022). South Africa has adopted an inclusive

policy to alleviate the contradiction in the resettlement of miners

(Ehrlich, 2012). Saar-Lor-Lux Euro-Region has realized industrial

upgrading by integrating into the EU industrial chain (Kovalev

et al., 2020). The experiences of global RBCs transformation show

that, on the one hand, it is necessary to choose differentiated paths

and tailored policies based on local advantages. On the other hand,

the transformation of global RBCs is the result of the synergistic

effect of resource endowment, policy innovation, technological

revolution, and social demand.

3 Materials and methods

3.1 Constructing the evaluation indicators
system

Shaanxi is a major energy province and an important energy

exporter in China. The six RBCs mainly rely on the large-scale

exploitation of mineral resources. However, with the long-term

development of resources, resources are depleted, the development

of alternative industries is slow, and the ecological environment

is deteriorating, which affects the sustainable development and

transformation development of RBCs.

In addition to being a necessary resource for social and

economic advancement and preserving the natural environment,

water is fundamental to human survival and growth (Dolan et al.,

2021). Mining and resource extraction industries need a lot of

water. Shaanxi is a western province with a severe water resource

shortage, which presents significant obstacles to the growth and

transformation of RBCs in the region. The government has been

paying more and more attention to ecological and environmental

issues brought on by long-term resource development. On the

one hand, swift economic growth provides a strong basis for

the development of water resources and the preservation of the

environment. On the other hand, natural resources and water

resources are necessary for economic activity to occur (Zhang

et al., 2018). There is a significant interaction between water,

economy, and ecology that influences RBCs’ ability to develop

sustainably. To achieve the sustainable development of RBCs, it is

crucial to encourage the coupling coordinated development of the

WEE nexus.

Based on the principles of representativeness and accuracy in

selecting indicators, this study constructs an evaluation indicator

system for the coupling coordinated development of the WEE

nexus, including 15 indicators from three dimensions (Figure 2).

The water subsystem selected five indicators, including total

water resources, per capita water consumption, industrial water

proportion, total industrial wastewater discharge, and water
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FIGURE 2

Evaluation indicators system of the water–economy–ecology nexus.

consumption of 10,000 yuan GDP. The economic subsystem

selects five indicators: gross regional product (GDP), GDP per

capita, total wages of employees, the proportion of secondary

industry in GDP, and the general budget revenue of local

finance. The ecological subsystem selected five indicators, including

per capita public green space, green coverage rate of built-up

areas, industrial sulfur dioxide emissions, harmless treatment

rate of household garbage, and centralized treatment rate of

wastewater plants.

3.2 Methods

3.2.1 Entropy method
The objective weight method of the entropy method is selected

to ascertain the weight of indicators. The amount of information

can be measured using the entropy approach, which reflects the

degree of information technology disorder (Wu et al., 2021). The

order and efficacy of the information can be expressed using the

entropy value, which can lessen the influence of human factors on

the weights of the assessment indexes and increase the accuracy of

the evaluation results.

The process is as shown in Equations 1 and 2.

Positive indicators :Zijt = (Yi − Xmin) / (Xmax − Xmin) (1)

Negative indicators :Zijt = (Xmax − Yi) / (Xmax − Xmin) (2)

Equation 3 shows the normalization of the indicators.

Pijt = Zijt/

m
∑

t=1

n
∑

t=1

Zijt (3)
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Equations 4 and 5 are used to calculate the information entropy

and redundancy.

ej = −k

m
∑

t=1

n
∑

t=1

(Pijt∗lnPijt) (4)

Dj = 1− ej (5)

Equation 6 calculates the weight of the ith indicator.

Wj = Dj/

ε
∑

j=1

Dj (6)

After obtaining the weights of indicators, Equation 7 can be

used to calculate the development of the subsystem.

z
∑

j=1

Wj∗Zijt (7)

where there are m years, n cites, ε is the number of indicators,

0≤ej≤1,k = 1/ lnmn, mn = 110, and Xijt denotes the value of the

jth indicators of province i in year t.

The weights of indicators are presented in Table 1. The

calculation results show that the weight of the total water resources

is the highest, which indicates the key role of water resources in the

sustainable development of RBCs. Local general budgetary revenue

ranks second, indicating the fundamental role of the economy.

3.2.2 Coupling coordination degree model
Coupling is a phenomenon of interaction between two or more

systems, which originated in physics (Zhao X. et al., 2023). The

coupling coordination degree is a quantitative index to describe

the synergy between subsystems, which reflects the coordination

between two or more systems and the sustainable development

of a region (Cheng et al., 2023a). The water, economy, and

ecology systems affect and restrict each other to promote regional

sustainable development, so the coupling coordination degree

model is used to judge the coupling coordination development of

the WEE nexus.

Coupling coordination degree D is composed of coupling

degree C and coordination degree T, as determined by Equation 8.

D =
√
T∗C (8)

The coupling degree C can reflect the interaction between the

subsystems. The larger the value of C, the stronger the coupling

degree between the subsystems. Equation 9 can be used to calculate

coupling degree C.

C =

[

U1∗U2∗U3
(

U1+U2+U3
3

)3

]
1
3

(9)

Equation 10 is used to calculate T for the coordination degree.

TABLE 1 Weight of the coupling coordination indicator system of the

water–economy–ecology nexus.

System Indicators Attribute Weight

Water Total water resources + 0.499

Per-capita water consumption + 0.328

Industrial water as a percentage of

water use

- 0.049

Total volume of industrial

wastewater discharged

- 0.061

Water consumption per 10,000

yuan of GDP

- 0.063

Economy Gross domestic product + 0.045

Per-capita GDP + 0.214

Total wages bill + 0.120

Secondary industry as a

percentage of GDP

+ 0.195

Local general budgetary revenue + 0.426

Ecology Public recreational green space + 0.289

Green coverage rate of the built

district

+ 0.235

Volume of industrial sulfur

dioxide emission

- 0.244

Domestic garbage harmless

treatment rate

+ 0.122

Centralized treatment rate of

wastewater plants

+ 0.111

TABLE 2 Coupling coordination degree of the water–economy–ecology

nexus.

Value Coupling coordination degree

(0.0–0.1) Extreme disorder

[0.1–0.2) Severe disorder

[0.2–0.3) Moderate disorder

[0.3–0.4) Mild disorder

[0.4–0.5) Near disorder

[0.5–0.6) Barely coordination

[0.6–0.7) Primary coordination

[0.7–0.8) Intermediate coordination

[0.8–0.9) Good coordination

[0.9–1.0) Quality coordination

T = αU1+ βU2+ γU3 (10)

where α, β and γ are parameters to be determined, α + β + γ = 1.

Considering that the subsystems of water, economy, and ecology

are equally important in the coupling coordinated development, α,

β, and γ are taken as one-third. Based on the existing classification

standards of coupling coordination degree, this study divides the

coupling coordination degree into 10 levels (Table 2).
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3.2.3 Tobit model
Since the coupling coordination degree of the WEE is a non-

negative random variable between [0,1], it does not meet the

prerequisite of normal distribution of explained variables in linear

regression (ordinary least square, OLS). This study selects the Tobit

model to evaluate the factors influencing the coupling coordinated

development of theWEE nexus in Shaanxi’s RBCs. The Tobitmodel

(Equation 11), also known as the restricted regression model, is a

regression method first proposed by American scholar Tobin in

1958 and is widely applied in the field of econometrics (Amemiya,

1984).

Dit = α0 + β1lntradeit + β2lnurbanit + β3lninnit + β4pgdpit

+β5lnindit + β6lnwaterit + β7lngreit + µit (11)

where i denotes six RBCs in Shaanxi, t denotes time, and D

denotes the coupling coordination degree of the WEE nexus.

The trade is the total value of import and export, using the

indicator to measure openness, the higher the level of openness, the

larger the domestic and foreign consumer market, and the more

development of the coupling coordinated development of theWEE

nexus (Li and Dewan, 2017).

The urban is the urbanization rate, and the urbanization

process is an important external factor affecting the coupling

coordinated development of the WEE nexus. With the

improvement of urbanization and the increase in urban

population, residents’ income and labor productivity will be

improved, and the urban economy will be developed, but the

damage to the environment will also increase (Yang Y. et al., 2023;

Yang Z. et al., 2023).

The inn is the number of patents granted; scientific and

technological innovation is an important guarantee to promote

the coupling coordinated development of the WEE nexus, and the

number of patents authorized can reflect the transformation ability

of enterprises’ scientific research achievements (Zhang M. et al.,

2022).

The pgdp is the per capita GDP, and the economy is the key

driving factor to promote the rational utilization of water resources

and strengthen the construction of ecological protection (Chen S.

et al., 2023; Chen Y. et al., 2023). The higher the regional economic

development, the higher the coupling coordination degree of the

WEE nexus.

The ind is the industrial structure; the evolution of the

industrial structure has a critical effect on improving the coupling

coordination degree of the WEE nexus (Tan et al., 2020).

This study selects the proportion of secondary industries with

high energy consumption and high pollution to measure the

industrial structure.

The water is the per capita water consumption; the increase in

water consumption will lead to the shortage of water resources,

especially in RBCs, which will affect the coupling coordinated

development of the WEE nexus (Cheng et al., 2023b).

The gre is the green coverage rate of built-up areas; the

indicator reflects the ecological environment quality of a city. The

improvement of the ecological environment will drive the coupling

coordinated development of the WEE nexus (Chen et al., 2019).

The µ is the error term, α0,ss1,ss2,ss3,ss4,ss5,ss6, and ss7 are the

parameters to be estimated (Table 3).

TABLE 3 Variables of the coupling coordination development of the

water–economy–ecology nexus.

Variables Symbols Description

Dependent

variable

Coupling

coordination

degree

D Results of the coupling

coordination model

Independent

variable

Opening trade Total import and export

Urbanization urban Share of urban

population in the total

population

Water

development

water Per-capita water

consumption

Economic

development

pgdp Per-capita GDP

Scientific and

technological

innovation

inn The number of patents

granted

Industrial

structure

ind Secondary industry as a

percentage of GDP

Ecological

environment

gre Green coverage rate of

the built district

3.3 Data sources

The research data came from the China Knowledge Network

(https://www.cnki.net/), China Statistical Yearbook (https://www.

stats.gov.cn/sj/ndsj/), Shaanxi Statistical Yearbook (http://tjj.

shaanxi.gov.cn/tjsj/ndsj/tjnj/), China Social Statistical Yearbook

(https://www.stats.gov.cn/sj/tjgb/ndtjgb/), China Urban and Rural

Construction Statistical Yearbook (https://www.mohurd.gov.cn/

gongkai/fdzdgknr/sjfb/tjxx/jstjnj/index.html), and Shaanxi Water

Resources Bulletin (http://slt.shaanxi.gov.cn/zfxxgk/fdzdgknr/

zdgz/szygb/). All years are from 2010 to 2021. In data processing,

there are a few missing data, which are supplemented by the

interpolation method. The descriptive statistical results of the

variables are shown in Table 4.

4 Results and discussion

4.1 Overall evaluation

According to the adopted methodology, this study measured

the comprehensive and subsystem evaluation index of the WEE

nexus of resource cities in Shaanxi from 2010 to 2021; and limited

to space, this study only selected the data for 2015, 2017, 2019,

and 2021 to analyze and interpret. The specific results of the three

subsystems are shown in Table 5.

In the subsystem of water, each city showed an overall upward

trend during the study period. Baoji has made a good trend in water

resources development and protection, and the value has increased

from 0.471 in 2015 to 0.842 in 2021. Tongchuan has a poor situation

of water resources development, which has been between 0.179 and

0.240 for a long time. Tongchuan is a resource-based water-scarce

city with a large number of industrial and mining enterprises, a

serious shortage of water resources, frequent occurrences of water
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pollution incidents, and a prominent contradiction between the

supply and demand of water.

In the subsystem of the economy, the development gap

between cities is widening. The economy of Yulin is relatively

well developed, with an increase of 0.4295 in 2021 compared to

2015, with the value rising from 0.508 to 0.938, an increase of

84.50%. The gap between Yulin, with the highest economic level,

and Tongchuan, with the lowest, was 0.347 in 2015. In 2021,

Tongchuan, with the lowest economic level, will have an economic

level of only 0.168, a difference of up to 0.77, while Yulin, with the

highest economy, has a difference of 0.77.

In the subsystem of ecology, all six cities showed a trend of

steady increase, indicating that China’s sustainable development

has achieved positive results in recent years. From 2017 to 2019,

except for Yulin and Yan’an, the economic growth of other cities

was not very good. During this period, the development level of

water and ecology was mediocre, which indicates that economic

growth plays an important driving role in water resource utilization

and ecological protection.

The development of subsystems in the six RBCs shows

significant spatial heterogeneity. The subsystems in Yulin and

Baoji are more balanced and on a positive trend. The economic

subsystem of Baoji in 2015, 2017, 2019, and 2021 was weaker than

TABLE 4 Variable descriptive statistics.

Variables Samples Mean S.D. Min. Max.

Coupling

coordination degree

72 0.559 0.151 0.249 0.913

Opening 72 11.009 1.819 6.194 14.215

Urbanization 72 3.943 0.170 3.453 4.162

Water development 72 5.226 0.380 4.549 5.779

Economic

development

72 10.770 0.462 9.626 11.918

Scientific and

technological

innovation

72 6.411 1.155 4.025 8.796

Industrial structure 72 4.037 0.185 3.553 4.298

Ecological

environment

72 3.672 0.062 3.477 3.809

that of Yulin, but the growth rate of Baoji was higher than that

of Yulin. The potential reason may lie in the rapid development

of industrialization in Baoji and the continuous upgrading of

the industry. The advantage of Yulin is that it has rich mineral

resources and chemical enterprises. The economic subsystem of

Weinan is relatively backward, and the subsystems of water and

ecology are rising gradually. The economic subsystem of Xianyang

shows an “M-type” fluctuation change, and the water and ecology

are in a steady rising state. The development of the water and

economic subsystems of Yan’an city has increased to different

degrees, and the ecological index is mostly developing.

4.2 Evolution characteristics

The results of the coupling coordination degree of the WEE

nexus of RBCs in Shaanxi are shown in Figure 3. Overall, RBCs

in Shaanxi are basically in the state of primary coordination.

From 2010 to 2021, the coupling coordination degree of six cities

showed an oscillating upward trend, and its value ranged from

0.249 to 0.913. There is still a lot of upward space for the coupled

coordination degree of six cities. The differences in location,

FIGURE 3

Coupling coordination degree of resource-based cities in Shaanxi.

TABLE 5 Evaluation results of water, economy, and ecology.

Cities Water Economy Ecology

2015 2017 2019 2021 2015 2017 2019 2021 2015 2017 2019 2021

Baoji 0.471 0.543 0.556 0.842 0.303 0.331 0.329 0.369 0.720 0.753 0.758 0.854

Tongchuan 0.179 0.181 0.187 0.240 0.161 0.156 0.125 0.168 0.727 0.669 0.711 0.743

Weinan 0.436 0.461 0.463 0.597 0.223 0.236 0.226 0.262 0.458 0.705 0.709 0.821

Xianyang 0.313 0.360 0.306 0.350 0.297 0.304 0.283 0.340 0.772 0.795 0.798 0.825

Yan’an 0.228 0.256 0.256 0.355 0.363 0.353 0.410 0.441 0.659 0.688 0.756 0.722

Yulin 0.442 0.497 0.505 0.615 0.508 0.579 0.722 0.938 0.675 0.639 0.760 0.789

Mean 0.345 0.383 0.379 0.500 0.309 0.327 0.349 0.420 0.669 0.708 0.749 0.792
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economy, society, and resources across cities lead to the spatial

differences in the coupling coordination of the WEE nexus.

The variation difference in the coupling coordination degree

of each city was significant. The coupling coordination degree is

higher in Yulin and Yan’an. In particular, Yulin is in a leading

position. Since 2019, Yulin’s WEE nexus has been upgraded from

good coordination to quality coordination, and it is the only region

that has achieved quality coordination at present. On the contrary,

Tongchuan was in the mild imbalance stage during the study

period, which highlighted the lagging development of the water

resources subsystem in general and restricted the development of

the WEE nexus coupling coordination.

The coupling coordination degree declined in 2015–2016

and rebounded in 2017. The reason may lie in the increased

downward pressure on the domestic economy in 2015, which

seriously constrained the development of the WEE nexus. In

2017, China’s government, to further stimulate market vitality,

formulated a series of policies that ensured the overall stable growth

of the economy and pushed forward the construction of water

infrastructure projects, which improved the total amount and the

efficiency of water resources and promoted the protection of the

ecological environment.

Since 2019, the coupling coordination degree of six cities has

maintained an upward trend. The Chinese government has put

forward a high-quality development strategy and an innovation-

driven development strategy, and it has introduced policies to

encourage the market economy. The Shaanxi government has

closed a large number of enterprises with high water consumption

and high pollution to adjust the industrial structure, devoted itself

to building high-tech industries, and constantly strengthened the

capacity of pollution control. Therefore, the future may be in a

long-term upward trend.

4.3 Spatial pattern

The visualization results of the spatial pattern of the coupling

coordination degree of the WEE nexus of RBCs in Shaanxi in

2014, 2017, 2020, and 2021 are shown in Figure 4. Overall, the

coupling coordination degree of theWEE nexus in RBCs in Shaanxi

is in a positive trend, transitioning from bare coordination to

primary coordination. The coupling coordination degree of the

WEE nexus stays between 0.362 and 0.717 in 2014, 0.326 and

0.748 in 2017, 0.317 and 0.859 in 2020, and 0.429 and 0.913

in 2021.

Due to the single industrial structure, extensive utilization

of resources, and low ecological governance, some RBCs have

a serious impact on the utilization and management of water

resources and the ecological environment, resulting in relatively

low coupling coordination. Specifically, in 2014, Tongchuan

was in a stage of mild disorder, Weinan was in the near

stage, Xianyang and Yan’an were in a barely coordinated stage,

Baoji was in primary coordination, and Yulin was in an

intermediate coordination.

In 2021, Baoji and Yulin were mainly in good coordination,

and Baoji has risen from intermediate coordination to good

coordination. The coordinated development process of WEE

coupling in other cities is relatively slow and close to the

primary coordination state. In particular, Tongchuan, although

the state of mild disorder in 2020 has entered the stage of near

disorder in 2021, there is still a certain gap with other cities.

By 2021, the number of cities with mild disorder decreased

to 0, while Weinan, Xianyang, and Yan’an cities rose to the

primary coordination.

4.4 Impact factors

Stata software was used to perform panel Tobit regression

with random effects, and the results are shown in Table 6. The

results showed that water development, scientific and technological

innovation, economic development, industrial structure, and

ecological environment all had a positive effect on the coupling

coordination degree at the significant level of 1%. The urbanization

rate failed the significance test.

Specifically, the regression coefficient of the opening is negative

and significant at a 1% level, indicating that the expansion of the

opening and the introduction of foreign capital did not lead to

the coupling coordinated development of the WEE nexus of RBCs

in Shaanxi.

The regression coefficient of per capita water consumption

is 0.178, indicating that each 1% increase in per capita water

consumption can increase the coupling coordination degree

by 0.178%. Since 2015, the development of water resources

has shown a steady upward trend, providing a necessary

prerequisite for healthy economic operation and ecological

environment protection.

The regression coefficient of economic development is 0.136,

and it is significant at the 1% level, indicating that urban

economic growth significantly promotes the coupling coordinated

development of the WEE nexus of RBCs. The higher the level

of urban economic development, the more public funds will be

invested in water use and ecological protection, to promote the

coordinated development of the WEE nexus.

When the proportion of the secondary industry in GDP

increases by 1%, the coupling coordination degree can increase

by 0.131%, indicating that accelerating the transformation of

industrial structure and changing the development model is of

great significance for the coupling coordinated development of the

WEE nexus.

The regression coefficient of scientific and technological

innovation is 0.069, significant at 1% level. With the improvement

of science and technology, water resources and mineral resources

are used cleanly and efficiently, which drives the coupling

coordinated development of the WEE nexus of the RBCs.

The regression coefficient of the ecological environment on the

coupling coordination degree was the largest, 0.408. This indicates

that the coupling coordination degree increases by 0.41% for every

1% increase in ecological protection. The ecological environment

is especially important and sensitive to RBCs, and it is necessary

to further strengthen ecological governance and promote the

sustainable development of RBCs.

Traditionally, urbanization plays a significant role in

promoting both urban economic development and ecological
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FIGURE 4

Spatial pattern of the coupling coordination degree of the WEE nexus in Shaanxi.

protection. However, in this study, the regression coefficient

of urbanization on the coupling coordination degree of

the WEE nexus was 0.06, which failed the significance test.

Therefore, the relationship between urbanization and coupling

coordinated development of the WEE nexus of RBCs needs to be

further studied.

5 Conclusion

Shaanxi is a large province that has mineral resources in

China. The research on RBCs in Shaanxi is not only helpful to

the transformational development of RBCs in Shaanxi but also

has reference value for the sustainable development of RBCs in

other regions. Systematically evaluating the coupling coordinated

development of the WEE nexus is the basic work to realize

the transformational development of RBCs. In this study, a

comprehensive evaluation model was constructed to evaluate the

synergies and trade-offs of the WEE nexus, identify the spatio-

temporal pattern, and analyze the impact factors. The evaluation

model, which addresses the transformation aspirations of RBCs

and is based on the trend of sustainable development, is not

only innovative but also replicable, can be used in other RBCs

in China, and is also of reference value to other countries.

Future research can evaluate large-scale RBCs across the country

and even globally based on this model and conduct regional,
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TABLE 6 Regression result.

Variables Coef. Std. err. P > |z|

lntrade −0.021∗∗∗ 0.007 0.005

lnurban 0.060 0.088 0.498

lnwater 0.178∗∗∗ 0.045 0.000

lnpgdp 0.136∗∗∗ 0.033 0.000

lnind 0.131∗∗∗ 0.048 0.007

lninn 0.069∗∗∗ 0.012 0.000

lngre 0.408∗∗∗ 0.116 0.000

_cons −4.316∗∗∗ 0.502 0.000

LR chi2 16.000∗∗∗ 0.000

∗∗∗ , ∗∗ , ∗ represent significance levels of 1%, 5%, and 10%, respectively.

national, and international comparative studies according to the

evaluation results.

This study obtained some valuable novel findings. Shaanxi’s

RBCs have seen an overall rise in developing the WEE nexus

in recent years, but the economic gap has been widening. The

fundamental challenge facing Shaanxi’s RBCs is uneven and

inadequate development, and these cities also deal with a 2-fold

imbalance across sectors and regions.

In RBCs in Shaanxi, the interaction between the WEE nexus

is deepening, but the coordinated development of subsystems is

lagging. The development of water resources has now emerged as a

significant barrier to the coupling coordinated development of the

WEE nexus. The classification evaluation of coupling coordination

degree reveals three categories, with clear development

differences and a still significant coupling coordination

degree gap.

The results of the Tobit regression showed that water resources

development, scientific and technological innovation, economic

development, industrial structure, and ecological environment

had a positive effect on the coupling coordination degree at

a significance level of 1%. The urbanization rate fails the

significance test.

Based on the study’s findings, we present some specific

policy recommendations. First, encourage green growth and the

improvement of economic structure, make it easier for RBCs

to transition to green development, and bolster environmental

protection. Specific measures include strengthening green finance

and providing financial support for green industries, encouraging

businesses to invest in ecological and environmental preservation,

establishing a sound ecological compensation scheme, establishing

a green information platform, and fostering a competitive

market environment that is both green and healthy. Second,

increase investment in science and technology, create a system

of science and technology support that is logical and well-

coordinated, encourage businesses to implement technological

change, encourage the clean and efficient use of energy, significantly

increase the ability to control environmental pollution, and

encourage the growth of high-tech industries that are friendly to

the environment. Third, emphasize the government’s leadership

position and direct businesses, the public, and the government to

collaborate to develop a multi-actor co-governance model. Finally,

be aware of regional circumstances and implement customized,

varied policies. More focused development methods are used

in accordance with the differences in the degree of coupling

coordination between the cities.
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