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Introduction: Since the beginning of the twenty-first century, with the
depletion of resources, the decline of industries and the impact of emerging
technologies, old industrial bases have faced problems such as an aging
economic structure, weak growth, deterioration of the ecological environment,
and the backwardness of public facilities, which have severely constrained the
sustainable development of cities. Although the government has continued
to invest a large amount of resources to promote the transformation of
old industrial zones, there are significant differences in the effectiveness of
the transformation between regions from a national perspective, with some
areas achieving significant results and others still facing economic and social
difficulties.

Methods: This study aims to construct an evaluation index system for the
transformation performance of old industrial cities and use a combination
empowerment model based on the game-theoretic combined weighted
approach and the GRA-VIKOR-coupling coordination degree comprehensive
evaluation model. Specific regions, including the Dadukou District in Chongging,
the Huaxi District in Guiyang, and the Bagiao District in Xi'an, were selected
as sample cases to diagnose the transformation performance and evolutionary
characteristics of coupled coordinated development in old industrial cities from
2012 to 2023, and an in-depth analysis of the issues encountered during the
transformation process was conducted.

Results: The results of the study found that: (1) Overall, the comprehensive
transformation performance of the three old industrial cities exhibited a
fluctuating upward trend during the study period, verifying the positive impact
of China’s policy support and industrial structure optimization for old industrial
cities. (2) According to the results of the coupling coordination degree, the
overall trend of the coupling coordination level of the three-dimensional system
shows an upward trend, and the degree of coordination increases from the
“dysfunctional recession zone" to the “coordinated development zone” level.
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Conclusion: Based on the above conclusions, this study puts forward targeted
policy recommendations that aim to provide valuable references for promoting
the high-quality development of old industrial cities.

old industrial city, performance evaluation, sustainable development, GRA-VIKOR,
coupling coordination degree

1 Introduction

Since the beginning of the twenty-first century, with the
depletion of resources, the decline of industries and the impact of
emerging technologies, old industrial bases have faced problems
such as an aging economic structure, weak growth, deterioration of
the ecological environment and the backwardness of public facilities,
which have severely constrained the sustainable development of
cities. The old industrial base is the planned economic period
in China for achieving the strategic goal of industrialization
and unified planning, with an industrial foundation or a strong
dependence on the natural resources of the industrial cluster area,
which is mostly located in China’s urban center; thus, a city with
an old industrial base is also known as an old industrial city (Song,
2004; Wang, 2007; Yang, 2008). These old industrial bases once
played a crucial role in driving and influencing the development of
China’s socioeconomy, significantly impacting regional or national
economies during industrialization, featuring relatively complete
industrial systems with industrial output accounting for a substantial
share of regional GDP but predominantly comprising traditional
and declining industries in their economic structures. Regarding the
type of dominant industry, the old industrial base can be divided
into resource-based and manufacturing types; regarding the type
of city, the old industrial base can be divided into resource-based
old industrial base cities and old industrial base cities (Zhang,
2017). A resource-based old industrial town refers to a type of
city that relies on the development and processing of local natural
resources to rise and develop. Owing to the impending depletion of
internal resources and external pressures from the rise of emerging
industries and technological innovation, these cities gradually lost
their competitive advantages, resulting in operational challenges for
enterprises, mass layoffs and unemployment, the emergence of a new
group of impoverished individuals, and the exacerbation of social
issues (He and Bi, 2014; Sun, 2014). Old industrial base cities focused
mainly on traditional heavy industry and built relatively complete
industrial systems, but they have declined in competitiveness due to
deep-rooted problems such as falling behind in updating technology
and having an irrational industrial structure and institutional
rigidity, which have constrained the sustainable development of the
local economy (Shang and Zeng, 2014; Wang et al., 2015). There
is an urgent need to realize breakthroughs and rebirth through
transformation and upgrading.

For this reason, since 2013, the Chinese government has
introduced several policies to support the transformation of old
industrial zones. For example, the “National Plan for the Adjustment
(2013-2022)”
integrated the relocation and transformation of old urban industrial
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zones into the national development strategy for the first time.
The two core objectives of this program are “low carbon and
environmental protection” and “fostering new industries”, with an
aim realizing the economic rejuvenation of old industrial bases
through the optimization of industrial structure, the enhancement
of innovation capacity and the management of the ecological
environment. The plan describes the goal of “comprehensive,
coordinated and sustainable development” of the old industrial
bases, emphasizes the reshaping of regional competitiveness through
spatial reconstruction and industrial upgrading, and lays a solid
foundation for the sustainable development of the old industrial
bases. Subsequently, the State Council issued the Guiding Opinions
on Promoting the Relocation and Rehabilitation of Old Industrial
Areas, which further clarified the relocation and rehabilitation pilots
of 21 old industrial areas in urban areas across the country, put
forward two transformational policies focusing on the support for
the renovation and reuse of facilities in old industrial areas and
the protection and reuse of industrial heritage, and promoted the
remodeling of the functions of the old industrial areas and value
regeneration, which provided a concrete practical guideline for
the comprehensive revitalization of the 21 old industrial areas.
In 2021, the National Development and Reform Commission
released the “Implementation Plan for High-Quality Development
of Industrial Transformation and Upgrading Demonstration Zones
in Old Industrial Cities and Resource-Based Cities”, which marked
the evolution of Chinas old industrial areas from “adjustment
and transformation” to “high-quality development’, emphasizing
the promotion of coordinated regional development and green
manufacturing development driven by scientific and technological
innovation as well as institutional mechanism innovation, with a
commitment to achieving high-quality economic development and
ensuring a sustainable future for the city.

Since 2013, although the government has continued to invest
a large amount of resources to promote the transformation of old
industrial zones, there are significant differences in the effectiveness
of the transformation between regions from a national perspective,
with some regions achieving significant results and others still
facing economic and social difficulties. At the same time, in
the context of the new era of high-quality development for old
industrial cities, clarifying the differences in the revitalization and
development of old industrial bases is highly important for the
design of differentiated policies. Accordingly, this study constructs
a performance evaluation index system for the transformation
of old industrial cities from the perspective of sustainable urban
development, combining global sustainable development indicators,
China’s sustainable development indicators, and the characteristics
of China’s old industrial areas and referring to the objectives of the
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“National Plan for Adjustment and Transformation of Industrial
Bases (2013-2022)”. Based on the game-theoretic combined
weighted approach and the GRA-VIKOR-coupling coordination
degree comprehensive evaluation model, this study selects specific
regions, including the Dadukou District in Chongging, the Huaxi
District in Guiyang, and the Bagiao District in Xian, as sample
cases to diagnose the transformation performance and evolutionary
characteristics of coupled coordinated development in old industrial
cities from 2012 to 2023, conduct an in-depth analysis of the
issues encountered during the transformation process, and provide
valuable references for promoting the high-quality development of
old industrial cities.

2 Literature review

In recent years, the academic community both in China
and elsewhere has extensively studied the performance evaluation
of old industrial city transformations, with a primary focus
on green transition evaluation, coupling coordination degree
evaluation, high-quality development level evaluation, economic
transformation effectiveness evaluation, industrial restructuring
performance review, and policy impact evaluation. For example,
Zhou etal. (2025) constructed a green development evaluation index
system based on the DPSIR model, used the Entropy weight method
and the TOPSIS model with the obstacle degree model to measure
the level of green development and obstacle factors of 17 oil and
gas resource-based prefectures in China from 2011 to 2021, and
put forward targeted policy recommendations based on the results
of the research (Zhou et al., 2025). Zhao et al. (2025) employed
the coupling coordination degree model and the obstacle degree
model to evaluate the level of coordination among the resource,
economic, and environmental systems in coal resource-based cities
and proposed targeted policy recommendations by identifying
the key obstacles hindering coupled coordinated development
(Zhao et al., 2025). Wen et al. (2023) took resource-based cities
such as Shaanxi, Gansu, and Ningxia as examples, constructed
a comprehensive assessment system containing indicators of
industrial diversification and specialization, applied the Entropy
weight method and TOPSIS method to analyze the performance of
urban transformation from 2010 to 2019, and put forward policy
recommendations based on the evaluation results (Wen et al., 2023).
Liu et al. (2023) took eight resource cities in Sichuan province
as examples, constructed the index system from the dimensions
of industrial structure and ecological environment, utilized the
shift-share analysis, entropy weight method, and capacity coupling
coefficient model to measure the level of industrial structure,
the level of ecological environment and the coupling relationship
between them, and put forward targeted policy suggestions based
on the research results (Liu et al, 2023). Peng et al. (2023)
took Yichun city as an example and, on the basis of the
entropy weight method and coupling coordination degree model,
constructed an economy-environment-carbon emission evaluation
index system, analyzed the coupling coordination relationships
among economic development, environmental quality, and carbon
emission levels from 2010 to 2020, and proposed policy suggestions
for achieving high-quality economic development (Peng et al.,
2023). Wang W. X. et al. (2022) took 115 resource cities at the

Frontiers in Built Environment

03

10.3389/fbuil.2025.1589016

prefecture level and above in China as an example, constructed
a framework for evaluating the green transition performance of
resource cities in China, adopted the entropy weight-TOPSIS model
to measure the green transition performance of 115 resource
cities at prefecture level and above in China from 2009 to 2018,
and used the synthetic control method to quantitatively evaluate
the effectiveness of sustainable development planning policies
at the overall and local levels (Wang Y. et al, 2022). Li et al.
(2020) used the coupling coordination degree model to assess
the coordinated development status of the socio-economic and
ecological environment in 19 resource-based cities in Northeast
China as an example and put forward targeted suggestions based on
the evaluation results (Li et al., 2020).

In summary, academic research in this field presents the
following characteristics. In terms of research themes, previous
studies have focused primarily on evaluating single dimensions
or specific fields, such as green transformation performance, the
degree of coupling coordination, high-quality development levels,
and economic performance, but they lack in-depth research from
the perspective of an integrated urban sustainable development
system, which makes it challenging to assess the transformation
performance of old industrial cities comprehensively. In terms
of evaluation methods, most previous studies use a single or
simple combination of the Entropy weight method-TOPSIS model,
AHP method-TOPSIS model or coupling coordination degree
model, and few of them have organically integrated the evaluation
of the transformation performance of the old industrial cities
with the analysis of the level of coordination among systems,
which is somewhat deficient in terms of the completeness
of the evaluation framework. In terms of weighting methods,
prior studies have predominantly utilized either subjective or
objective weighting approaches in a single dimension, with
combined weighting often being limited to simple linear weighting.
Previous studies have predominantly employed the TOPSIS model
to rank evaluation objects, but the traditional TOPSIS model
overlooks the dynamic correlations among indicators and fails
to capture their interaction relationships adequately, potentially
leading to discrepancies between the evaluation outcomes and actual
conditions (Ren et al., 2018; Zhang et al., 2018). Therefore, based
on the theory of sustainable development and the characteristics
of China’s old industrial areas, in this study, an evaluation index
system for the transformation performance of old industrial cities
is constructed that has three dimensions: social welfare, economic
development, and the ecological environment. In terms of research
methodology, to achieve a more comprehensive evaluation of the
transformation performance of old industrial cities, in this study,
an integrated evaluation framework that combines the combined
weighting model based on game theory and the GRA-VIKOR-
coupling coordination degree approach is proposed, old industrial
cities (namely, the Dadukou District in Chongqing, the Huaxi
District in Guiyang, and the Baqiao District in Xian) were selected
as sample cases, the evolutionary characteristics of transformation
performance and coupling coordination degree of old industrial
cities from 2012 to 2023 were diagnosed, and the problems in the
transformation process were processed in-depth; additionally, a goal
of this study to serve as a reference for promoting the high-quality
development of old industrial cities.
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3 Evaluation indicator system
construction

3.1 Characteristics of old industrial areas

The transformation and development of old urban industrial
areas are characterized by long-term and comprehensive
development due to the lagging management system and
mechanism, industrial decay, an aging economic structure, a
declining economic level, insufficient scientific and technological
innovation capability, a deteriorating ecological environment,
massive population loss, a local labor force characterized by
single structure, and many other problems. The meaning of the
transformation and development of old industrial areas can be
broadly and narrowly defined. In a broad sense, the transformation
of old industrial areas in cities refers to the transition from a
single economic structure to a diversified economic structure, thus
promoting regional economic development through improvements
in infrastructure, social security, and ecological governance. In
a narrow sense, it entails cultivating emerging industries and
upgrading the industrial structure, which in turn leads to changes in
urban spatial and land use patterns (Zhang, 2004; Jiang et al., 2010;
Guo, 2015). The lagging transformation and development of old
industrial areas are influenced by both internal and external factors.
The internal factors, including path dependence, institutional
mechanisms, strategic development, and industrial structure issues,
are often explained by path dependence and lock-in theories, which
are used to account for the reasons for the internal decline (Dong and
Zhao, 2015). The development of post-industrial cities, the influence
of dominant industry lifecycle patterns, and competitive pressure
from the external market environment are often used by regional
lifecycle theory and competitive advantage theory to explain the
influence of external factors (Zhang, 2017). The development
of China’s old industrial areas has the following characteristics.
First, the development of old industrial areas is integrated with
urban development (Li et al., 2016; Tan et al., 2017). For example,
the economic structure of old industrial areas tends to be overly
dependent on a single industry, and this homogeneity leads to the
fragility of the overall economic structure and a weaker ability
to resist risk. With the gradual lag in industrial development,
the negative impact of old industrial areas on the local economy
becomes increasingly significant, and economic growth is severely
constrained. Second, the social security system in old industrial
areas is relatively weak, the urban function is not perfect, and
infrastructure construction is lagging (Yao, 2013; Song and Fan,
2016). For example, the employment structure of old industrial
areas is single in nature, and it is difficult for laid-off workers
to be re-employed. In the process of enterprise reform, many
workers are laid off, and the imperfection of the social security
system triggers a series of social problems. In addition, most
infrastructures were built in the 1960s, mainly serving industrial
areas and their neighboring family areas, resulting in relatively weak
urban supporting functions, which make it difficult to meet the
needs of modern urban life. Finally, old urban industrial areas are
facing serious pollution problems, causing damage to the ecological
environment in the process of industrialization, and the ecological
environment urgently needs to be treated (Liu et al., 2014; Li and
Cao, 2016). For example, there are widespread problems of excessive
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pollution emissions and noise in old industrial areas, and workers’
living areas are mixed with industrial areas, which has a great impact
on the health of residents.

The industrialization and urbanization process in China, which
differs from the historical paths of European and American
countries, has shown that the development of old industrial cities
has gone through the following three stages. (1) During the planned
economy period before the reform and opening up (1949-1962),
the state planned and constructed numerous old industrial cities
centered on heavy industry, which facilitated a balanced layout
of productive forces and rapid infrastructure development and
provided a solid foundation for the national economy (Fu et al.,
2019). (2) During the early stage of nonequilibrium development
of reform and opening up (1979-2000), the policy focus of China
shifted to prioritizing the development of eastern coastal cities,
with economic development centered on improving efficiency (An
and Zhang, 2019). During this period, the government issued
the “Decision on Several Issues Concerning the Establishment
of a Socialist Market Economy System”, marking Chinas major
transformation from a planned economy to a market economy
and the gradual shift of urban functions from being production
oriented to being service oriented. However, this strategy led
to an imbalance between the economic development of eastern,
central and western cities, triggering problems such as the irrational
allocation of resources and widening of the economic income
gap, and old industrial cities faced serious challenges, marking
the initial emergence of the crisis of the old industrial bases. (3)
Since the beginning of the new century (2000-present), China
has implemented a policy of coordinated regional development,
in which Chinas old industrial regions are in a critical period
of transformation, upgrading, and restructuring (Jin et al., 2018).
With China’s reform and opening up and the in-depth development
of the market economy, old industrial areas formed during
the planned economy era have gradually declined in a post-
industrialization context dominated by the service sector. During
the process of promoting new urbanization, various issues in these
areas have become increasingly evident, including unreasonable
urban spatial layouts, mixed residential and industrial zones,
severe pollution caused by industrial emissions, and aging public
infrastructure. These problems have become critical constraints on
urban sustainable development, compelling many old industrial
areas to undergo relocation and transformation. Consequently, since
2000, Chinas old industrial areas have successively entered three
phases: the “relocation, transformation, and revitalization phase”
(2000-2012), the “deepening revitalization phase” (2013-2023), and
the “high-quality development phase” (2021-present).

3.2 Constructing an evaluation index
system based on sustainable development
theory

3.2.1 Theoretical basis for the selection of
indicators

The concept of sustainable development has deep historical
roots, and achieving sustainable development has become the
primary common development goal of countries worldwide.
The concept of sustainable development first appeared in United
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Nations documents in 1980. In 1987, the World Environment and
Development Commission published a report on “Our Common
Future”, which authoritatively explained the concept of sustainable
development and was widely recognized by the international
community: “It not only meets the needs of contemporary people,
but also does not constitute a harmful development of the ability of
future generations to meet their needs. Relevant United Nations
agencies have been committed to improving the sustainable
development indicator system. In 2000, at the Millennium Assembly
of the United Nations, heads of state jointly signed the United
Nations Millennium Declaration, establishing a set of 21 specific
goals and 60 indicators aimed at eradicating poverty and hunger
and addressing environmental degradation, health care, and other
issues. These indicators have long formed the primary standard
for measuring the global sustainable development process, which
is used to guide the actual actions of countries in meeting the
Millennium Development Goals. The Millennium Development
Goals place greater emphasis on addressing social issues, such as
poverty and the basic livelihoods of vulnerable groups, and are
committed to improving traditional growth models. They were
primarily designed as a target system for developing countries
(Xian et al, 2020). In September 2015, the United Nations
Sustainable Development Summit passed the “Transforming
Our World: 2030 Sustainable and Sustainable Development” and
proposed a comprehensive, specific development target system that
included 17 overall goals and 169 specific goals. The Sustainable
Development Goals (SDGs), which represent an evolution and
enhancement of the Millennium Development Goals (MDGs) and
target all countries globally—both developing and developed—with
a more universal approach, prioritizing a comprehensive and
coordinated strategic direction for sustainable development
by integrating economic, social, and resource-environmental
considerations, thus fostering a fair, inclusive, open, integrated, and
innovative path toward sustainability (Xian et al., 2021). To monitor
and evaluate the implementation of these global SDGs, a group of
experts from various countries worldwide subsequently proposed a
global guidance framework for SDGs based on the 17 goals and 169
specific goals in 2017.

However, the framework of Sustainable Development Goals
is designed primarily at the global and national levels, and
direct application to guide the sustainable development of old
industrial areas in Chinese cities may face certain limitations.
Therefore, international organizations, governments at all levels,
and research institutions worldwide have actively engaged in
localized research within the global indicator framework system to
ensure its adaptability to the application of sustainable development
in their respective countries (Guo et al, 2016; Wang and
Lan, 2022; Wang W. X. et al, 2022). In summary, this study
determines the objectives of the transformation of old urban
industrial areas based on the SDGs to better realize the sustainable
development of old industrial cities, and provides an in-depth
analysis of the difficulties and challenges of old industrial areas in the
process of transformation, which is highly important for promoting
the high-quality development of old urban industrial areas. As a
type of urban area of special significance, old urban industrial areas
face enormous problems in the process of sustainable development,
and there is an urgent need to transform the international SDG
indicator system into an indicator system that is suitable for

Frontiers in Built Environment

05

10.3389/fbuil.2025.1589016

the development of China’s old urban industrial cities. On this
basis, we incorporate the characteristics of the development of old
industrial areas and construct a performance indicator system for
the transformation of old industrial cities from the perspective of
sustainable development.

3.2.2 Constructing an evaluation index system

The academic community has conducted in-depth research
on the transformation and development of old industrial cities,
achieving relatively mature outcomes in theoretical analysis,
evaluation methodologies, and model application. However, most
previous studies have focused on a single research dimension, and
few scholars have studied the transformation performance of old
industrial cities based on a comprehensive system. The previous
evaluation indicator system is insufficiently supported by basic
theory and suffers from unclear sources of indicator selection, a
lack of integration with the SDG framework, and an insufficient
consideration of the characteristics of the transformation of old
industrial areas, making it difficult to reflect the transformation
performance of old industrial cities comprehensively. Therefore, this
study adopts the theoretical perspective of sustainable development,
integrates the global and Chinese sustainable development indicator
frameworks, focuses on the practical needs involved in the
sustainable development of old industrial cities, incorporates the
characteristics of old industrial area transformation development,
considers data availability, and constructs an evaluation index
system for the transformation performance of old industrial
cities in terms of the three dimensions: social welfare, economic
development, and the ecological environment (Table 1).

The indicator system construction process of this study is
as follows (Figure 1). First, fully drawing on existing research
results, the theory of sustainable development was chosen as the
theoretical basis for the construction of the indicator system. The
international sustainable development indicators database (SDGs),
combined with China’s sustainable development goal planning and
referring to China’s sustainable development indicators system, was
used as the basis for indicator selection. The database above was
summarized and analyzed to construct a database of indicators
of sustainable development in cities. Second, on the basis of the
authority and universality of the indicator sources and the reliability
of the data sources, the indicator database was screened to remove
the indicators with unreliable data sources, eliminate the indicators
that are not suitable for measuring the sustainable development of
Chinese cities, and, at the same time, remove the indicators with
the same meaning to establish a database of the basic indicators for
the sustainable development of Chinese cities. Finally, authoritative
experts in the field were invited to revise, evaluate, and select
indicators that are suitable for the sustainable development of
China’s old industrial cities by combining the characteristics of
the development of old industrial areas and through in-depth
discussions in several rounds of consultation meetings. On this
basis, characteristic indicators related to the transformation of old
industrial zones were supplemented to finally form a scientific,
complete, and targeted indicator system.

The social welfare dimension indicators primarily reflect the
extent of social security improvement and the improvement
in residents’ living conditions during the transformation and
development of old industrial cities. These indicators correspond
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TABLE 1 Evaluation index system for the transformation performance of old industrial cities based on sustainable development theory.

Dimension layer

Criterion layer

Social security

Indicator layer

Hospital beds per 10,000 persons C1

Urban and rural old age insurance
coverage rate C2

Urban and rural medical insurance
coverage rate C3

Social welfare

Improving people’s livelihood

Per capita disposable income of urban
residents C4

Urban registered unemployment rate
C5

Per capita total retail sales of consumer
goods C6

Number of new urban jobs created C7

Reference

Tan et al. (2020), Wang et al. (2022b),
Liu et al. (2022), Cui et al. (2024)

Economic levels

GDP growth rate of the region C8

Per capita GDP C9

Local fiscal public budget revenue C10

Growth rate of value added of
industries above a designated size C11

Regional growth rate of fixed asset
investment C12

Economic development

Industrial structure

Tertiary sector value added as a
percentage of GDP C13

Value of strategic emerging industries
in total industrial output above a
designated size C14

Liu et al. (2020), Li et al. (2021), Xie and
Wang (2023), Yang et al. (2023)

Share of high-tech industries in total
industrial output above a designated
size C15

Invention patents per 10,000 people
Cl6

Cultural tourism industry revenue C17

Ecological environment

Environment state

Percentage of days with good air quality
in a district C18

Forest coverage C19

Green coverage rate of the built-up area
C20

Environment governance

Urban sewage treatment rate C21

Wang and Liu (2017), Shi and Deng
(2017), Wang et al. (2021a), Zhu et al.

Industrial solid waste utilization rate
C22

(2024)

Urban and rural waste harmless
treatment rate C23

Rate of decline in energy consumption
per unit of GDP C24

Frontiers in Built Environment

06

frontiersin.org



https://doi.org/10.3389/fbuil.2025.1589016
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org

Chen et al. 10.3389/fbuil.2025.1589016
Inter : 1 : soay I_)( lopment China's Sustainable Development Goals China's official urban sustainable development
Indicators Database Planning indicator database
a. Global Sustainable Development Goals a.  National macroeconomic policy documents a. China Center for International Economic Exchanges
System b. Outline of the National Medium- and Long- and the Earth Institute of Columbia University jointly
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d Evaluation indicators for building a beautiful China
c.
Eliminate inable develop indi s Eliminate indicators that are not suitable for Eliminate indicators that are not supported by data
that are not applicable to China transfor ion into sustainable develop t
assessment

Based on the SDGs goals and indicators, combined with China's official localized indicators, indicators

with the same con were

v

d based on authority, universality and reliability.

China's Urban Sustail

Basic Indi

ble Develop

Analysis on the connotation |
and characteristics of the »
development of China's old
industrial areas

v

Meet the principles of scientificity, integrity, guidance, and pertinence,
and supplement the characteristic indicators of old industrial cities

China's Old Industrial Cities
Transformation Official Target
Planning Document, Old
Industrial Cities Transformation
Related Literature

<

Performance Indicator System for the Transformation of China's Old
Industrial Cities under the Perspective of Sustainable Development

FIGURE 1
Ideas for constructing the evaluation index system.

to the following international sustainable development goals: SDG1
(No Poverty), SDG3 (Good Health and Wellbeing), SDG8 (Decent
Work and Economic Growth), and SDG10 (Reduced Inequalities).
In the transformation process of old industrial cities, the adjustment
of industrial structures has resulted in some workers facing layoffs
and re-employment challenges, which not only impact the stability
of residents’ lives but may also trigger a range of social risks.
Therefore, to comprehensively measure the performance of the
social welfare dimensions in the transformation of old industrial
cities, in this study, criterion layer indicators are chosen for the
dimensions of social security and residents’ life improvement. The
social security criterion layer covers three indicators: hospital beds
per 10,000 persons, the urban and rural old age insurance coverage
rate, and the urban and rural medical insurance coverage rate.
These indicators reflect the sufficiency of the city’s medical resources
as well as the level of residents’ pensions and medical insurance,
serving as key measures of the city’s social security capacity. The
improving people’s livelihood criterion layer covers four indicators:
the per capita disposable income of urban residents, the urban
registered unemployment rate, the per capita total retail sales of
consumer goods, and the number of new urban jobs created. These
indicators can be used to effectively assess changes in residents’
income levels, employment status, and consumption capacity, and
are key indicators for measuring improvements in residents’ living
standards.
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The economic development dimension indicators primarily
reflect the economic performance and industrial transformation
during the transformation and development of old industrial
cities, with the corresponding international sustainable development
goals being SDG8 (Decent Work and Economic Growth), SDG9
(Industry, Innovation, and Infrastructure), and SDG11 (Sustainable
Cities and Communities). In the process of transforming old
industrial cities, accelerating the relocation and upgrading of old
industrial zones as well as industrial upgrading promotes the
transition of the regional economy from a single traditional industry
to an emerging composite industry, thereby driving economic
growth and creating employment opportunities. At the same time,
increasing the city’s economic strength and competitiveness and
providing better living conditions for residents have become core
objectives of the transformation of old industrial cities, which
necessitates paying attention to improving the city’s economic
efficiency and optimizing the industrial structure during the
transformation process. Therefore, to comprehensively measure
the performance of the economic development dimension in
transforming old industrial cities, this study selects the criterion
layer indicators of economic level and industrial structure. There are
five economic level criterion layer indicators: the GDP growth rate of
the region, the per capita GDP, the local fiscal public budget revenue,
the growth rate of value added of industries above a designated
size, and the regional growth rate of fixed asset investment. These
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indicators can be used to comprehensively reflect a city’s economic
scale, growth rate, fiscal strength, and overall level of industrial
development, and serve as the core indicators for measuring the
effectiveness of economic transformation in old industrial cities.
There are five criterion layer indicators: the tertiary sector value
added as a percentage of GDP, the value of strategic emerging
industries in total industrial output above a designated size, the share
of high-tech industries in total industrial output above a designated
size, the number of invention patents per 10,000 people, and the
cultural tourism industry revenue. These are key indicators for
measuring the quality of industrial upgrading and transformation
of old industrial cities, as they can be used to examine in depth
the degree of diversification, high-endization, and innovation of the
city’s industrial structure.

The ecological environment dimension indicator primarily
reflects the effectiveness of ecological environment management
and the
corresponding international sustainable development goals are
SDG6 (Clean Water and Sanitation), SDG11 (Sustainable Cities
and Communities), SDG12 (Responsible Consumption and
Production), and SDGI3 (Climate Action). The problems of
environmental pollution (e.g., air pollution, water pollution, and soil

after the transformation of old industrial cities,

pollution) and ecological damage accumulated during the long-term
development of old industrial cities have seriously constrained the
sustainable development of the cities. Therefore, this study selects
the criterion layer dimension indicators of environmental status
and environmental governance to measure the effectiveness of the
transformation of old industrial cities in terms of ecological and
environmental governance. The environmental status criterion layer
covers three indicators, including the percentage of days with good
air quality in a district, the forest coverage, and the green coverage
rate of the built-up area. These are the core indicators for measuring
the ecological environment quality after the transformation of
old industrial cities, directly reflecting the degree of improvement
achieved by the transformation on regional environmental quality,
and they are important indicators for evaluating the effectiveness of
ecological construction in old industrial cities. The environmental
governance criterion layer covers four indicators: the urban
sewage treatment rate, the industrial solid waste utilization rate,
the urban and rural waste harmless treatment rate, and the
rate of decline in energy consumption per unit of GDP. These
indicators are key to ensuring the ecological and environmental
performance of the transformation of old industrial cities, reflecting
the strength of environmental governance and the efficiency of
resource utilization, and are important indicators for measuring the
environmental governance capacity and sustainable development
level of old industrial cities. Through the use of these indicators, the
effectiveness of the transformation of old industrial cities in terms of
environmental quality improvement and ecological governance can
be assessed in depth, providing a reference for the transformation
of other old industrial cities.

4 Research methods

To evaluate the transformation performance of old industrial
cities more comprehensively, in this study, a comprehensive
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evaluation framework is proposed that is based on the combined
weighting model based on game theory and the GRA-VIKOR-
coupling coordination degree approach, as shown in Figure 2. The
evaluation process is as follows. First, the combined weighting
model integrates the improved DEMATEL method and the Entropy
weight method, further combining subjective and objective weight
results using the NASH equilibrium game model to determine the
optimal combination coefficient and achieve a more scientifically
and reasonably weighted distribution. Second, with respect to
the comprehensive evaluation method, this study constructs
a comprehensive assessment framework of the GRA-VIKOR-
coupling coordination degree method to comprehensively assess
the transformation performance of old industrial cities and the
degree of coupling coordination. Meanwhile, this study introduces
the gray relational coefficient to capture the correlation among
indicators, compensating for the deficiency of the traditional
VIKOR model in the analysis of data correlation, and it conducts
a comprehensive ranking on this basis. Finally, the coupling
coordination degree model is applied to assess the levels of
coordinated development among the social welfare, economic
development, and ecological environment systems. Overall, the
comprehensive evaluation framework constructed in this study
progresses from combined weighting to scheme ranking and
further to intersystem coordination assessment, meaning that the
framework is able to assess the transformation performance of old
industrial cities in a more comprehensive and precise manner, and it
contributes a solid theoretical foundation and technical support for
realizing the goal of sustainable urban development.

4.1 Construction of the combined
weighting model based on game theory

4.1.1 Improved the subjective empowerment
model of the DEMATEL method

The performance evaluation of urban old industrial cities is
based on a complex system involving social welfare, economic
development, and the ecological environment, and it may be
influenced directly by single factors or indirectly by the combined
effects of multiple dimensions. The DEMATEL method is a system
analysis method based on graph theory and matrix tools, and it can
be applied to more complex systems. It can quantitatively analyze the
intrinsic relationships among the indicators and factors in a complex
system through the knowledge and experience of experts, identify
the degrees of mutual influence among the indicators, transform
the interactions among the indicators into weights, and provide
a scientific basis for the allocation of weights of the evaluation
indicators (Niu and Wu, 2023).

However, the traditional DEMATEL method has certain
limitations. It is susceptible to the subjective judgments of experts,
which may lead to biases in assessing indicator correlations and
inaccuracies in quantifying relationships, and it struggles to capture
the complexity and dynamic nature of systems fully, thus affecting
the reliability of evaluation results (Zhang et al,, 2019; Fan and
Gu, 2021). Therefore, this study introduces statistical yearbook
data, quantifies the relationships among indicators, obtains
the correlation coefficient matrix and significance matrix, and
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FIGURE 2

Comprehensive evaluation process of the transformation performance of old industrial cities.

objectively verifies expert judgments. Second, by combining expert
judgments and data validation, the direct relationship matrix is
determined, and the influence and objective weights of the indicators
are calculated. The specific steps are as follows:
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4.1.1.1 Collect expert judgments
Expert judgment is applicable to the preliminary study of

a project, with the advantages of being able to make effective
recommendations when less information is available and the
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disadvantage of being able to make only qualitative evaluations,
not quantitative analyses. To fully exploit the advantages of expert
judgments while avoiding their disadvantages, this study uses expert
evaluation as a supplement to the yearbook data, which helps to
remove correspondence that is significant in the data but does not
actually exist. To avoid any difficulty in judging the strength of
relationships, the experts in this study judged only whether the index
relationship is present or not. This study invited multiple industry
experts to participate in the decision-making process and adopted
the Delphi method to reach a consensus. The final consensus formed
the expert judgment matrix, as shown in Formula 1.

0 Jju Ji Jyj Jin
a0 Jx Joj Jon
Ja Jn O J3j Jan
/= 1)
Ja Jo 0 Jin
Uit Jz I3 Juj e O

In this matrix, j; = 1or0. If the experts believe that a change
in indicator i in the row will cause a change in indicator j in the
column, then the element in column j of row i in the matrix is 1, and
if the experts believe that there is no significant relationship, then
the element is 0. The relationship between the indicator and itself is
set to 0 to make it easier for the subsequent DEMATEL to determine
the weight of the indicator.

4.1.1.2 Calculate the initial relation matrix

Using SPSS software, the paper enters the statistical yearbook
data into SPSS software, the pairwise relationships between the
weights of the second- and third-level indicators are calculated, and
the Pearson correlation coefficient matrix P, as in Formula 2, and
the reliability matrix R, as in Formula 3, are obtained. In the matrix,
p;; represents the Pearson correlation coefficient between indicator i
and indicator j.

L py P Py Pin
Py 1 Py Py Pan
Py Py 1 Ps; Psn
p= : )
Pan Pn P 1 Pin
-pnl an pn3 pnj 1 _
Loy 13 T Tin
1y T "on
r3p rmo 1 T3; "3
R= (3)
i T T3 1 Tin
LTh1 Twa w3 Tj e 1 J
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In the matrix, r;; represents whether the Pearson correlation
coefficient between indices i and j is credible when the p value of
index j is credible; when the P value of index i and index j is less
than 0.05, r;; = 1; otherwise, r;; = 0.

4.1.1.3 Calculate the direct relationship matrix
The calculation of the Pearson correlation coefficient for two sets

of indicators does not necessarily imply a relationship between them,
as it is necessary to first consider whether the Pearson correlation
coeflicient is significant. If the corresponding p value is greater than
0.05, then the relationship between the indicators is not significant,
which means that the calculated Pearson correlation coefficient is
not reliable and should be removed from matrix P. Furthermore,
even if there is a significant Pearson correlation between the two
indicators, it is not entirely certain that they interact. The presence
of data that increase and decrease over time in longitudinal data
results in a significant correlation between two sets of data that are
not actually related. To prevent this phenomenon from affecting the
study data, relationship values that show a significant correlation
but are not actually related should be removed. In this study, the
corresponding positions of matrices P, R and ] are multiplied to
obtain the quantitative values of the direct impact between the
indicators, and matrix I is shown in Formula 4.

0 i12 i13 ilj iln
i21 0 i23 i2j i2n
i31 i32 0 i3j i3n
I=POGRO]= : (4)
iil Z'i2 ii3 0 iin
L inl inZ in3 oo inj inn e

In the matrix, i; represents whether there is a relationship
between index i and index j when there is a relationship between

index i and index j i,-j > 0; otherwise, i,-j =0.

4.1.1.4 Construct the standardized direct relation matrix
M!

Take the direct influence quantification value matrix I as matrix
M’ to be calculated. Then, using Formula 5, standardize matrix M’
to obtain the standardized direct relationship matrix M.

=[mi],..= [ [Zmu] ®)
j=1 nx1

In the matrix, the values in matrix I are used to assign the m;;

mj

M } ;0c= max
nxn

o i=1~n

elements in matrix M'.

4.1.1.5 Construct the direct correlation and indirect
correlation matrix M”

Convert matrix M’ into direct and indirect relationship matrix
M" using Formula 6.

M" = lim =

n—o00

=M'(I-M')"! (6)

n
Mri
-

4.1.1.6 Calculate the influence ability of indicators
Formula 7 is used to calculate the values of R + C and R-C, where
R is the sum of the data in each row of matrix M" and C is the sum
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of the data in each column. R + C represents the extent to which an
indicator is influenced by other indicators in the group, and a high
R + C value indicates that this indicator is more likely to change in
response to changes in other indicators. The R-C value represents
the strength of an indicator’s influence on other indicators in the
group, and a high R-C value indicates that a change in the value of
this indicator can drive changes in other indicators. The R-C value
represents the importance of the indicator, and the indicator with a
higher R-C value should be given more weight.

n
63 1]
7 = Yldnsn

R.

1

M=

[m‘{;]n*n; (7)

-
I
—

4.1.1.7 Calculate the indicator weight
Through the previous calculation, we obtain the R-C value for

each of the indicators. The positive R-C value indicates that the
indicator is an influencer, and a negative R-C value indicates that
the indicator is influenced. Although the value of R-C represents
the importance of the index, in the transformation benefit index
model, positive and negative weights represent the direction of
the role, and positive weights indicate that the efficiency of the
high industrial area of the indicator increases, whereas negative
weights indicate that the transformation benefit of the industrial
area decreases as the index increases. To change the meaning of
this difference, this study first treats the R-C values of each index
as positive. Through Formula 8, the R-C value of all indicators is
set to positive values, and the weight value w; of each indicator is
obtained. On this basis, based on the yearbook data for the nth year
after standardization, the evaluation value Y, of the transformation
benefit of the old industrial area of the city in the nth year is obtained,
as shown in Formula 9.

w;i= V,-(R—C)—ﬁ;ﬁ:izn}ierl[Vi(R—C)]—l (8)

Y, =Wyl + Wyl + Wiz + .o+ Wiy 9)

4.1.2 Entropy method the objective weighting
model

The evaluation of the transformation performance of old
industrial cities is a complex systematic problem involving
multidimensional and multifactor coupling, and the scientific
allocation of indicator weights needs to consider expert experience
and the objective intrinsic law of the data. As the DEMATEL
method is a subjective empowerment method, it excessively
relies on the subjective judgments of experts, which may lead to
strong subjectivity in weight allocation and a lack of objectivity.
The Entropy weight method, as an objective empowerment
method, determines weights based on information from the
data themselves and quantifies the degree of dispersion of the
index data, which compensates for the influence of the subjective
weighting method of the DEMATEL method on the judgment
of the weights and improves the objectivity and reliability of the
evaluation results (Yang et al., 2019). Therefore, this study introduces
the Entropy weight method in combination with the DEMATEL
method to ensure that the weight allocation reflects both experts’
judgments of causality and the objective differences in the data
themselves. The calculation steps are as follows:
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4.1.2.1 Standardize the matrix

First, when the Entropy weight method is applied, the data
need to be standardized. Considering that there are both positive
and negative indicators among the evaluation indicators, according
to Formulas 10, 11, the positive and negative indicators are

standardized.
x--—min{x 5 Xgieer X }
. ij 1 22) e Ry
x; = (10)
max][xlj,xzj...,xnj}—mm {xlj,xzj...,xnj}
max{xl-,xz-,...,x =X
j> 72 nj ij
Xy = (11)
max {xlj,xzj, ...,xnj} — min {xlj,xzj, ...,xnj}
In the formula, XI(. represents the standardized data; Xj;

represents the original data value of the jth indicator in the ith
evaluation set; and maxand min represent the maximum and
minimum values, respectively.

4.1.2.2 Calculate the information entropy of the index
First, calculate the feature weight kij of the jth index value under

the ith evaluation index in the set using Formula 12. The information
entropy P; of the jth index is then calculated using Formula 13.

!

Ky = osj=1,2,.om (12)
¥
j=1
n
-1
P.=— k..1ne.. 13
j ln(n); i (13)

In the formula, n is the number of years, kij > 0.

4.1.2.3 Calculate the coefficient of variation in the
indicators

According to Formula 14, the coefficient of variation 1 between
each indicator is calculated.

r.=1-E.

j j (14)

In the formula, E; represents the information entropy of
indicator j, and a larger coefficient of variation indicates that the
higher the data dispersion of the indicator is, the greater the impact
on the comprehensive total evaluation.

4.1.2.4 Calculate the weight vector
Formula 15 is used to calculate the weight vector W, of each
indicator.

(15)

In the formula, W, represents the weight of the jth indicator in
the weight vector W,.

4.1.3 Combined weighting model of the Nash
equilibrium game

There are limitations in the traditional weighting method. The
subjective weighting method is easily influenced by the knowledge
structure of experts, industry background and cognitive differences,
resulting in deviating from objective reality. The objective weighting
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method is based on historical data; when using this method, it is
difficult to foresee the future dynamic changes, and it is easy to
ignore the policy orientation and strategic needs. The combined
weighting model of the Nash equilibrium game can take the
subjective weights obtained by the improved DEMATEL method
and the objective weights obtained by the Entropy weight method
as the two decision-making subjects of the game (Xu et al., 2024).
By calculating the optimal solution of the subjective and objective
weights, the weights obtained by the two methods are balanced to
obtain a more balanced result and improve the scientificity of the
index weight allocation (Li et al., 2018). Therefore, this study adopts
the combined weighting method of game theory to optimize the
combination of the subjective weights of the DEMATEL method and
the objective weights of the Entropy weight method and to calculate
the optimal solution of the subjective and objective weights,
providing more accurate weights for the subsequent comprehensive
evaluation model of the GRA-VIKOR-coupling coordination degree
method. The calculation steps are as follows:

(1) First, the basic weight vector set is established. The weights
obtained via the DEMATEL method and EWM are W, and
W, respectively. Then, the two are treated as the two sides of
the game, which should satisfy the minimization of the sum of
the deviations between W, and W), and the indicators, and the
optimal state between the two sides of the game is achieved
by the optimal weights. Then, using Formula 18, any linear
combination W' of the two sets of weight vectors is obtained.

Wc{: (Wal’WaZ"“Wan)T (16)
Wg: (Whl,th,...an)T (17)
W =a, Wy +a, W] (18)

In the formula, «, and «, represent the weight distribution
coeflicients corresponding to the DEMATEL method and the EWM,
respectively; a, +a, = 1; and W! and WZ are the transposes of
the sets of basic vectors of the subjective and objective aspects,
respectively.

(2) Using Formula 19, the linear coefficients of the two groups
of weight vectors «, and «; are optimized to minimize the
deviation between the value of W’ and the values of W,
and W,,. Taking the minimum sum of deviations between the
combined weights and the subjective and objective weights as
the objective function, the optimal combination of coefficient
weights is determined.

w" = min(||ocaWZ+ocbWZ— WaT||2+ ||%WZ+“bWhT_ WZHZ)

sta,+a,=10a,0,>0
(19)

(3) According to the principle of differential, the first-order
derivative condition for taking the minimum value using
Formula 19 and Formula 20 is:
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w,wl wWow! |«

W,W;

w,wT
(20)

w,wT a, w,Ww?

(4) The optimal linear combination coefficients «, and «; are
normalized using Formula 21 and the optimal combination
weight W is obtained using Formula 22.

‘xa, = loy|/logy | + oy

21
@ = layl/lay | + ey
W =, Wi +a,' W, (22)

4.2 Construction of an evaluation model
based on the GRA-VIKOR-coupling
coordination degree method

The transformation of old industrial cities is a complex,
systematic project involving multiple dimensions, such as
economic development, social welfare, and the ecological
environment. During this process, the developmental trajectories
of different old industrial zones in various cities may vary
significantly. To obtain a comprehensive understanding of the
dynamic changes in old industrial cities in each year of the
transformation process, it is necessary to comprehensively
the of different

rank the performance of each year of the transformation

consider performance dimensions and
process. By sorting, the annual trend of the transformation
performance of old industrial cities can be visualized, which
can not only help policymakers understand the stage-by-stage
results and problems in the transformation process but also
provide a basis for future policy formulation and resource
The VIKOR method,

making approach, uses comprehensive weights derived from the

allocation. a multicriteria decision-
game equilibrium model to calculate the minimum distance,
maximum deviation value, and comprehensive utility value of
each scheme relative to positive and negative ideal solutions,
thus providing a compromise ranking for complex systems
(Chen and Ma, 2023).

However, the traditional VIKOR method has certain limitations
and does not consider the intrinsic correlation between the
indicators when calculating the distance between each scheme
and the ideal solution, thus reducing the accuracy of the
evaluation results (Zhao and Yang, 2023). In contrast, the
core advantage of gray relational analysis (GRA) is that it can
fully explore the correlation between sample data, quantify
the dynamic correlation between indicators by calculating the
gray relational coefficients between each scenario and the ideal
solution, and compensate for the shortcomings of the VIKOR
model’s insufficient analysis of data correlation (Xiang and
Cao, 2025). Consequently, this study integrates the GRA and
VIKOR methods to construct a comprehensive GRA-VIKOR
evaluation framework, which enhances the scientific rigor and
reliability of the evaluation outcomes. The specific steps are
as follows:
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4.2.1 GRA-improved VIKOR model

4.2.1.1 Calculate the weighted normalization matrix
Owing to the complexity of the data for the evaluation

indicators, the factors of the indicators have different dimensions

and magnitudes. Therefore, all the indicators need to be

11 to obtain the

standardized matrix Y. In the standardized matrix, the best and

standardized according to Formulas 10,

worst values of the indicators for the positive and negative ideal
solution schemes refer to the maximum and minimum values of the
indicator data, respectively.

Yal yaZ yun
Yo It Vi Vbn (23)
Y V2 V3

4.2.1.2 Determine the positive and negative ideal
solutions

Based on the attributes of the indicators, sets of positive and
negative ideal solutions are constructed. Here, A* represents the set
of the best values for each indicator, A~ represents the set of the worst
values for each indicator, Yij is the matrix element after standardizing
the decision matrix, and Y;r and Y; are the positive and negative ideal
solutions of the jth indicator, respectively.

A== max{y,} (24

(25)

4.2.1.3 Determine the gray relational coefficients

The gray relational coefficients are introduced, and the gray
relational coefficients of the annual data sequence of each evaluation
object are calculated with the positive and negative reference
solutions using Formulas 26, 27.

minmin (¥, - ;") +pmaxmax|(¥, - v,")
gt = —— — (26)
[V = ;"] + pmaxmax]|(v; - ;")
minmin (¥, - ;") |+p maxmax|(v; - ;)|
G =—— — (27)

;= Y|+ pmaxmax| (v, - v/7)|

The discrimination coefficient is p, which is generally taken
as 0.5. It can regulate the significance of the difference in the
gray relational coefficient and avoid the distortion problem caused
by the maximum absolute difference being too large. The gray
relational coefficient is used to measure the degree of similarity
between sequences. In the relationship with the negative ideal
solution, a larger coefficient indicates that the evaluation indicators
and the negative ideal solution of the degree of similarity are
greater; however, in the evaluation system, this means that the actual
performance of the indicator is worse. Because the negative ideal
solution represents the minimum value for benefit-type indicators
and the maximum value for cost-type indicators, it reflects a
relatively inferior state.
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4.2.1.4 Calculate the group utility value and individual
regret value based on the GRA-VIKOR method

Based on the principles of the VIKOR method, the group utility
value P; and the individual regret value K; of the evaluated object are
calculated using Formulas 28, 29.

p = & 28

; Z<’f]+fj> (28)
o i

Ki - llggrln ( fij+ + fij_ > (29)

In the formulas, the group utility value P; reflects the overall
performance of the evaluated object under multiple evaluation
indicators; the individual regret value K; reflects the performance
of the evaluated object in its weak links.

4.2.1.5 Calculate the comprehensive benefit ratio based

on the GRA-VIKOR method
Using Formula 30, the comprehensive benefit ratio 6; of the

evaluation object is calculated via the GRA-VIKOR method.

p; —min p; k; —min k;

max p; —min p;

+(1-v)- (30)

i max k; —min k;

In this formula, v is the decision-making mechanism coeflicient,
which usually takes a value of 0.5. Finally, the evaluation objects are
ranked in terms of their advantages and disadvantages based on the
result of the comprehensive index value 6,, where the larger the 6,

value is, the better the performance.

4.2.2 Coupling coordination degree model
Although the evaluation model of the GRA-VIKOR method
can compare the performance of the transformation of old
industrial cities each year, it is difficult to observe the degree
of internal coordination. For example, there may be situations
in which, for example, a certain year has a high ranking
in transformation performance but the development among its
systems is unbalanced. The coupling coordination degree model
can comprehensively assess the degree of mutual balance and
coordination among different systems so that the evaluation results
of the transformation performance of old industrial cities not only
reflect the single performance level but also reveal the level of
synergistic development among systems (Li et al., 2020). Therefore,
this study introduces the coupling coordination degree model
to quantify the level of coordinated development among the
systems of social welfare, economic development and the ecological
environment to evaluate the transformation performance of old
industrial areas in a more comprehensive manner and to improve
the comprehensiveness and scientificity of the evaluation results.

4.2.2.1 Calculate the coupling degree
Formula 31 is used to calculate the couple degree of the
indicators.

) kg xky xky

R Y

In the formula, B represents the coupling degree of the indicator,
and the value range is [0, 1]; a larger value of B indicates a
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higher degree of coupling between the two. k;, k, and k; represent
the comprehensive weight scores of the social welfare, economic
development, and ecological environment systems obtained through
subjective and objective weighting.

4.2.2.2 Comprehensive coordination index
The comprehensive coordination index among the three systems

is calculated using Formula 32.

C = ak, + ¢k, + &k, (32)

In the formula, C represents the comprehensive coordination
index among the social welfare, economic development, and
ecological environment systems. The larger the value of C is,
the better the development status of the systems. a, €, and §
represent the contribution coefficients of social welfare, economic
development, and the ecological environment, respectively, to
sustainable development. Since the three elements of social welfare,
economic development, and the ecological environment are equally
important, a =p =& =3/1.

4.2.2.3 Degree of comprehensive coordination

The comprehensive coordination index can illustrate the
strength of the interaction between systems, although the study of
the relationships among social livelihood, economic development
and the ecological environment also needs to pay attention to the
level of their coordinated development and more accurately evaluate
the degree of comprehensive coordination among the three systems.
Its calculation formula is as follows:

T=+BC (33)

In this study, with reference to related research (Wang T. et al.,
2021; Zhang and Han, 2022), the level of coupling coordination
among the three systems of social welfare, economic development
and the ecological environment is divided into three major intervals,
namely, the dysfunctional recession zone, overcoordinated zone,
and coordinated development zone, and the level of coupling
coordination degree is classified into ten grade types from high to
low, as shown in Table 2.

5 Empirical analysis
5.1 Research objects and data sources

This study is based on the “National Old Industrial Base
Adjustment and Rehabilitation Plan (2013-2022)” and the “21
pilot old industrial areas for relocation and transformation initially
determined by the National Development and Reform Commission”,
and it selects the Dadukou District of Chongqing city, the Bagiao
District of Xian city, and the Huaxi District of Guiyang city as
the sample cases for research. These three cities are traditional
manufacturing bases in the southwest region, with similar historical
backgrounds and stages of development, and they were included
in the first batch of national policy-supported transformation
demonstration sites, the effectiveness of which is highly important
for the revitalization of other old industrial cities in China. These
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sample areas were once dominated by traditional heavy industry
and now face common problems such as a single industrial
structure, backward technology, serious environmental pollution,
aging infrastructure, an imbalance in the employment structure, and
inefficient industrial land use, making the need for transformation
very urgent. Specifically, the Dadukou District in Chongqing city,
which was once dominated by traditional iron and steel smelting and
chemical production, is currently transitioning into a high-quality
living experience zone that integrates premium residential areas and
ecological leisure tourism, as well as an industrial cluster focused
on modern trade, the headquarters economy, creative leisure,
information services, and urban industries. The Huaxi District in
Guiyang city, dominated by traditional mechanical manufacturing,
is now transforming in terms of industrial heritage protection
and utilization, cultural creativity, an e-commerce industry cluster,
a modern service industry function center, and an eco-green
headquarters new city. The Baqiao District in Xian city, once driven
primarily by the traditional textile industry, is now evolving into
an ecological new town of Xian’s International Metropolis, with a
focus on trade and logistics, cultural creativity, urban real estate, and
ecological tourism.

The statistical data utilized for this study were obtained from
the Regional Statistical Yearbook, the Regional Statistical Bulletin
on National Economic and Social Development, the Regional
Government Report, and, for some of the environmental data, the
Environmental Quality Bulletin of the cities. To ensure the accuracy
of the assessment of the transformation benefits of old industrial
cities, the data are selected according to the following principles:
first, according to the “National Industrial Base Adjustment and
Transformation Plan (2013-2022)” and the release of the first
national demonstration sites, 2012-2023 is selected as the time scale
for the study to cover the entire cycle of policy implementation.
Second, to address the problem of a small portion of missing data,
linear interpolation is used, or the average value of adjacent years is
used as a substitute.

5.2 Calculation results of combined
weighting based on game theory

5.2.1 Calculation results of the improved
DEMATEL method

This study takes the Dadukou District of Chongqing city
as an example to present the calculation results. First, through
five rounds of the Delphi method and structured interviews, the
experts were organized to make binary judgments on the causal
relationships between indicators (1 indicates existence, 0 indicates
nonexistence), and the expert judgment matrix was obtained
(Figure 3). A total of 10 senior experts were invited to participate in
the consultation of this study; their expertise covered a wide range
of fields such as practice and theoretical research, thus ensuring a
high degree of representativeness and authority. Specifically, three
experts were senior chief architects from well-known domestic
design institutes, specializing in old industrial area renovations
with over 10 years of extensive practical experience. Another
three experts came from government departments, including a
senior engineer from the Planning Bureau, the director of a
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TABLE 2 Evaluation criteria for the coupling coordination level.

Coupling coordination degree

Coupling coordination degree

10.3389/fbuil.2025.1589016

Coupling coordination degree level

interval classification
(0.00, 0.10) Extreme disorder
(0.10, 0.20) Severe disorder
Dysfunctional recession zone 0 < T'< 0.4
(0.20, 0.30) Moderate disorder
(0.30, 0.40) Mild disorder
(0.40, 0.50) On the verge of disorder
Overcoordinated zone 0.4 < T < 0.6
(0.50, 0.60) Barely coordinated
(0.60, 0.70) Primary coordination
(0.70, 0.80) Intermediate coordination
Coordinated development zone 0.6 < T < 1.0
(0.80, 0.90) Well coordinated
(0.90, 1.00) High-quality coordination

subdistrict office, and the deputy director of the Urban Renewal
Office, all of whom possessed substantial expertise in policy
formulation and implementation. Additionally, four experts were
professors from key domestic universities whose research focused
on sustainable development strategies for urban old industrial areas.
Second, using statistical yearbook data, the Pearson correlation
coefficient matrix (Figure 4) and the reliability significance matrix
(Figure 5) were calculated using Formulas2, 3. In particular,
the Pearson correlation coefficient matrix (Figure 4) reveals the
strength of linear correlation between the indicator data, while
the reliability significance matrix (Figure 5) verifies the reliability
of the correlation coefficients through the significance level (p-
value), where coeflicients with significance levels below 0.05 are
considered statistically significant, indicating the existence of a
significant linear relationship between the corresponding indicators.
Then, the expert judgment matrix is combined with Pearson
correlation coefficient matrix and reliability significance matrix
to get the direct influence relationship matrix by Formula 4, and
the results are shown in Figure 6. Finally, through Formula 9, the
objective weight of each indicator is calculated, and the calculation
results are shown in Table 3. The larger the weight value is, the
more important the role played by the indicator in the evaluation
system.

5.2.2 Calculation results of Entropy weight
method

Based on the statistical yearbook data of each district,
taking the Dadukou District of Chongging city as an example,
the data were standardized using Formulas 10, 11 to ensure
the comparability of indicators with different dimensions.
Using Formulas 12-15, the information entropy values of
each indicator were subsequently calculated, the coefficient
of variation of each indicator was determined, and a weight
vector was ultimately constructed to obtain the objective
weighting results (Table 4).
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5.2.3 Calculation results of the Nash equilibrium
game-theoretic combined weighting model

On the basis of the Nash equilibrium combined weighting
model, taking the Huaxi District,
Dadukou District, and Bagiao District as examples, the optimal

using Formulas 16-22,

comprehensive weights of each indicator were calculated, as shown
in Tables 5-7.

5.3 Evaluation results and analysis based
on the GRA-VIKOR-coupling coordination
degree method

5.3.1 Comprehensive performance evaluation
results and analysis

Based on the GRA-VIKOR model Formulas 23-27, with the
three regions serving as evaluation units, the performance results
of the evaluation objects across different dimensions from 2012 to
2023 were calculated. Overall, the comprehensive transformation
performance of the three old industrial cities exhibits a fluctuating
upward trend, transitioning from a lower level to a higher level,
which verifies the positive impact of policy support and industrial
structure adjustment on old industrial cities in China and indicates
that the transformation of these three old industrial cities has
achieved significant positive outcomes (Figure 7). According to the
calculation results (Figure 7), the three old industrial cities show
different trends of change in the transformation process, which can
be summarized in the following three stages.

The first stage is the slow growth period (2012-2015), which
is the early stage of the transformation of old industrial cities,
and the comprehensive performance of the transformation of the
three old industrial areas shows a steady and slow growth trend,
driven by national policy support. In this stage, the comprehensive
performance of the Huaxi District gradually increased from 0.013
in 2012 to 0.288 in 2015; the comprehensive performance of
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the Dadukou District gradually increased from 0.000 in 2012 to
0.134 in 2015; and the comprehensive performance of the Bagiao
District increased from 0.000 in 2012 to 0.207 in 2015 (Figure 7).
From the perspective of the dimension layer (Figures 8-10), the
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economic development levels of the Huaxi District and Bagiao
District are relatively lagging, while the ecological environment
level of the Dadukou District is relatively lagging. Furthermore,
from the perspective of the criterion layer (Figures 11-13), the
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TABLE 3 Calculation results of subjective weights in Dadukou District in TABLE 6 DaDukou district combination empowerment
Chonggqing. calculation results.
Indicator layer C1 C2 C3 C4 C5 Ceé Indicator layer C1 C2 C3 C4 C5 Co6
Weight 0.045 0.040 0.040 0.041 0.047 0.042 Weight 0.026 0.024 0.023 0.043 0.025 0.113
Indicator layer Cc7 C8 C9 C10 Cl11 C12 Indicator layer Cc7 Cc8 C9 C10 C11 C12
Weight 0.042 0.042 0.048 0.048 0.042 0.042 Weight 0.104 0.017 0.044 0.030 0.021 0.024
Indicator layer C13 Cl4 C15 Cl6 C17 C18 Indicator layer C13 Cl4 C15 Cl16 C17 C18
Weight 0.042 0.045 0.046 0.046 0.040 0.032 Weight 0.033 0.034 0.034 0.037 0.066 0.041
Indicator layer C19 C20 C21 C22 C23 C24 Indicator layer C19 C20 C21 C22 C23 C24
Weight 0.035 0.042 0.042 0.030 0.042 0.042 Weight 0.053 0.030 0.021 0.048 0.020 0.093

TABLE 4 Calculation results of objective empowerment in Dadukou
District in Chonggqing.

Indicator layer C1 C2 C3 C4 C5 C6 TABLE 7 Baqiao district combination empowerment calculation results.
Weight 0025 | 0023 | 0022 = 0043 | 0023 0118 Indicator layer Cl c2 c3 c4 cs Ce
Indicator layer c7 cs co c1o cl c Weight 0049 | 0022 | 0043 0038 0042 0044
Weight 0108 | 0015 0044 = 0029 0019 | 0.023 Indicator layer c7 c8 © C10 ci C12
Indicator layer | C13 cla cls cl6 c1r Cls Weight 0015 | 0038 | 0021 = 0034 0030 0039
Weight 0032 | 0033 0033 003 | 0068 | 0042 Indicator layer | C13 Cl4 C15 Cle €17 C18
Indicator layer | C19 20 1 n 3 o Weight 0042 | 0039 | 0038 = 0069 0119 | 0.030
Weight 0054 | 0029 0019 = 0049 | 0018 | 0.097 Indicator layer  C19 €20 c21 c22 €23 C24
Weight 0.024 | 0047 | 0031 | 0036 0020 0093

TABLE 5 Huaxi district combination empowerment calculation results.

Indicator layer C1 Cc2 C3 C4 C5 C6
Weight 0.026 0.033 0.025 0.065 0.048 0.023
1 T T T T 5
Indicator layer Cc7 C8 C9 C10 C11 C12 {FV Huaxi l;is"im ' ' ' /
0.9 H ~—— Dadukou District o
~%— Qiaoba District 7(
Weight 0.030 0.049 0.028 0.027 0.072 0.036 T T \
0.8+
Indicator layer C13 Cl4 C15 Cl6 C17 C18 207k
<
Weight 0.032 0.041 0.043 0.092 0.060 0.026 E 061
2
2 05k
Indicator layer C19 C20 C21 C22 C23 C24 E
2047
Weight 0.047 0.035 0.039 0.032 0.033 0.058 ‘g-
8 0.3+
02+
0.1+
lagging economic development performance of the Huaxi and = w .

o= . L L I . L
[
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Baqiao Districts is caused by the slow growth of industrial Year
structure performance, whereas the lagging ecological environment
S FIGURE 7
development level of the Dadukou District is caused by the double Comprehensive performance of transformation of the three old
influence of the environmental state and the level of environmental industrial cities.

governance. The causes of this phenomenon can be attributed to
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Transformation dimension layer performance of the Dadukou district.

several main factors. First, during the early stages of transformation,
the government successively implemented a series of supportive
policies aimed at promoting the comprehensive, coordinated, and
sustainable development of old industrial bases, which provided
effective guidelines for the transformation and development of old
industrial cities. For example, in March 2013, the promulgation of
the “National Old Industrial Base Adjustment and Transformation
Plan (2013-2020)” made the relocation and transformation of
old urban industrial zones an important part of socio-economic
development for the first time; furthermore, it described the plan
to implement low-carbon policies and environmental protection,
create new industries, and push forward the comprehensive,
coordinated and sustainable development of old industrial bases.
In March 2014, the State Council issued the Guiding Opinions on
Promoting the Relocation and Transformation of Old Industrial
Zones, which explicitly requires accelerating the transformation and
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Transformation criterion layer performance of the Huaxi District.

transformation of old industrial zones. In July 2014, the National
Development and Reform Commission identified 21 old industrial
urban areas across the country as the first batch of relocation
and transformation pilot zones, proposing the reuse of old factory
facilities as well as the protection and transformation of industrial
cultural heritage as key policies and encouraging the transformation
of abandoned factories for use in new industries. These policies
provide strong policy support and financial guarantees for the
transformation of old industrial cities, but at the initial stage of
transformation, it takes time for the policies to be implemented
and for the effects to be realized. On the other hand, the industrial
structure adjustment of the old industrial cities is in the initial
stage, while new industries are still in the cultivation period and
have not yet formed effective support, resulting in insufficient power
for economic development. At the same time, long-term industrial
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development has caused the old industrial cities to accumulate
serious environmental pollution problems. There is a mismatch
between their pollution control capacity and production capacity,
there are high pollutant emissions, and the recovery of the ecological
level takes a certain amount of time, which makes the level of
ecological and environmental development in the early stage of
transformation relatively limited in terms of its contribution to
comprehensive performance. In addition, the transformation of
old industrial cities faces the challenge of social and livelihood
protection. The decline of traditional industries has led to many
workers being laid off and unemployed, which requires the provision
of job training and re-employment support. In the early stage of
transformation, old industrial cities have relatively limited funds and
resources for social security and livelihood improvement, which also
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affects the improvement in social and livelihood performance to a
certain extent.

The second stage is the period of rapid growth, which is a stable
development period for the transformation of old industrial cities.
In this stage, the comprehensive performance of the Huaxi District
jumped from 0.461 in 2015 to 0.924 in 2018; the comprehensive
performance of the Dadukou District jumped from 0.199 in 2016
to 1.000 in 2022; and the comprehensive performance of the Bagiao
District rose from 0.212 in 2016 to 0.443 in 2018 (Figure 7).
The reason is that, on the one hand, the strong support of a
series of policies for transforming Chinas old industrial cities
has prompted local governments to increase their investment in
and support for transforming old industrial areas. For example,
in April 2016, the State Council issued Several Opinions on
Comprehensively Revitalizing the Old Industrial Bases in Northeast
China and Other Countries, which established the four core tasks
of improving the institutional mechanism, promoting structural
adjustment, encouraging innovation and entrepreneurship, and
safeguarding and improving peoples livelihoods; moreover,
this policy described the specific requirements of deepening
the reform of state-owned enterprises, advancing the strategic
adjustment of the state-owned economic bureau, encouraging
the development of the private economy, fostering the new
kinetic energy, promoting the transformation and upgrading of
the traditional industries, among other requirements. In August
2016, the National Development and Reform Commission issued
the “Three-Year Rolling Implementation Plan for Promoting the
Revitalization of Old Industrial Bases in the Northeast Region
and Other Areas (2016-2018)”, which details several key tasks and
major projects around the four core tasks; to promote the overall
revitalization and sustainable development of the regional economy,
the focus of this policy is organizing the implementation of major
innovation projects for the revitalization of old industrial bases,
advancing the renovation and relocation of the old industrial areas
and independent industrial and mining zones in the urban areas,
and continuing the implementation of the shantytown renovation
projects. These policies have provided a solid policy basis and a
guide for the transformation of old industrial cities, prompting local
governments to respond positively and increase their support for
old industrial zones in terms of capital investment, infrastructure
construction, and industrial guidance, thus creating a favorable
policy environment for the transformation and development of
old industrial zones. On the other hand, old industrial cities,
guided by policies, are actively adjusting their industrial structure,
gradually breaking away from their dependence on traditional
industries through the development of high-tech industries, modern
service industries, and eco-tourism, and realizing rapid economic
growth. At the same time, with policy guidance and changes in
the market environment, the innovation capacity of old industrial
areas has begun to gradually improve. For example, some old
industrial cities have made use of their industrial foundation
and resource endowment to cultivate and introduce high-tech
enterprises and promote industrial upgrading; at the same time,
they have vigorously developed modern service industries, such as
financial services, information services, and cultural creativity, to
increase the proportion of tertiary industries and optimize their
economic structure. In addition, the rise of eco-tourism has also
brought new development opportunities for old industrial cities,
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combining industrial heritage with tourism to create special tourism
projects, which not only improve the ecological environment but
also promote diversified economic development. Meanwhile, in this
stage, to improve the level of regional innovation and science and
technology and provide strong support for economic development,
the government increased its support for scientific and technological
innovation and attracted many science- and technology-based
enterprises by introducing preferential policies, establishing science
and technology parks, and providing research and development
subsidies. At this stage, the upgrading of the industrial structure
of the old industrial cities has led to rapid economic development,
and the proportions of the tertiary industry, high-tech industry, and
strategic emerging industries have continued to increase rapidly,
which has led to remarkable results in social livelihood, economic
development, and ecological environment and has realized the
sustainable transformation and stable development of the old
industrial cities.

The third stage is the stagnation and decline period, in which
the performance of the three old industrial cities in all dimensions
fluctuates, but the overall trend is still upward. In this stage, the
comprehensive performance of the Huaxi District shows a W-
shaped fluctuation trend from 2019-2023. From the dimension layer
(Figure 8), social welfare performance peaked at 0.983 in 2019,
decreased to 0.382 in the 2020-2021 period, and rebounded to 0.457
in 2023. Economic development performance shows a W-shaped
fluctuating trend from the 2019, decreased to 0.285 in 2020 and
rebounded to 0.721 in 2023. From 2022 to 2023, the comprehensive
performance of the Dadukou District decreased from 1.000 in 2022
to 0.452 in 2023. In terms of the dimension layer (Figure 9), social
welfare performance decreased from 0.972 in 2022 to 0.478 in 2023;
economic development performance decreased from 1.000 in 2022
t0 0.636 in 2023; and ecological environment performance increased
from 0.696 in 2021 to 0.889. The comprehensive performance of the
Bagiao District shows a U-shaped evolutionary trend from 2019 to
2023. In terms of the dimension layer (Figure 10), social welfare
performance decreased to 0.264 in 2020 and then rebounded to
0.909 in 2023; economic development performance showed a W-
shaped fluctuation trend, dropping from the 2019 level to 0.740 in
the 2021-2022 period and then rebounding to 0.848 in 2023; and
ecological performance reached 0.678 in 2020, 0.696 in 2021, and
0.889 in 2023. From the criterion layer (Figures 11-13), the stagnant
and declining trend in these three regions is affected mainly by
the decline in the performance of social security, the improvement
in people’s livelihood, the fluctuation of the performance of the
economic level, and the increase in the pressure of environmental
governance. The indicator layer is affected mainly by the increase in
the registered unemployment rate of urban residents, the decrease in
the number of new jobs in urban areas, the decrease in the growth
rate of regional GDP, the decrease in the growth rate of regional
fixed asset investment, and the decrease in the rate of decline in
energy consumption per unit of GDP. The reason is the double
contradiction of the external public health and safety emergencies
and the lack of endogenous power of urban transformation. In
terms of external shocks, the impact of global public health and
safety emergencies from 2020-2022 had a multidimensional impact
on the development of old industrial cities. First, the economic
vitality of the Baqiao and Huaxi Districts was severely impacted,
especially because of the significant contraction of consumption
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and investment as a result of the global public health and safety
emergencies. The Bagiao and Huaxi Districts, in particular, are
more dependent on consumption and investment due to the high
proportion of the tertiary industry, whereas the strategic emerging
industries and high-tech industries in these two districts are still in
the incubation period, and their risk-resistance capacity is weaker.
Second, the attention and financial resources of the government
and society were focused on responding to public health and
safety emergencies, leading to relative reductions in investment
in ecological and environmental management, exacerbating the
problem of unemployment caused by the decline of traditional
industries and impacting the social security system. From the
perspective of internal driving forces, the transformation of old
industrial cities has entered a bottleneck phase characterized by
the contraction of traditional industries and the insufficient scale
effect of high-tech industries. Despite policy-driven increases in the
proportion of the tertiary industry in the Huaxi District and Bagiao
District, strategic emerging industries and high-tech industries have
yet to achieve a significant scale and thus fail to provide robust
economic support. On the other hand, old industrial cities in the
transformation process also generally face multiple problems, such
as insufficient technological innovation capacity, a shortage of high-
tech talent, and declining competitiveness in the market, resulting
in the attenuation of the kinetic energy of industrial upgrading,
which causes the development of old industrial zones to fall into a
bottleneck period.

5.3.2 Calculation results and analysis based on
the coupling coordination degree method

According to the coupling coordination degree model
Formulas 31-33, the coupling and coordinated development levels
of systems such as social welfare, economic development and the
ecological environment are calculated with the three regions as the
evaluation unit and 2012-2023 as the study interval (Figure 14).
Comprehensively, it seems that according to the evaluation
criteria of the coupled coordination level (Table 2), the coupling
coordination level of the social welfare, economic development
and ecological environment systems in the three regions shows
a continuous upward trend during the study period, and all of
them are in a state of good coordinated development (Figure 14).
According to the calculation results, the coupling coordination
level of the three old industrial cities has gone through three
stages of development, namely, the dysfunctional recession zone,
overcoordinated zone and coordinated development zone, which
indicates that the social welfare, economic development and
ecological environment systems have shown a benign and positive
promoting effects. These results are related to China’s policy of
vigorously promoting the transformation of old industrial cities
in recent years, promoting the transformation and upgrading
of the industrial structure of old industrial cities, advancing
the construction of an ecological civilization, and promoting
the coordination of economic development and the ecological
environment.

The first stage is the stage of dysfunctional recession, where
positive interactions have not yet been formed between the
social welfare, economic development, and ecological environment
systems. During this stage, the coupling coordination degree of the
subsystems in the Huaxi District was 0.000 in 2012, which was in
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Calculation results of the coupling coordination degree among the
three urban subsystems.

an extremely disharmonious state; the coupling coordination degree
of the subsystems in the Dadukou District was 0.385 from 2012
to 2013; and the coupling coordination degree of the subsystems
in the Bagiao District was 0.479 in 2014. The reason is that the
secondary industry in the old industrial cities accounted for a high
proportion of GDP, and the industrial structure was homogeneous,
with economic growth relying mainly on resource-consuming and
labor-intensive industries. Most of these traditional industries were
high-energy-consuming and high-pollution industries, and they
had a great impact on the ecological environment. The economic
development and ecological environment systems constrained each
other, making it difficult to form a benign interaction between the
ecological environment and economic development, thus seriously
restricting the coupling and coordinated development of the
three social welfare, economic growth, and ecological environment
systems. In addition, at that stage, although the State had introduced
several policies to support the transformation of the old industrial
cities, such as the “Opinions on the Implementation of the Strategy
for the Revitalization of Old Industrial Bases in the Northeastern
Region and Other Old Industrial Bases”, the implementation and
transmission of these policies took time, and there might have been
a lag in their execution at the local level, resulting in the effects of
the policies not yet being fully apparent.

The second stage is the overcoordination stage, where the
coupling coordination of the three regions remains low. In this
stage, the degree of coupling coordination between subsystems
in the Huaxi District gradually increased from 0.519 in 2013
to 0.588 in 2014; the degree of coupling coordination between
subsystems in the Dadukou District gradually increased from
0.466 in 2014 to 0.593 in 2016; and the degree of coupling
coordination between subsystems in the Baqiao District gradually
increased from 0.570 in 2013 to 0.588 in 2014. The reason is that
national support for the transformation of old industrial cities
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has been increasing, such as the “issuance of policies including
the National Plan for the Adjustment and Transformation of
Old Industrial Bases (2013-2020) “and the “Guiding Opinions on
Promoting the Relocation and Transformation of Old Industrial
Areas”, which provide clear policy guidelines and financial support
to localities. Local governments have responded positively by
promoting industrial restructuring and ecological environment
management through the formulation of local policies and the
establishment of special funds. However, as the process of alternating
new and old industries has not yet been completed, the cultivation
and development of new industries need time to accumulate, and it
is difficult to form sufficient economic support in the short term.
Moreover, the restoration of the ecological environment requires
time and sustained investment. In the realm of social welfare,
the slow adjustment of the employment structure exacerbates
skill mismatches among workers transitioning from traditional
to emerging industries, thus contributing to a relatively sluggish
improvement in social welfare levels.

The third stage is the coordinated development stage, in which
the coupling coordination degree of the three cities rises rapidly
to the well coordination level grade. In this stage, the degree of
coupling coordination between subsystems in the Huaxi District
gradually increased from 0.628 in 2014 to 0.831 in 2023; the degree
of coupling coordination between subsystems in the Dadukou
District gradually increased from 0.615 in 2017 to 0.846 in 2023;
and the degree of coupling coordination between subsystems in
the Baqiao District gradually increased from 0.640 in 2015 to
0.875 in 2023. The reason for this is the in-depth implementation
of policies for the transformation of old industrial cities and
the continuous strengthening of institutional mechanisms for
innovation. With policy guidance and financial support, many old
industrial cities have successfully fostered new industries, such as
high-tech and modern service industries, which have not only
become new engines of economic growth but have also created
a large number of high-quality jobs and effectively improved
social and livelihood conditions. At the same time, ecological
and environmental governance has achieved remarkable results,
and the coordination between economic development and the
ecological environment has been significantly strengthened. The
high-quality development of the economy has provided more
adequate financial and technical support for ecological environment
management, thereby promoting further improvement in the level
of ecological environment. As residents’ income levels rise and
consumption attitudes evolve, society’s growing demand for a
high quality of life and ecological sustainability has become an
intrinsic driving force for coordinated urban development. In
addition, with the promulgation of the Implementation Plan for
High-Quality Development of Demonstration Zones for Industrial
Transformation and Upgrading of Old Industrial Cities and
Resource-Based Cities, the guiding role of policies in promoting
coordinated urban development has been further strengthened,
facilitating the transition of old industrial cities from the stage of
restructuring and renovation to that of high-quality development.
Scientific and technological progress and innovation also provide
solid technical support and innovative impetus for enterprise
transformation and upgrading as well as industrial diversification,
accelerating the process of industrial optimization and upgrading,
and ultimately promoting the coordination among economic
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development, the ecological environment, and social livelihoods,
thereby jointly advancing sustainable city development.

6 Conclusions and discussion
6.1 Conclusions

This study refers to existing studies and relevant policy
documents, and based on the theory of sustainable development
and the characteristics of China’s old industrial zones, it selects
the old industrial cities of Dadukou, Huaxi, and Bagiao as sample
cases and constructs a performance evaluation index system for the
transformation of old industrial cities on the basis of the theory of
sustainable development and in terms of the three dimensions: social
welfare, economic development, and the ecological environment.
On this basis, this study takes 2012-2023 as the research interval
and utilizes the Regional Statistical Yearbook, the Regional National
Economic and Social Development Statistical Bulletin, and the
Regional Government Report as data sources. A comprehensive
evaluation framework integrating the combined weighting method
of game theory and the GRA-VIKOR-coupling coordination degree
method is employed to measure the coupling and coordinated
development level among the social welfare, economic development,
and ecological environment systems, thus exploring the path
of high-quality development for the transformation of old
industrial cities in the new era. The conclusions of this study are
as follows:

(1) Overall, the comprehensive transformation performance
of the three old industrial cities exhibited a fluctuating
upward trend during the study period, verifying the positive
impact of China’s policy support and industrial structure
optimization for old industrial cities. From the dimensional
layer, the social welfare, economic development, and
ecological environment systems played distinct driving roles in
promoting the transformation process of old industrial cities.
The transformation paths of the three old industrial cities
went through three stages: slow growth, rapid growth, and
stagnation and decline. In the slow growth stage, which is the
initial stage in the transformation of the old industrial cities,
the comprehensive transformation performance of the three
old industrial cities has shown a smooth and slow growth trend
that is driven by national policy support. In the rapid growth
stage, the performance of both the social welfare and economic
development systems has significantly improved, which may
be related to the local governments increased investment
and support to promote the continuous optimization and
upgrading of the industrial structure, and the enhancement
of economic vitality has also led to an improvement in
social welfare. At the same time, with the gradual increase
in investment in environmental governance, the quality
of the ecological environment has improved to a certain
extent, and ecological environmental performance has begun
to recover gradually in this stage, reflecting the beginning
of the formation of benign interactions among the three
major systems of the economy, society and the environment.
In the stage of stagnation and decline, the transformation
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of old industrial cities is affected mainly by declines in
social security performance and livelihood improvement
performance, fluctuations in economic performance, and the
increase in environmental governance pressure. This is due to
the dual challenges posed by external public health security
emergencies and insufficient internal driving forces for urban
transformation.

According to the results of the coupling coordination degree,
the overall trend of the coupling coordination level of the
three-dimensional system shows an upward trend, and the
degree of coordination increases from the “dysfunctional
recession zone” to the “coordinated development zone” level.
However, despite these notable achievements, the three-
dimensional system has yet to reach its optimal coordination
level. Under the background of high-quality development, the
transformation of old industrial cities needs to be combined
with local resources and the development status quo, further
optimizing the industrial structure, strengthening the driving
force of innovation, increasing investment in environmental
governance, improving the social security system, and further
increasing the coupling and coordination level of the system
through the optimal control of development of all parties to
bring the potential for the transformation of old industrial
cities into full play.

6.2 Discussion

In response to the issues discussed above regarding the
transformation of old industrial cities, this study proposes policy
recommendations to promote the high-quality development of old
industrial cities based on the following aspects.

(1) With the in-depth implementation of the transformation
strategy for China’s old industrial cities, the historical legacy
problems that used to be common and uniform in old
industrial cities such as the Huaxi, Dadukou, and Bagqiao
Districts have been gradually addressed. However, to realize
high-quality development, old industrial cities must be
based on their situation, the development orientation of
transformation must be found, local resource advantages
must be combined, and development strategies tailored to
local conditions must be proposed to realize precise policy
application. Old industrial cities such as the Huaxi District,
Dadukou District and Baqiao District should continue to
play the role of “the first national pilot area for relocating
and transforming old industrial cities”; further promote
institutional innovation; establish a perfect mechanism for
supervision, coordination and improvement; and fully absorb
and learn from the excellent experience of transforming old
industrial areas in China and elsewhere to compensate for their
shortcomings. At the same time, China’s western development
strategy should be used to integrate the transformation
and development of old industrial zones into a national
coordinated development strategy and promote balanced
regional development.

(2) In the context of high-quality urban development, the

industrial structure should be continuously optimized,
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technological innovation should be strengthened, and
endogenous power should be enhanced. First, old industrial
zones should accelerate the optimization of the industrial
structure, cultivate and develop new industries, form a
diversified industrial system, reduce the dependence on a
single industry, and enhance economic risk-resistance ability.
At the same time, attention should be paid to cultivating
scientific and technological talent, formulating appropriate
policies for the introduction of talent, accelerating the
gathering of innovative talent, improving the scientific and
technological innovation capacity of the transformation of
the old industrial zones, providing strong support for the
development of high-tech industries, promoting the extension
of old industrial zones to the high end of the industrial
chain, and enhancing the value added of industries and their
competitiveness.
(3) The government should deepen the development concept of
green transformation, increase investment in environmental
governance, and improve the social security system. Old
industrial zones should continue to increase investment in
environmental governance, synchronize ecological restoration
and environmental quality monitoring network construction,
create a livable residential space for residents, and then increase
the region’s attractiveness to talent and capital. For example,
the government should actively build a long-term mechanism
for the ecological development of industries, pay attention to
investments in clean ecological equipment and environmental
protection technology, encourage the development of

green industries such as eco-tourism, accelerate the
process of greening the transformation of the industrial
structure, and promote the coordinated development of
industries and the ecological environment. Moreover, old
industrial cities should establish a vocational skills training
system that is compatible with industrial transformation,
strengthen re-employment training, improve the skill level
of residents, and promote employment stability and social

harmony.
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