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Abstract: The Chinese economy has now transitioned from rapid expansion to high-quality growth.
The issue of achieving synergy between environmental conservation and economic growth has
become a serious concern. Based on the panel data of 120 prefecture-level cities in China from 2008
to 2017, we used the panel threshold regression model to investigate the influences of environmental
regulation (ER) and technological innovation (TI) on urban industrial transformation. Further, we
examined the threshold characteristics of four types of functional cities—resource-based, industry-
oriented, comprehensive regional, and other types of cities. Our results show that ER and TI have
varied effects on the industrial transformation of the four categories of functional cities. Both ER and
TI have significant nonlinear threshold impacts on industrial transformation in resource-based cities.
The inhibitory effect of ER on industrial structure rationalization decreases as the severity of ER
increases. There is a shift from the promotion to the restriction of industrial structure rationalization
due to TI increase. In contrast, TI strengthens the optimization of industrial structure. The promotion
effects of ER and TI on industrial structure optimization improve as the former and latter increase
in comprehensive regional cities. The influence of TI on the industrial transformation of industry-
oriented cities is consistent with its impact on resource-based cities. These findings provide theoretical
guidance and inspiration for urban industrial transformation in response to ER and TI based on their
functional roles.

Keywords: environmental regulation; technological innovation; industrial transformation; functional
cities; panel threshold regression

1. Introduction

Industrialization has harmed the natural environment and human existence by caus-
ing pollution, ecological degradation, and resource depletion [1]. The growing severity
of ecological and environmental challenges have hindered the human economy and soci-
ety [2]. As the world’s largest developing country [3], China’s economic growth in the past
four decades has been unprecedented [4]. However, overcapacity [5,6] and environmental
pollution [7,8] pose serious challenges to China’s economy. Due to the serious destruction
of the environmental system and the degradation of ecological services, the realization of
industrial transformation—making industries more environmentally friendly and more
innovative—has become vital in China [9]. Environmental regulation (ER) is a set of pollu-
tion control policies designed to reduce carbon dioxide emissions, minimize environmental
pollution, and promote the long-term development of the ecological environment [10,11].

Moreover, environmental problems are linked to a lack of technological innovation
(TI) [12], which can effectively reduce environmental pollution and promote the healthy
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development of the ecological environment by utilizing green products, processes, and
terminal management throughout the product life cycle [13]. Presently, China’s economy is
transitioning from rapid expansion growth to qualitative development [14,15]. With a rising
labor force, capital input, and technological advance driving the Chinese economy [16],
transforming economic development and optimizing the economic structure is vital to
ensuring the healthy and sustainable growth of China’s economy and society [5,17].

Environmental regulation, technological innovation, and industrial transformation
are all concerns of global interest [3,18,19]. The research in these areas can be divided into
three categories:

Impact of environmental regulation on technological innovation. (a) The “compliance
costs hypothesis” states that environmental regulations reduce enterprise technical inno-
vation levels. Previous research has shown that rising environmental regulation intensity
increases the environmental treatment costs incurred by firms, crowding out investment in
technological innovation and reducing enterprise competitiveness [20,21]. Environmen-
tal regulation impedes the development of green technology innovation capabilities [22];
(b) Environmental regulation promotes the improvement of enterprise technological in-
novation level—“Porter Hypothesis” [23]. Reasonable environmental regulatory policies
could allocate resources scientifically and encourage companies to improve their inno-
vation capabilities, thereby increasing competitiveness [24]. It could also improve the
technological innovation capabilities of enterprises and improve their production efficiency
in the long term [25]; (c) Environmental regulation has no significant positive or negative
impact on technological innovation [26].

Impact of environmental regulation on industrial transformation. (a) Environmental
regulation may promote industrial restructuring or industrial upgrading. Environmental
policy can incentivize enterprises to improve resource utilization and promote a green
ecological industry [27]. It can effectively reduce the reliance of economic development on
resources and promote industrial structure of resource-based countries to diversify and
reverse the Dutch disease problem [28]; (b) Improved environmental regulations are not
conducive to industrial structure transformation. Strict environmental regulation increases
the ensuing cost of enterprise pollution reduction, which is not conducive to industrial
structure transformation [29,30]; (c) The relationship between environmental regulation
and industrial transformation is non-linear, with a J-shaped characteristic [31], a positive
U-shaped relationship [14], or other uncertain types of relationship [32].

Impact of technological innovation on industrial transformation. Existing studies
suggest that technological innovation can boost industrial upgrading [33]. However, the
promotion varies concerning specific mechanisms, time, and space scale [5,29]. Overall,
this topic has received much research attention. However, there are still a lot of gaps in the
literature. This study contributes to the literature in three aspects:

Firstly, due to differences in the city functions, productivity levels, and resource
endowments, the intensity of environmental regulation, the degree of technological innova-
tion, and the level of the industrial structure of different cities varies [34]. Investigating the
impact of ER and TI on the industrial transformation of different functional cities can help
to improve the ER policy and harmonize the relationship between economic development
and environmental protection [35]. However, most previous studies used provincial or
industry panel data [36], and very few studies focused on the city scale. To our knowledge,
this study is the first to conduct such micro-level research based on cities’ functions because
they play a significant role in national innovation systems.

Secondly, the sharing of government environmental information is critical to estab-
lishing a positive relationship between the government, businesses, and the public in
quantifying environmental regulations [37]. However, most previous studies used single
or comprehensive indicators to measure environmental regulations without government
environmental information disclosure. In addition, technological innovation is mostly
measured by the number of scientific research or technical service personnel, patent appli-
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cations, and internal R&D expenditures [38], which do not adequately reflect the level of
technological innovation in a given region.

Therefore, the PITI index is used to measure ER in this study. This indicator includes
pollutant discharge data, the government’s oversight of corporate activities, and the gov-
ernment’s and society’s engagement in environmental protection [39]. Moreover, the TI is
measured by the city innovation index, a stock index adjusted by patent value, which can
comprehensively and scientifically reflect the TI level of a particular city [40].

Thirdly, given the importance of ER on TI in driving industrial transformation, studies
exploring the relationship between the three are required to inform policy formulation for
sustainable urban development [7]. Most previous studies have separately studied the
effects of ER on industrial transformation [11], or investigated the impacts of ER on TI [6],
or analyzed the influences of TI on industrial transformation [41].

However, only a few studies have focused on the complex relationship between ER,
TI and industrial transformation [42]. We examined the linear and nonlinear links between
environmental regulation, technological innovation, and industrial transformation using
the same analytical framework.

Although the previous studies have provided some background and motivation for
our paper, ours is the first to investigate the regulatory function of environmental legislation
and technological innovation on urban industrial transformation in China based on city
functional roles. The empirical novelty of this paper is the disaggregation of cities based
on their functional roles to investigate how ER and TI affect industrial transformation and
to provide suggestions for formulating more precise environmental regulations for cities
with different functions.

The remainder of this paper is organized as follows: Section 2 reviews the literature
and develops the hypotheses. The data and methods used to conduct the analysis are ex-
plained in Section 3. The empirical results and discussion are presented in Sections 4 and 5,
respectively. Finally, Section 6 proposes the major conclusion, policy implications, and
limitations.

2. Literature Review

The urban industrial transformation has become one of China’s industrial develop-
ment requirements in the new era [8], given the growing challenges of world resource
consumption and pollution. In recent years, China’s regional economic development
pattern has evolved considerably. Different cities face various economic challenges, re-
source endowment, and social-ecological environments, while the Chinese government
emphasizes the development of an ecological civilization [21]. In this regard, the Chinese
government has successively issued environmental protection laws and regulations, such
as “Environmental Protection Law”, “Action Plan for Prevention and Control of Water
Pollution”, “Action Plan for Prevention and Control of Soil Pollution”, and “Rules for Imple-
mentation of the Law on the Prevention and Control of Air Pollution”. The establishment
of these environmental laws has significantly intensified China’s environmental regulation.

Consequently, enterprises’ inappropriate production behavior has been regulated and
restricted [43]. In addition, this has promoted the internalization of the social cost of envi-
ronmental pollution emissions [44], guided the flow and distribution of resources among
industries, and transformed industrial development from resource-driven to technological-
driven, thereby promoting industrial structure transformation [45]. Moreover, strict envi-
ronmental regulations may encourage enterprises to adapt their product and management
structures, improve their independent innovation capacity, and create societal excitement
for innovation, resulting in industrial structure transformation [17,23].
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2.1. Analysis of the Mechanism of Environmental Regulation and Technological Innovation on
Industrial Transformation
2.1.1. Effect of Environmental Regulation on Industrial Transformation

Environmental regulation can influence industrial transformation through the mecha-
nisms of industrial transfer effect and industrial transformation effect.

The “pollution haven hypothesis” states that the degree of environmental control
directly impacts enterprise production costs. Environmental regulations are less effective in
boosting ecological efficiency and reducing resource dependence in non-resource cities [21].
As a result, polluters prefer places with relatively lax environmental policies to lower the
cost of pollution treatment; they influence the regional industrial transformation through
the industrial transfer effect. In addition, undeveloped cities may design relatively liberal
environmental policies to attract investment and promote regional economic develop-
ment. Due to the industrial transfer effect, inadequate implementation and quality of
environmental legislation can negatively impact industrial transformation [46].

On the other hand, according to the “Porter hypothesis,” acceptable ER can help
enterprises improve production efficiency and optimize their structure, thus promoting the
transformation of a society’s industrial structure. Simultaneously, the public’s awareness of
environmental protection will increase as society advances [7] and enhance the demand for
green products, prompting enterprises to adjust and optimize their product and manage-
ment structure to meet shifting market demands. Changes in the demand side cause this
industrial structure transformation. In addition, since most enterprises in resource-based
cities are pollution-intensive [3,47], the intensity of pollutant emission is high. When the
intensity of ER increases, a corresponding improvement in production technology and
pollution control can be achieved by increasing investment in technological research and
development [19,47]. This will have a significant short-term impact on enterprise develop-
ment and will be detrimental to regional economic development. However, it will lead to
industrial transformation in the long term by adopting environmental-friendly technology
while increasing enterprise competitiveness at the local and international levels [8].

Besides, environmental regulation can be classified into traditional command-and-
control, voluntary or public participation, and market-based environmental regulations [48].
Different types of ER have inconsistent impacts on industrial transformation. For example,
Ren et al. [49] used the 2000–2013 panel dataset to evaluate how these three environmental
rules affected eco-efficiency in 30 Chinese provinces. Regional differences in voluntary
and market-based environmental regulations favored eco-efficiency in the eastern region;
command-and-control and market-based environmental regulations favored the central
region; only command-and-control environmental regulation favored the western region,
while the other types of regulations had no significant effect. In addition, even the same
type of ER may have different impacts on industrial transformation. Zhao et al. [50]
reported that command-and-control ER would not affect industrial transformation. In
contrast, Liu et al. [51] argued that the command-and-control ER influenced industrial
transformation positively.

Cities are critical turning points in creating long-term system changes that affect local
and global environments [52]. Earlier reports have indicated the positive influence of ER
on industrial transformation in resource-based cities [8]. Yasmeen et al. [3] found that
severe environmental regulations, rather than voluntary environmental rules, negatively
influenced ecological efficiency in places with low resource reliance. Deng et al. [44]
indicated that ER influenced the transformation of cities with a large population and
high pollution levels. Similarly, ER can promote industrial transformation in cities with
high and low economic development but may not affect cities with medium economic
growth. This suggests that industrial transformation is driven by the level of economic
development in cities. However, studies reporting the industrial transformation of cities
due to environmental regulations are limited [53], especially based on cities’ functional
roles, and our study sought to fill this gap.
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2.1.2. Effect of Technological Innovation on Industrial Transformation

Technological innovation can influence industrial transformation through innovation
compensation effect and technology diffusion effect.

Empirical studies have shown that TI is an essential driver of industrial transforma-
tion [8,54], supported by the porter hypothesis [23]. The Porter hypothesis states that TI
aims to improve resource use efficiency through advancements in technology, thereby
encouraging industrial transformation. This leads to an innovation compensation effect,
which aligns with the innovation compensation theory. For example, sophisticated tech-
nology can facilitate the efficient and clean utilization of energy sources [55], and TI can
help existing and developing industries maximize resource utilization efficiency [56]. In
addition, ER can effectively promote the transformation of labour-intensive or resource-
intensive industries to technology-intensive industries by stimulating the introduction and
adoption of advanced technology [8] and the optimal allocation of resources. Similarly,
“creative destruction” considers that the key to obtaining a new competitive advantage is
transforming through TI [57]. Nevertheless, the current status of technological innovation
and industrial transformation in China still needs to be improved [16], suggesting the
requirement for more research in this regard.

The diffusion effect of TI indirectly impacts industrial structure transformation through
the supply structure and international trade. For example, implementing strict ERs shifts
the negative externalities of enterprise environmental pollution. Consequently, enterprise
investment in technological research and development is crowded out, hindering industrial
transformation [8,19]. Zhao and Jing [58] reported that the crowding-out impact of TI might
cause firms to downsize, diminishing resource use efficiency. According to Jin et al. [46], TI
is an obvious impediment to the green development of industrial water resources in west-
ern China. As indicated in the analysis above, the technology diffusion effect negatively
impacts societal incentives for TI, severely impacting industrial transformation. Given that
creating a smart city requires TI [18], the analysis presented in this section demonstrates
that TI may support or obstruct industrial transformation.

2.2. Research Hypothesis

According to the literature review in the previous sections, ERs induce enterprises to
invest in pollution control to meet regulatory standards. This results in increased produc-
tion costs, which does not promote enterprise competitiveness [18,59]. In this situation,
the adoption of green innovation is critical for enterprises profit growth [60]. Furthermore,
according to the “Pollution Haven Hypothesis” [61], developed economies have a greater
tendency to transfer pollution-intensive enterprises to the less developed economies due
to labor availability [62] and less stringent ER, especially in resource-based regions [8,63].
Consequently, pollution level intensifies, and industrial structure transformation is im-
paired [64]. The opposing view is the porter hypothesis. This hypothesis implies that ER
has a positive relationship with TI, induces increased short-term cost, encourages long-term
innovation, and ultimately enhances local companies’ competitiveness in the international
market [23]. The hypothesis is supported by empirical studies [9,43,47].

Given that the industries’, local governments, and cities’ responses to environmental
regulation can be heterogeneous [3,65,66], we believe that city response to comparable
legislation may differ depending on their functional responsibilities. Hypotheses are stated
in this context as follows:

Hypothesis 1 (H1). The impact of environmental regulation on the industrial transformation of
cities with different functions is inconsistent.

Hypothesis 2 (H2). The influence of environmental regulation on industrial transformation
is nonlinear.
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TI is crucial to improving industry performance through efficient resource utilization,
declined environmental pollution [59], and increased production efficiency [67], all of
which are conducive to urban industrial transformation. Several studies have reported the
positive effect of TI on industrial structure optimization [16,68]. For example, Magat [69]
emphasized that green TI could simultaneously address economic development and en-
vironmental conservation. Liu and Dong [59] used the perception of natural resource
utilization and urbanization to reveal the positive effect of TI on the industrialization of
278 cities in China. Meng et al. [19] argued that a higher level of TI is beneficial to China’s
green industrial transformation of resource-based cities. In contrast, Xie et al. [8] noted that
technological innovation’s input and output aspect might not enhance the green industrial
transformation of resource-based cities [6]. Increased TI has the potential to minimize
capital invested in production, resulting in lower output. Given the diversity of urban
development, the impacts of technological innovation on industrial development may
not be uniform [59]. Based on the analysis mentioned above, the hypotheses are stated
as follows:

Hypothesis 3 (H3). The influence of technological innovation on the industrial transformation
differs depending on city function.

Hypothesis 4 (H4). There is a nonlinear relationship between technical innovation and indus-
trial transformation.

3. Methodology and Data
3.1. Model

This study used an econometric model to evaluate the effect of ER and TI on urban
industrial transformation. The econometric model was constructed as follows:

TISit = α0 + α1ERit + α2TIit + α3ILit + α4EDUit + α5PDit + α6FELit + εit

where i represents 120 Chinese cities, and t stands for the sample year (2008–2017). The
dependent variable denotes transformation of industrial structure. ER represents envi-
ronmental regulation, TI represents technological innovation, IL represents investment
level, EDU represents education level, PD represents population density, FEL represents
fiscal expenditure level. α1, α2, α3, α4, α5 and α6 are the estimated coefficients for each
independent variable, εit is the error.

Environmental regulation (ER) and technological innovation (TI) may have a multi-
dimensional impact on urban industrial transformation [15]. We aim to assess if the
intensity of ER and the level of TI will have a dynamic impact on TIS (i.e., whether there is
a nonlinear relationship between the variables). Thus, we adopted Hansen’s [70] threshold
regression model for empirical testing. Threshold regression is a nonlinear econometric
model that evaluates one or more threshold variables between two variables that are
causally related. Further, it performs a significance test using the sample parameters
divided by the evaluated variables [71]. In this paper, the threshold regression of the
econometric model is set as follows:

lnTIS = β0 + β1lnER•I(q ≤ γ) + β2lnER•I(q>γ) + αlnX + µ1

where I(•) represents an indicator function. When the expression in the brackets is false,
the value is 0, otherwise the value is 1. The sample interval is partitioned into two districts
with slopes β1 and β2 by comparing threshold variables q with threshold quantity γ. In this
study, q refers to ER and TI. X represents the control variables, including investment level
(IL), education level (EDU), the population density (PD) and fiscal expenditure level (FEL).
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When testing the double threshold effect, the first threshold value is assumed to be
known. The double threshold model is set as follows:

lnTIS = β0 + β1lnER•I(q ≤ γ1)+ β2lnER•I(γ1 < q ≤ γ2)+ β3lnER•I(q > γ2)+ αlnX+µ1

where, γ1 < γ2, the method of fitting the double threshold model is to estimate the second
threshold value after the first threshold value is fixed.

Correspondingly, the multi-threshold model is set as follows:

lnTIS = β0 + β1lnER•I(q ≤ γ1) + β2lnER•I(γ1 < q ≤ γ2) + . . . + βn+1lnER•I(q > γn) + αlnX + µ1

The abbreviations in the model have the same meaning as in previous equations.
We used Stata 13 to test the threshold effect of ER and TI on TIS. The threshold estima-

tion and parameter value with the minimum sum of squared residuals were determined
using the threshold regression. Then, the significance of the threshold effect was verified by
the p value constructed by the bootstrap method. Finally, LR statistics (LR = −2ln

(
1−

√
1− ff

)
)

were used to determine whether the threshold estimation value equals the true value, and
the confidence interval of the threshold estimation value was examined.

3.2. Variable Selection
3.2.1. Dependent Variables

The transformation of industrial structure (TIS) is the coordinated development of
inter-industry, and the scientific synergy among various departments within an indus-
try [16]. It is broadly categorized into two dimensions, namely, rationalization of industrial
structure (RIS) and optimization of industrial structure (OIS) [72]. Therefore, we consider
RIS and OIS as dependent variables in this study.

The RIS characterizes the degree of coordinated development across industries and
the rational utilization of resources, that is, the level of industrial structure. In many
studies, the deviation coefficient of industrial structure or Theil index is used to measure the
rationalization of industrial structure [73,74]. However, the former cannot properly account
for the weight of each industry’s output value in the economy, while the latter cannot
offset variations between industries. Therefore, we combined the deviation coefficient of
industrial structure and Theil index to reflect RIS, and the expression is as follows:

RIS = 100/

 n

∑
i=1

(
Yit
Yt

)√(
Yit/Lit
Yt/Lt

− 1
)2


where i (i = 1, 2, 3) is agriculture, manufacturing and services, respectively. t represents the
year, L represents the number of employees, Y represents the gross national product. Yit/Yt
and Lit/Lt represent the industrial structure and employment structure in the Year t, re-
spectively. The higher the RIS, the higher the level of rationalization of industrial structure.

The OIS refers to how the primary industry turns to the secondary industry and then
to the tertiary industry. One of the essential criteria for judging the OIS is whether the
development direction of the industrial structure is shifting towards “service-oriented”,
which can be reflected by the ratio of the output value of the tertiary industry to the output
value of the secondary industry [75].

3.2.2. Independent Variables

Environmental Regulation (ER). Indirect ER includes the total investment in industrial
pollution control, meeting the standard discharge rate of pollutants such as industrial
wastewater, industrial waste gas, or general industrial solid waste, and the treatment cost
per unit of industrial wastewater discharge [76,77]. Few studies consider the government’s
disclosure of environmental information as an indicator. Therefore, we used the PITI
index to measure the intensity of ER in this study, jointly issued by the Institute of Pub-
lic & Environmental Affairs (IPE) and the Natural Resources Defense Council (NRDC).
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This index quantitatively measures daily supervision, self-monitoring, social interaction,
specific data, environmental impact assessment information, and the disclosure status
of other environmental information related to pollutant discharge in 120 key cities [39].
The aforelisted are sufficient for the scientific and comprehensive measurement of the
environmental regulation intensity of a city.

Technological Innovation (TI). Enterprises with a high level of TI emit low pollutants,
reducing environmental damage. Many studies use the patent applications (authorizations),
internal R&D funds, and R&D personnel to determine the level of TI [78,79]. However,
the above data can only reflect the level of TI in a specific region, missing out some
information. Therefore, we used the Urban Innovation Index released by the Industrial
Development Research Center team of Fudan University to measure the degree of TI. The
Urban Innovation Index is a stock index adjusted by patent value that scientifically and
rationally reflects the TI level of a particular city [40].

3.2.3. Control Variables

Investment level (IL). Investment is one of the “troika” driving economic growth and
the only source of physical capital. In the current stage of China’s development, a large
amount of financial support is needed to transform industrial structure, technological inno-
vation, infrastructure construction, and improve people’s lives. Industrial transformation
can be considerably aided by optimizing investment structures and playing a key role in
investment. In this study, we calculated the scale of investment using the ratio of fixed
asset investment to GDP.

Education (EDU). In the process of industrial transformation, education plays a key
role. The population is more sensitive and concerned about environmental pollution in
areas with a higher education level. They participate more in environmental protection,
which can improve the city’s environmental quality [21,80]. Education promotes not only
current economic progress but also guides future social transformations. The proportion of
students enrolled in regular colleges and universities to the overall population was used to
calculate each city’s education level in this study.

Population density (PD). Population density is one of the most important factors
affecting industrial structure transformation [81,82]. When the population of a region is
dense, the labor supply becomes sufficient, and the market potential is large, which can
greatly promote the transformation of the industrial structure.

Fiscal expenditure level (FEL). The scale of government fiscal expenditure reflects
the government’s initiative in economic development and the government’s emphasis on
ER. As the degree of economic development increases, so will regional fiscal expenditures
and fiscal decentralization indicators [83], and government fiscal expenditure will affect
the intensity of environmental protection in this region [84]. Considering the data avail-
ability, fiscal expenditure has not been classified into different types. We used the ratio
of fiscal expenditure to GDP, that is, “fiscal expenditure/GDP”, to measure the level of
fiscal expenditure.

3.3. Data Sources

The data reported in this study are obtained from China City Statistical Yearbook,
China Regional Economic Statistical Yearbook and the Statistical Yearbook of Provinces
(Cities). The PITI index is jointly issued by Institute of Public & Environmental Affairs (IPE)
and The Natural Resources Defense Council (NRDC) [39], and “China Urban and Industrial
Innovation Capacity Report 2017” (hereinafter referred to as the “Report 2017”) is released
by the Industrial Development Research Center of Fudan University [40]. In this study, we
used panel data from 120 prefecture-level cities in China as the research object (According to
“Administrative Divisions of China (2020)” and the “Statistics of Administrative Divisions
of the People’s Republic of China (2020)”, there are 293 prefecture-level cities in China).
Further, we divided the cities into four types: resource-based cities (type I), industry-
oriented cities (type II), comprehensive regional cities (type III), and other cities (type IV),
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according to Nie and Guo [85]. The details of the cities and their classification are presented
in Table A1 of Appendix A.

4. Results
4.1. Results of Panel Regression
4.1.1. Model Selection

The LM test and Hausman test were used to select the mixed model (OLS), fixed
effect model (FE), and random effect model (RE) to examine the quantitative relationship
between the variables. Taking the resource-based city as an example, when lnRIS was
the dependent variable, the LM test returned a probability of 0.000. Therefore, RE was
selected in preference to OLS. Hausman’s test returned a probability of 0.2255 (less than
0.5), leading to FE selection over RE. In summary, FE was used for analysis. Variables were
transformed to natural logarithms before regression analysis to reduce heteroscedasticity.

4.1.2. Regression Results

With lnRIS as the dependent variable, ER benefits industrial structure rationalization
in industry-oriented cities and other city types, but not in the resource-based and compre-
hensive regional cities (Table 1). TI showed a negative impact on RIS in all four types of
cities (Table 1). In addition, fiscal expenditure level (lnFEL) hindered industrial structure
rationalization in industry-oriented cities and had no significant impact on the other three
types of cities. We found that investment level (lnIL), education level (lnEDU) and popula-
tion density (lnPD) had no impact on the rationalization of the industrial structure across
the four city types (Table 1).

Table 1. Regression results between variables.

Variables
Explained Variable: lnRIS Explained Variable: lnOIS

City I City II City III City IV City I City II City III City IV

Model FE FE FE FE RE RE FE FE
Intercept C 13.0497 −1.7201 4.8150 −0.8554 0.3778 3.9346 *** 4.9932 *** 4.2569 ***

lnER −0.0088 0.2824 *** 0.1238 0.1985 *** 0.0764 0.1469 *** 0.0899 *** 0.0816 ***
lnTI −0.4637 *** −0.3793 *** −0.3668 *** −0.3220 *** 0.1483 *** 0.0757 *** 0.0769 *** 0.0519 ***
lnIL −0.4120 0.2097 0.0737 0.1793 −0.1427 * −0.1487 *** −0.0327 0.0137

lnEDU −0.0786 0.0581 −0.0773 −0.1743 0.0830 0.3011 *** 0.0225 0.0681
lnPD −2.1560 0.2728 −0.8695 −0.0519 0.1534 −0.0979 −0.2264 −0.2568
lnFEL 0.2588 −0.4919 *** 0.6096 −0.1850 1.1822 *** 0.2504 *** 0.2770 *** 0.4440 ***

LM test
(p values)

69.75
(0.0000)

783.94
(0.0000)

219.37
(0.0000)

1413.86
(0.0000)

123.85
(0.0000)

666.69
(0.0000)

527.78
(0.0000)

1702.41
(0.0000)

Hausman
test

(p values)

9.39
(0.2255)

11.78
(0.1079)

24.00
(0.0011)

33.53
(0.0000)

4.74
(0.6918)

4.22
(0.7540)

24.31
(0.0010)

11.43
(0.1208)

Note: *** and * represent significance levels at 1% and 10%; Only the regression results of the final adopted model are presented in the table;
City I, II, III, IV represent resource-based city, industry-oriented city, comprehensive regional city and other types of cities, respectively. The
same below.

Except for resource-based cities, the regression result indicated that ER optimized
industrial structure in the three other city types when lnOIS was designated as the depen-
dent variable (Table 1). We also found that TI positively drove industrial transformation,
implying that the higher the level of TI, the more favorable the optimization of industrial
structure (Table 1). The regression coefficients of fiscal expenditure level (FEL) were posi-
tive across the four city types, demonstrating that the FEL can optimize industrial structure
(Table 1).
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4.2. Results of the Panel Threshold Regression
4.2.1. Results of the Panel Threshold Regression with RIS as the Dependent Variable and
ER as the Threshold Variable

We used Hansen’s [70] bootstrap method to evaluate the threshold effects of environ-
mental regulation (lnER) in the four types of cities (i.e., setting the number of sampling
times to 1000). The threshold effect and number of thresholds were determined by examin-
ing the p-value corresponding to the statistics (Table 2).

Table 2. Results of threshold effect test.

Dependent
Variable

Threshold
Variable

Type of
City

Number of
Threshold F-Value p-Value

10%
Critical
Value

5% Critical
Value

1% Critical
Value

RIS

ER

I
Single 15.13 0.0090 8.5914 10.4015 14.9904

Double 2.87 0.6780 7.0763 8.3511 11.4611
Triple 3.60 0.6140 9.9920 12.1647 17.9686

II
Single 7.42 0.2340 9.9335 12.5377 16.4491

Double 7.81 0.1400 8.5361 10.4135 13.8035
Triple 2.06 0.9040 10.6731 13.4017 21.1083

III
Single 6.72 0.2650 9.7952 12.0498 16.1735

Double 22.79 0.0040 9.6126 12.2772 17.3093
Triple 3.40 0.8030 32.5796 44.5144 71.1879

IV
Single 3.88 0.6950 10.8444 12.7067 18.0046

Double 3.21 0.6750 9.2652 10.9596 17.8906
Triple 1.51 0.9300 7.6907 9.0907 12.3520

TI

I
Single 40.03 0.0060 17.8007 23.4749 34.8751

Double 11.52 0.1930 13.9801 17.1018 25.2613
Triple 5.49 0.4980 12.8326 17.0689 26.0140

II
Single 61.71 0.0010 27.8292 33.3867 47.6146

Double 14.36 0.2460 20.2717 23.8540 35.5546
Triple 10.01 0.5160 20.8239 25.0166 33.2640

III
Single 12.21 0.2790 19.2366 24.0453 35.3409

Double 10.29 0.2300 15.0316 18.5697 25.4553
Triple 6.85 0.3660 14.3121 19.9028 36.0568

IV
Single 20.16 0.1770 24.7066 28.8834 42.2053

Double 15.10 0.2260 24.7090 33.6586 52.7559
Triple 11.94 0.5150 39.5337 48.1307 66.2757

OIS ER

I
Single 5.97 0.2190 7.8589 9.2859 12.5147

Double −2.29 1.0000 9.0356 11.1941 17.0475
Triple 2.01 0.7970 6.2697 7.5615 9.9365

II
Single 14.09 0.1160 14.4542 16.2202 21.2922

Double 8.35 0.2980 11.7735 13.8313 17.1880
Triple 3.86 0.9440 19.9382 23.4821 29.9399

III
Single 11.79 0.0250 8.4601 9.9820 13.8596

Double 1.61 0.9510 8.2106 9.7751 13.2893
Triple 1.99 0.9450 9.6586 11.8063 17.2788

IV
Single 4.75 0.8650 18.2798 22.0335 27.6451

Double 5.58 0.5860 11.9244 13.9689 18.2083
Triple 4.33 0.7410 16.1507 19.4222 24.9144
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Table 2. Cont.

Dependent
Variable

Threshold
Variable

Type of
City

Number of
Threshold F-Value p-Value

10%
Critical
Value

5% Critical
Value

1% Critical
Value

TI

I
Single 23.55 0.0200 15.4952 19.3024 26.6315

Double 8.14 0.3030 14.0391 17.9083 34.5277
Triple 5.18 0.6020 14.7474 18.7458 29.3685

II
Single 54.66 0.0010 19.5758 23.7054 30.4914

Double 23.90 0.0180 16.5179 20.0704 26.0840
Triple 10.95 0.8710 34.4122 38.7942 49.7323

III
Single 35.95 0.0190 24.4472 29.8822 39.3295

Double 12.86 0.2340 18.4672 25.1123 40.8001
Triple 5.17 0.7290 15.2089 19.5863 29.1890

IV
Single 12.73 0.4680 25.5235 31.6923 48.4790

Double 5.30 0.7710 21.4665 25.5408 32.1299
Triple 4.53 0.7040 14.3154 17.2895 24.4365

We found a threshold effect in the models constructed for resource-based cities when
ER was designated as the threshold variable (Table 2). As is shown in Table 2, the F statistic
of resource-based cities in the single threshold model was significant at 1% level, with a
p-value less than 0.01. Therefore, a detailed analysis of the single threshold model was
conducted, revealing that the threshold value was 2.9497, the corresponding ER value was
19.10, and the 95% confidence interval was 2.8459–2.9549 (Table 3).

Table 3. Threshold value estimation and threshold effect test results.

Dependent
Variable

Threshold
Variable

Type of
City

Threshold
Value

Corresponding
Value

95%
Confidence

Interval

RIS ER I 2.9497 19.10 (2.8459,
2.9549)

RIS TI I 0.5008 1.65 (0.4637,
0.5068)

RIS TI II 2.1211 8.34 (2.0056,
2.1353)

OIS ER III 4.1141 61.20 (4.0395,
4.1352)

OIS TI I 1.3938 4.03 (1.1754,
1.4516)

OIS TI II 2.2072 9.09 (2.1341,
2.2492)

OIS TI II 3.2581 26.00 (3.0843,
3.3301)

OIS TI III 4.6023 99.71 (4.4599,
4.6496)

According to the principle of the panel threshold regression model, the threshold
estimate is the value returned when the likelihood ratio statistic LR is close to 0. Figure
1 shows the likelihood ratio function graph under the 95% confidence interval when the
threshold value is 2.9497. The lowest point of the LR statistic represents the threshold
value, and the dotted line represents the critical value of 7.35. The critical value of 7.35 is
much higher than the threshold value of 2.9497, indicating that the single threshold value
is accurate and effective.



Sustainability 2021, 13, 12512 12 of 23

Figure 1. The likelihood ratio function of the threshold estimation value in the single threshold
model (RIS as the dependent variable and ER as the threshold variable in resource-based cities).

Table 4 shows the results of the panel threshold regression. The influence of ER on RIS
in resource-based cities is related to its range. When the lnER level does not exceed 2.9497,
the coefficient value was −0.7968, significant at a 0.05 level. That is, RIS is significantly
restricted by ER in resources-based cities. When the intensity of lnER increases by one
unit, lnRIS decreases by 0.7968 units, provided lnER does not exceed 2.9497. When the
intensity of lnER is higher than 2.9497, the coefficient is −0.4568, which is significant at a
level of 0.10. In other words, every unit rise in lnER causes a 0.4568 unit decrease in lnRIS.
Thus, ER still has an inhibitory effect on RIS, but the inhibition reduces as environmental
management improves.

Table 4. Parameter estimation results of the panel threshold model, RIS as Dependent variable.

Threshold Variable: ER Threshold Variable: TI Threshold Variable: TI

City Type: I City Type: I City Type: II

Variable Regression
Coefficient t-Value Variable Regression

Coefficient t-Value Variable Regression
Coefficient t-Value

lnIL −0.8993 ** −3.17 lnIL −0.4982 −1.16 lnIL 0.0504 0.35
lnEDU −0.7044 −1.57 lnEDU −0.2410 −0.81 lnEDU −0.0650 −0.33
lnPD −4.2112 ** −3.39 lnPD −2.9103 ** −2.60 lnPD 0.7724 0.67
lnFEL −0.7707 −1.58 lnFEL 0.1313 0.18 lnFEL −0.7441 *** −2.98
lnER•I

(lnER ≤
2.9497)

−0.7968 ** −2.63
lnER•I
(lnTI ≤
0.5008)

0.1776 1.55
lnER•I
(lnTI ≤
2.1211)

0.1116 0.81

lnER•I
(lnER >
2.9497)

−0.4568 * −2.33
lnER•I
(lnTI >
0.5008)

−0.1676 −1.70
lnER•I
(lnTI >
2.1211)

−0.0476 −0.39

Note: ***, ** and * represent significance tests at the level 1%, 5% and 10%, respectively.

4.2.2. Results of the Panel Threshold Regression with RIS as the Dependent Variable and TI
as the Threshold Variable

The threshold effect of technological innovation (lnTI) in the four types of cities reveals
that a threshold value exists in both resource-based and industry-oriented cities (Table 2).
The threshold values are 0.5008 and 2.1211, respectively (Table 3).

Figure 2 depicts the likelihood ratio function of the single threshold estimate for
resource-based and industry-oriented cities within the 95% confidence interval from the
panel threshold regression findings.
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Figure 2. The likelihood ratio functions of the threshold estimation value in the single threshold model. (a) RIS as the
dependent variable and TI as the threshold variable in resource-based cities; (b) RIS as the dependent variable and TI as the
threshold variable in industry-oriented cities.

The panel threshold regression shows that the impact of TI on OIS is proportional to
the degree of TI in resource-based and industry-oriented cities (Table 4).

When lnTI does not exceed 0.5008, the regression coefficient is 0.1776 in resource-
based cities. When lnTI is greater than 0.5008, the regression coefficient decreases to
−0.1676 (Table 4). This finding suggests that when TI increases in resource-based cities,
the encouragement of industrial structure rationalization decreases. For industry-oriented
cities, the regression coefficient returned for a low level of TI was 0.1116 (lnTI ≤ 2.1211),
and −0.0476 was returned for a high level of TI (lnTI > 2.1211).

4.2.3. Results of the Panel Threshold Regression with OIS as the Dependent Variable and
ER as the Threshold Variable

Only the F statistic in the single threshold model for the comprehensive regional city
was significant at 0.05 level, when ER is designated as the threshold variable (Table 2). The
threshold value was 4.1141, the corresponding ER value is 61.20, and the 95% confidence
interval is 4.0395–4.1352 (Table 3).

Figure 3 shows the likelihood ratio function with a 95% confidence interval and a
threshold value of 4.1141. The lowest point of the LR statistic represents the threshold
value, and the dotted line represents the critical value of 7.35. The critical value of 7.35
is higher than the threshold value, indicating that the single threshold value is accurate
and effective.

Figure 3. The likelihood ratio function of the threshold estimation value in the single threshold model
(OIS as the dependent variable and ER as the threshold variable in comprehensive regional cities).
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The panel threshold regression results show that when the intensity of ER is lower
than 4.1141, the regression coefficient of ER on OIS was 0.0802 (Table 5). When the ER
intensity exceeds 4.1141, the regression coefficient increases to 0.0982. Both regression
coefficients passed the significance test (Table 5). Therefore, higher ER intensity favours
optimizing the industrial structure in comprehensive regional cities.

Table 5. Parameter estimation results of the panel threshold model, OIS as dependent variable and
ER as threshold variable in comprehensive regional cities.

Variable Regression Coefficient t-Value

lnIL 0.0016 0.01
lnEDU 0.0067 ** 2.84
lnPD −0.0721 −0.26
lnFEL −0.5270 *** 4.30

lnER•I (lnER ≤ 4.1141) 0.0802 ** 2.76
lnER•I (lnER > 4.1141) 0.0982 *** 3.73

Note: *** and ** represent significance tests at the level 1% and 5%.

4.2.4. Results of the Panel Threshold Regression with OIS as the Dependent Variable and
TI as the Threshold Variable

When technological innovation (lnTI) was designated as the threshold variable, we
found a threshold effect in the models constructed for resource-based and comprehensive
regional cities (Table 2). Moreover, there are two thresholds in the industry-oriented cities
model. The results of the panel threshold estimation are presented in Table 3.

According to the likelihood ratio function test results, the threshold values of resource-
based, industry-oriented, and comprehensive regional cities are accurate and effective.
Figure 4 shows the likelihood ratio function of the three types of cities.

Figure 4. The likelihood ratio functions of the threshold estimation value in the single threshold
model. (a) OIS as the dependent variable and ER as the threshold variable in resource-based cities;
(b) OIS as the dependent variable and TI as the threshold variable in comprehensive regional cities;
(c) OIS as the dependent variable and TI as the threshold variable in industry-oriented cities; (d) OIS
as the dependent variable and TI as the threshold variable in industry-oriented cities.

A relatively low degree of TI (lnTI ≤ 1.3938) yields a regression coefficient of 0.0856 in
resource-based cities. High TI (lnTI > 1.3938) results in a regression coefficient of 0.1761.
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Notably, both coefficients passed the significance test (Table 6). These findings imply that
advancing TI promotes the optimization of industrial structure in these cities.

Table 6. Parameter estimation results of the panel threshold model, OIS as Dependent variable and TI as threshold variable.

City Type: I City Type: II City Type: III

Variable Regression
Coefficient t-Value Variable Regression

Coefficient t-Value Variable Regression
Coefficient t-Value

lnIL −0.0029 −0.06 lnIL −0.1264 *** −2.88 lnIL −0.0026 −0.02
lnEDU 0.1621 * 2.27 lnEDU 0.3946 *** 6.49 lnEDU 0.0678 *** 3.38
lnPD −0.2658 −1.23 lnPD −0.6853 *** −3.09 lnPD −0.1525 −0.58
lnFEL 1.3373 *** 8.06 lnFEL 0.2502 *** 3.82 lnFEL 0.5173 *** 4.05
lnER•I
(lnTI
≤1.3938)

0.0856 * 2.02
lnER•I
(lnTI
≤2.2072)

0.1425 *** 4.41
lnER•I
(lnTI ≤
4.6023)

0.0971 *** 3.57

lnER•I
(lnTI

>1.3938)
0.1761 *** 4.41

lnER•I
(2.2072 <

lnTI ≤
3.2581)

0.1797 *** 6.08
lnER•I
(lnTI >
4.6023)

0.1380 *** 5.30

- - - lnER•I(lnTI
> 3.2581) 0.2144 *** 7.58 - - -

Note: *** and * represent significance tests at the level 1% and 10%.

For industry-oriented cities, the trend of regression coefficient is consistent with that
of resource-based cities. At low (lnTI ≤ 2.2072), medium (2.2072 < lnTI ≤ 3.2581), and
high (lnTI > 3.2581) levels of TI, the regression coefficients were 0.1425, 0.1797, and 0.2144,
respectively (Table 6). The role of TI in promoting the optimization of the industrial struc-
ture will be strengthened as the degree of TI increases. The outcomes for comprehensive
regional cities are consistent with those obtained for resource-based and industry-oriented
cities. The regression coefficients at low (lnTI ≤ 4.6023) and high (lnTI > 4.6023) levels of TI
were 0.0971 and 0.1380, respectively (Table 6). Both of them passed the significance test.

4.3. Summary of the Panel Threshold Regression

Environmental regulation has different impacts on industrial transformation in the
four types of cities. When ER was designated as the threshold variable for resource-based
cities, the negative impact of ER on RIS weakens with the increasing intensity of ER. The
promotion of ER on OIS increases as the intensity of ER rises in comprehensive regional
cities. Similarly, the impacts of TI on industrial transformation of the different types of
cities varied. Surprisingly, for resource-based and industry-oriented cities, increasing the
degree of TI shifts the influence of TI on RIS from positive to negative. For resource-based
cities, industry-oriented cities, and comprehensive regional cities, increasing the degree of
TI strengthens the promotion of TI on OIS (Figure 5).
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Figure 5. Summary of the impacts of ER and TI on TIS in four functional cities. NEG represents
negative effect; POS represents positive effect. ↑ indicates the effect strengthens with an increase in
the level of the threshold variable. ↓ indicates the effect weakens with an increase in the level of the
threshold variable. The straight lines indicate that the threshold effect and the threshold regression
coefficient are significant; the dashed lines indicate that the threshold effect is significant, while the
threshold regression coefficient is insignificant; the dotted lines indicate that neither is significant.

5. Discussion

A current and general challenge, especially in developing nations, is achieving inte-
grated social economy and ecological environment development. Promoting industrial
transformation through effective ER policies and TI is important to solving this prob-
lem [86]. However, there are no consistent results about the effects of ER on industrial
transformation [14]. Cities with distinct functions, in particular, have varying development
goals, resources endowments and environmental protective tendencies. It is important to
consider how environmental legislation and technological innovation influence industrial
transformation [87]. Therefore, this study uses the panel threshold model to investigate the
impact of ER and TI on transformation of industrial structure.

We found that ER has different impacts on the industrial transformation of the four
types of cities. In other words, hypothesis H1 is assumed to be established. In detail,
ER restricts the rationalization of industrial structure in resources-based cities, and this
negative impact weakens when the intensity of ER increases. This result supports the
“compliance costs hypothesis” to some extent [88]. Similarly, Qian et al. [86] analyzed the
panel data from 30 typical coal mining cities from 2005 to 2015 and noted a resource curse
effect in China’s coal mining cities. The negative effect gradually weakened from 2011 to
2015, shifting the impact of ER from the “compliance costs hypothesis” to the “innovation
compensation” [86].

Generally, industry is the main contributor to the economic development of China’s
resource-based cities and the primary source of environmental pollution. Resource-based
cities face more severe industrial transformation problems than others [89] due to the
high unemployment rates, lack of growth potential, weak alternative industries, and
other problems [87]. The reasons above may explain why ER restricts the RIS of resource-
based cities, and this negative impact weakens when the intensity of ER increases. At
the initial stage of implementing ER, eliminating the inherent externalities and meeting
production and operation standards are important. The increased internal production costs
of enterprises may crowd out investment in TI [19,90]. With the continuous improvement
of ER, enterprises may choose to maximize their profit through industrial upgrading to
meet the pollution discharge standards. Thus, the increased severity of ERs reduces the
negative impact of industrial structure rationalization. In contrast, ER promotes industrial
structure optimization in comprehensive regional cities, and this positive effect strengthens
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with the increase in ER, consistent with the “Porter Hypothesis” [23]. Therefore, hypothesis
H2 is verified.

On the other hand, the nonlinear impacts of TI on industrial transformation differ
between cities with various functions, confirming our hypothesis H3 and H4. Technological
innovation specifically supports the OIS in resource-based cities, industry-oriented cities,
and comprehensive regional cities. This favorable influence is strengthened with the
increase in TI level, supporting “Porter Hypothesis”. In line with our findings, most existing
studies generally propose that, as the source of the contemporary economy’s sustainable
development, TI plays a significant role in improving resource use efficiency and upgrading
the industrial structure [54,91]. For instance, Xie et al. [8] analyzed the impact of TI on
industrial transformation of 115 resource-based cities using panel data from 2003 to 2016.
The authors found that TI has a favorable impact on the green industrial transformation of
resource-based cities. Besides, when TI advances, the new industrial sector separates from
the original industrial sector. Moreover, new technology promotes the emergence of new
sectors [92], which benefits economic growth and industrial structure optimization.

Surprisingly, as the degree of TI increases in resource-based and industry-oriented
cities, the influence of TI on industrial structure rationalization shifts from positive to nega-
tive. Similarly, some researchers argue that TI has a negative influence on the promotion
of industrial transformation. For example, Jin et al. [46] reported that TI hindered the
green growth of industrial water resources in central China based on the panel data from
30 provinces from 2000 to 2016.

Conversely, Li and Lin [93] employed the panel data from 30 provinces in China
from1997 to 2012 to show that TI can boost resource utilization through technological
progress, thereby propelling the industrial transformation of resource-based cities. Accord-
ing to previous research [8,87], the change in the impact of TI on the industrial structure
rationalization in resource-based cities may be related to the cities’ reliance on local re-
sources, low technological capacity, strategic technology introduction, and weak absorption
and utilization of advanced or imported technology.

This transition may be related to the cities’ current stage of industrial development in
the case of industry-oriented cities [59]. However, rapid industrialization can endanger
environmental and public health if the government fails to take substantial measures to
promote novel industrial transformation technologies [43].

6. Conclusions and Implications for Policy
6.1. Conclusions

This study used the panel data of 120 prefecture-level cities in China from 2008
to 2017, categorizing them into four groups: resource-based cities, industry-oriented
cities, comprehensive regional cities and other types of cities. The study used panel
regression and threshold regression models to verify the effects of environmental regulation
(ER) and technological innovation (TI) on the industrial transformation of cities with
different functions. Further, the quantitative nonlinear relationships between variables
are established. Our findings pave the way for the industrial transformation of various
city types in China and other developing countries worldwide. The main conclusions are
as follows:

Both ER and TI had varied impacts on the industrial transformation of the different
functional cities. The restriction of ER on RIS declines as ER becomes more stringent in
resource-based cities. Improved TI is critical in supporting the optimization of resource-
based cities’ industrial structures. The OIS is positively associated with improved TI in
industry-oriented cities. With the increase in ER and TI, their favorable influences on opti-
mizing the industrial structure are strengthened in comprehensive regional cities. Finally,
there is no nonlinear relationship between ER, TI and industrial structure transformation
in other types of cities.
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6.2. Policy Implications

Comparing and analyzing the impact of environmental regulation (ER) and techno-
logical innovation (TI) on transforming the industrial structure of different functional cities
is significant. In this regard, we put forward the following policy recommendations:

Firstly, considering the diversity of urban function types, “one size fits all” environ-
mental policy should be abandoned to establish a flexible environmental governance policy
framework. The government should implement different environmental regulation policies
to ensure that ER promotes industrial transformation. The reverse effect of ERs should be
effectively considered to strengthen industrial transformation in industry-oriented and
comprehensive regional cities.

Secondly, the government should pay more attention to the intensity of ER for im-
provement and fully exploit its benefits for industrial transformation. For example, strict
ERs are not conducive to rationalizing the industrial structure in resource-based cities. We
suggest that the policymakers in resource-based cities should reasonably maintain the cur-
rent ER and invest massively in public awareness because increased public participation in
environmental regulation is critical for achieving desirable industrial transformation [7,94].

Finally, it is necessary to consider the differences between cities’ functions when
promoting industrial transformation. The government should not only rely on ER to
compel enterprises to engage in innovative R&D activities. For instance, the government
can strengthen the R&D capabilities of scientific and technological enterprises by increasing
fiscal expenditures and ensuring that R&D activities are adequately funded. It is worth
noting that policy instruments may have different consequences depending on whether
they are designed to enhance or hinder [95].

This study has some limitations that could be addressed in future research. First,
heterogeneous ER policies, such as voluntary or public participation, command-controlled,
and market-oriented, have diverse impacts on the industrial transformation. This study
makes no distinction between these forms of environmental legislation but views environ-
mental control broadly. Second, there are substantial variances in the level of economic
growth between China’s eastern, western and central regions. Even cities of the same type
in various regions have major differences in their development levels, affecting the gener-
ation of TI. Future research could focus on how heterogeneous ER affects the industrial
transformation of cities with different functions. Furthermore, spatial interdependencies
should also be considered in future research by using a spatial panel model to further
investigate the relationship between ER, TI, and industrial transformation of cities with
various functions in different regions of China and globally.
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Appendix A

Table A1. Cities and their respective provinces.

City Province City Type City Province City Type

Datong Shanxi resource- based city Kunming Yunnan regional
comprehensive city

Yangquan Shanxi resource-based city Xi’an Shaanxi regional
comprehensive city

Daqing Heilongjiang resource-based city Lanzhou Gansu regional
comprehensive city

Zaozhuang Shandong resource-based city Xining Qinghai regional
comprehensive city

Pingdingshan Henan resource-based city Yinchuan Ningxia regional
comprehensive city

Jiaozuo Henan resource-based city Urumqi Xinjiang regional
comprehensive city

Tongchuan Shaanxi resource-based city Tangshan Hebei other city
Kramay Xinjiang resource-based city Qinhuangdao Hebei other city
Tianjin industry-oriented city Handan Hebei other city

Baoding Hebei industry-oriented city Changzhi Shanxi other city
Baotou Inner Mongolia industry-oriented city Linfen Shanxi other city
Dalian Liaoning industry-oriented city Chifeng Inner Mongolia other city

Anshan Liaoning industry-oriented city Erdos Inner Mongolia other city
Fushun Liaoning industry-oriented city Benxi Liaoning other city
Qiqihar Heilongjiang industry-oriented city Jinzhou Liaoning other city

Changzhou Jiangsu industry-oriented city Jilin Jilin other city
Suzhou Jiangsu industry-oriented city Mudanjiang Heilongjiang other city

Zhenjiang Jiangsu industry-oriented city Shanghai other city
Ningbo Zhejiang industry-oriented city Xuzhou Jiangsu other city
Jiaxing Zhejiang industry-oriented city Nantong Jiangsu other city
Wuhu Anhui industry-oriented city Lianyungang Jiangsu other city

Ma’anshan Anhui industry-oriented city Yancheng Jiangsu other city
Xiamen Fujian industry-oriented city Yangzhou Jiangsu other city

Quanzhou Fujian industry-oriented city Wenzhou Zhejiang other city
Qingdao Shandong industry-oriented city Huzhou Zhejiang other city

Zibo Shandong industry-oriented city Shaoxing Zhejiang other city
Yantai Shandong industry-oriented city Taizhou Zhejiang other city

Weifang Shandong industry-oriented city Jiujiang Jiangxi other city
Weihai Shandong industry-oriented city Jining Shandong other city

Jingzhou Hubei industry-oriented city Tai’an Shandong other city
Zhuzhou Hunan industry-oriented city Rizhao Shandong other city

Zhongshan Guangdong industry-oriented city Kaifeng Henan other city
Panzhihua Sichuan industry-oriented city Luoyang Henan other city
Mianyang Sichuan industry-oriented city Anyang Henan other city

Yibin Sichuan industry-oriented city Sanmenxia Henan other city
Baoji Shaanxi industry-oriented city Yichang Hubei other city

Jinchang Gansu industry-oriented city Xiangtan Hunan other city

Beijing regional
comprehensive city Yueyang Hunan other city

Shijiazhuang Hebei regional
comprehensive city Changde Hunan other city

Taiyuan Shanxi regional
comprehensive city Zhangjiajie Hunan other city

Hohhot Inner Mongolia regional
comprehensive city Shaoguan Guangdong other city
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Table A1. Cont.

City Province City Type City Province City Type

Shenyang Liaoning regional
comprehensive city Shenzhen Guangdong other city

Changchun Jilin regional
comprehensive city Zhuhai Guangdong other city

Harbin Heilongjiang regional
comprehensive city Shantou Guangdong other city

Nanjing Jiangsu regional
comprehensive city Foshan Guangdong other city

Wuxi Jiangsu regional
comprehensive city Zhanjiang Guangdong other city

Hangzhou Zhejiang regional
comprehensive city Liuzhou Guangxi other city

Hefei Anhui regional
comprehensive city Guilin Guangxi other city

Fuzhou Fujian regional
comprehensive city Beihai Guangxi other city

Nanchang Jiangxi regional
comprehensive city Zigong Sichuan other city

Jinan Shandong regional
comprehensive city Luzhou Sichuan other city

Zhengzhou Henan regional
comprehensive city Deyang Sichuan other city

Wuhan Hubei regional
comprehensive city Nanchong Sichuan other city

Changsha Hunan regional
comprehensive city Zunyi Guizhou other city

Guangzhou Guangdong regional
comprehensive city Qujing Yunnan other city

Dongguan Guangdong regional
comprehensive city Yuxi Yunnan other city

Nanning Guangxi regional
comprehensive city Xianyang Shaanxi other city

Chongqing regional
comprehensive city Weinan Shaanxi other city

Chengdu Sichuan regional
comprehensive city Yan’an Shaanxi other city

Guiyang Guizhou regional
comprehensive city Shizuishan Ningxia other city
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